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Chapter 1

Abstract

The heart requires a continuous supply of blood, for which it has developed a 
network of coronary arteries that run over the surface of the heart and branch into 
smaller vessels penetrating the heart muscle. Blood flow to the heart muscle may be 
impeded by local narrowing of an epicardial artery. This blood flow impediment can 
result in a mismatch between oxygen supply and demand, and, if left untreated, in 
myocardial ischemia. Invasive treatment can be performed by either bypass surgery 
or percutaneous coronary intervention. In the latter case, the stenosis is expanded 
by intracoronary balloon dilatation, followed by stent placement to prevent recoil.

In order to adequately select patients for such a procedure, hemodynamic 
measurements can be performed to determine the functional severity of a stenosis. 
Despite the large progress made in the past decennia on functional assessment of a 
stenosis, there is still room for diagnostic and therapeutic improvement. This chapter 
describes some fundamental principles of coronary physiology that form the basis 
for functional evaluation of a stenosis in the catheterization laboratory. Present 
shortcomings in the assessment of the physiological significance of a coronary artery 
stenosis and adequate patient selection are introduced.
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Coronary anatomy

In order to maintain blood flow throughout the body, the heart itself needs to be 
supplied by blood as well. This blood supply of the heart is facilitated by its own 
vascular system, the coronary circulation (Figure 1). Oxygen-rich blood is transported 
via the ascending aorta and the sinuses of Valsalva into the left and right coronary 
ostium. The left main stem arises from the left coronary ostium and bifurcates into 
the left circumflex and the left anterior descending artery, while the right coronary 
ostium gives rise to the right coronary artery. The left coronary arteries perfuse the 
left atrium and ventricle and the interventricular septum, while the right coronary 
artery perfuses the right atrium and ventricle and the posterior part of the left 
ventricle. These vessels lie on the epicardial surface of the heart and give rise to 
the transmural vessels, which penetrate the myocardium and branch into a wide 
network of small vessels forming the coronary microcirculation. The small arteries 
(diameter <400 µm) and arterioles (diameter <200 µm) together are called coronary 
resistance vessels, since they form the primary site of coronary resistance and play 
an important role in the regulation of coronary blood flow.

Coronary blood flow in a healthy heart

In a healthy heart, coronary blood flow is well controlled and matched to meet its 
oxygen requirement by adapting the smooth muscle tone in the vessel wall of the 
coronary resistance arteries, thereby altering the lumen diameter of these vessels. 
The regulation of coronary blood flow under different circumstances can best be 
described by the coronary pressure-flow relationship as depicted in Figure 2. The 
two major determinants of coronary blood flow are coronary arterial pressure and 
myocardial oxygen consumption. For a given coronary arterial pressure, coronary 
blood flow increases with myocardial oxygen consumption, a phenomenon called 
metabolic adaptation. However, at a constant level of oxygen consumption, coronary 
blood flow is relatively independent of arterial pressure, referred to as coronary 

Figure 1: Anterior view of the heart and epicardial arteries.

Right coronary artery

Left anterior descending artery

Left circumflex arteryAscending aorta

Left main stem
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autoregulation (1). These two mechanisms are interrelated and may even be due 
to the same control mechanism. The relatively horizontal line denoted as 
‘Autoregulation I’ represents the relationship between coronary pressure and 
blood flow for a certain oxygen consumption level, the condition under which flow 
is kept constant despite alterations in coronary pressure, and is referred to as the 
autoregulation plateau. The line denoted as ‘Autoregulation II’ is the autoregulation 
plateau for an increased level of oxygen consumption. The steepest line represents 
the relationship between coronary pressure and blood flow when the resistance 
vessels are maximally dilated, meaning there is no tonus in the vessel wall, a condition 
known as maximal hyperemia. Under this circumstance, the blood flow becomes 
linearly dependent on coronary pressure. The ratio between the maximal and basal 
coronary blood flow is called the coronary flow reserve (CFR) and represents the 
capacity of the heart to increase flow to an increase in oxygen demand.

Coronary artery disease

Cardiovascular disease is the world’s leading cause of death (World Health 
Organization, 2008). Within the EU, coronary artery disease (CAD) accounts for 
almost 2 million deaths on an annual basis. Atherosclerosis, which is the underlying 
disease process of CAD, is a systemic disease of the arterial vessel wall. Starting from 
young adulthood, it develops asymptomatically over several decades (2) due to the 
fact that the vessel wall has the capacity to remodel. Influx and accumulation of 
lipids form a plaque within the vessel wall. This plaque formation will initially lead 
to compensatory enlargement of the vessel, thereby preserving the inner lumen of 
the vessel, while in a later stage of the disease progressive plaque formation results 
in inward remodeling (3). In that latter stage, the vessel becomes obstructed. The 
different stages of atherosclerotic plaque formation are depicted in Figure 3.

Effect of a stenosis on coronary blood flow and myocardial 
perfusion

In an undiseased coronary artery, i.e. when there is no stenosis, pressure along the 
epicardial vessel is assumed to remain relatively constant. A small but insignificant 
reduction in perfusion pressure can be present due to viscous losses according to the 
Poiseuille law (Figure 4). The presence of an epicardial narrowing however results 
in an additional resistance to coronary blood flow, which can result in a significant 
reduction of coronary perfusion pressure distal to the stenosis. This reduction in 
coronary perfusion pressure is the result of a pressure gradient (ΔP) over the stenosis, 
which is caused by an increase in viscous losses along the stenosis according to the 
law of Poiseuille and exit losses at the throat of the lesion according to the law of 
Bernoulli, and is dependent on blood flow.

Blood is a viscous medium, implying that there are shear stresses between the 
different layers of the medium as it moves forward, resulting in a frictional resistance. 
This resistance is proportionally related to the length of a vessel and the viscosity 
of blood and inversely related to the fourth power of the diameter (Figure 4). The 
reduction in lumen diameter along the narrowing therefore results in a pressure loss 
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Figure 2: Coronary pressure-flow relationship. CFR, coronary flow reserve.

Figure 3: Different phases of atherosclerotic plaque development. On the left a normal coronary artery 
is shown, followed by the outward remodelling demonstrated in the middle figure and finally the inward 
remodelling phase of atherosclerosis resulting in obstruction of blood flow as shown on the right.

Figure 4: Viscous pressure loss (ΔP) within a vessel is dependent on the viscosity (μ) of the fluid and the length 
(L) and lumen diameter (D) of the vessel. Q, blood flow.

Normal
Artery

Mild
Atherosclerosis

Severe
Atherosclerosis

L

DWithout stenosis: ΔP = (128·μ·L/(π·D4))·Q = a·Qμ
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over the stenosis due to a higher frictional resistance. A reduction in cross-sectional 
area of the vessel also implies a higher blood flow velocity at the narrowing since the 
same volume of blood has to pass through a smaller lumen area at the same unit of 
time (Figure 5).

This acceleration of blood results in a higher kinetic energy density in the stenosis 
which is realized at the expense of potential energy density (which is equal to pressure) 
according to the law of energy preservation (Figure 6). Hence, the increase in kinetic 
energy density implies a reduction in pressure in the stenosis which is proportional 
related to the density of blood and inversely related to the fourth power of the 
diameter reduction. Theoretically, the pressure should recover beyond the stenosis 
as the diameter becomes normal again. However, the higher velocity jet leaving the 
stenosis causes flow separation and eddies in the reattachment zone (Figure 6). The 
additional friction within this disturbed flow pattern prevents a complete pressure 
recovery at the exit of the lesion.

Viscous losses are linearly related to blood flow, while exit losses increase with the 
square of blood flow and in combination this results in a curvilinear relationship 
between the pressure gradient and coronary blood flow described as ΔP = a·Q+b·Q2 
(Figure 7). This relationship represents a unique characterization of the hemodynamic 
effect of a stenosis.

The reduction in perfusion pressure due to the pressure gradient over the stenosis 
results in a diminished coronary flow reserve, as is illustrated in Figure 8. Under 
baseline conditions and for a certain level of myocardial oxygen consumption, 
autoregulation will keep coronary blood flow at a relatively constant level. Reduced 
perfusion pressure in the presence of a stenosis is compensated by decreasing 
microvascular resistance. The effect of the stenosis pressure gradient becomes 
evident under hyperemic conditions. In the absence of a stenosis, the pressure 
gradient at resting and hyperemic blood flow is insignificant. However, in the presence 
of a stenosis, the pressure gradient will increase with increasing flow, as depicted by 
the red line, resulting in a lower maximum flow at hyperemia, thereby reducing CFR.

Hence, the obstructed coronary artery limits blood flow to the myocardium, which 
can result in a shortage of adequate myocardial oxygen supply. Left untreated, this 
condition can result in clinical complications such as myocardial ischemia.

Patient selection for percutaneous coronary intervention

Revascularization of stenotic coronary arteries can be performed by either coronary 
artery bypass grafting during cardiac surgery or by percutaneous coronary intervention 
(PCI). The choice of a particular revascularization method depends, among other 
reasons, on the balance between the short-term convenience of a less-invasive PCI 
and the long-term advantages of a more invasive surgical approach (4). However, 
regardless of the selected method, revascularization of an obstructed epicardial 
coronary artery aims to relief myocardial ischemia (4). In contrast to patients 
with unstable CAD, where myocardial ischemia is obvious and life-threatening, for 
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Figure 5: Decreased lumen diameter within a stenosis (Ds) does not only increase the viscous pressure loss but 
also increases the blood flow velocity within the stenosis (vs), since the blood flow through the vessel remains 
constant. Aprox, lumen area proximal of the stenosis; As, lumen area within the stenosis; Dprox, lumen diameter 
proximal of the stenosis; vprox, blood flow velocity proximal of the stenosis; Q, blood flow.

Figure 6: The sudden expansion of the vessel at the throat of the stenosis causes flow separation and eddies, 
which result in a pressure loss. ρ, density of the medium; Dprox, lumen diameter proximal of the stenosis; Ds, 
lumen diameter within the stenosis; ΔP, pressure gradient over the stenosis; Pprox, pressure proximal of the 
stenosis; Ps, pressure within the stenosis; Q, blood flow; vprox, blood flow velocity proximal of the stenosis; vs, 
blood flow velocity within the stenosis.

Figure 7: The pressure gradient (ΔP) over 
a stenosis is the sum of the viscous losses 
along a stenosis, which are linearly related 
to coronary blood flow (Q), and the losses 
at the exit of the stenosis, which are 
quadratically related to coronary blood 
flow. Together, they result in a curvilinear 
relationship between pressure gradient 
and coronary blood flow, thereby uniquely 
characterizing the hemodynamic effect of a 
stenosis.

Figure 8: Effect of a stenosis on coronary 
flow reserve. Without a stenosis, coronary 
flow can increase at an almost constant 
coronary perfusion pressure to almost four-
fold (CFRN). In the presence of a stenosis, the 
increasing pressure gradient (ΔP) over the 
stenosis lowers the maximal flow that can 
be achieved at hyperemia, thereby causing 
a decrease in coronary flow reserve (CFRS).

Pprox+½·ρ·vprox
2 = Ps+½·ρ·vs

2 = constant

ΔP = ½·ρ·(1/Ds
4-1/Dprox

4)·Q2 = b·Q2

Recirculation zone

EddiesFlow separation

DSDprox

vprox VS

With stenosis: Q = Aprox·vprox = As·vs = constant

ΔP = a·Q+b·Q2
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patients with stable angina and in particular those with multivessel disease, it is 
not so obvious which stenosis indeed causes myocardial ischemia (4). For these 
patients, current guidelines recommend functional assessment of a stenosis to select 
patients for revascularization. It has been demonstrated that angiographic images 
cannot fully characterize the hemodynamic effects of a stenosis (5, 6). The presence 
of reversible myocardial ischemia can be detected prior to cardiac catheterization 
by non-invasive perfusion imaging techniques. Alternatively, invasive measurements 
of intracoronary hemodynamics can be performed to obtain clinical indices during 
the catheterization procedure to identify functionally significant stenoses (4). 
Clinical indices of functional stenosis severity currently accepted are based on the 
assessment of either flow velocity or pressure signals, of which the pressure-derived 
fractional flow reserve (FFR) is the most frequently used index. Despite its diagnostic 
improvement compared to angiography, FFR is obtained prior to PCI in only 6% of 
patients in the USA (7).

Current limitations in patient selection for PCI based on 
intracoronary hemodynamics

Axial measurement location of sensor-equipped guide wires
Current practice guidelines specify that sensor-equipped guide wires used to obtain 
hemodynamic signals for the derivation of functional indices of stenosis severity 
should be positioned at least 2 cm beyond the lesion (6). However, it is not known 
whether choosing a more distal measurement location affects these hemodynamic 
signals. In clinical practice, the distance between the actual measurement location 
and the throat of the stenosis can vary quite well, since it is important to find a good 
and stable flow velocity signal. A second issue is the use of flow velocity as surrogate 
for coronary flow, based on the assumption that a decrease in cross-sectional area 
of branching vessels is matched by a reduction in perfusion territory, thereby making 
flow velocity rather constant throughout the epicardial coronary bed. For a good 
interpretation of pressure and flow velocity based clinical indices of stenosis severity 
and microvascular resistance, it is important to know whether these signals or clinical 
indices are affected by the axial measurement location at which they are obtained.

Requirement of maximal hyperemia
The clinical indices presently in use critically depend on the achievement of maximal 
vasodilation (8, 9). Most frequently, injection of adenosine is used for this purpose 
(10). However, there is a current debate on the dose of adenosine required to achieve 
this maximal vasodilation (8, 11). Furthermore, adenosine is not readily available 
in every catheterization laboratory. The introduction of clinical indices that do not 
require maximal vasodilation may therefore improve the adoption of functional 
stenosis assessment in daily practice.

Increased microvascular resistance in the presence of coronary 
artery disease
Atherosclerosis is a systemic disease which also extends to the coronary 
microcirculation affecting coronary microvascular resistance (12). The clinical 
application of coronary microvascular resistance as a measure of the extent of 
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microvascular disease is hampered by the controversy regarding its definition. This 
controversy is related to the role of collateral flow contribution to total myocardial 
flow (13, 14). This discussion is rather relevant since the concept of FFR is based on a 
simplified model that assumes microvascular resistance to be minimal and constant 
and not be affected by the presence of a stenosis (15). However, FFR depends on 
microvascular resistance. For a given stenosis, a lower value of minimal microvascular 
resistance causes a decrease in FFR and may result in a false positive quantification 
of the functional stenosis severity, while a higher value of microvascular resistance 
causes an increase in FFR which may result in a false negative diagnosis. Additionally, 
the presence of an elevated minimal microvascular resistance in patients with 
CAD has also important consequences for the interpretation of clinical indices and 
functional tests used to identify the presence of myocardial ischemia. In the end, 
the goal of revascularization therapy is relief of myocardial ischemia which is the 
result of both epicardial and microvascular contributions to disturbed myocardial 
perfusion.

Combined assessment of intracoronary pressure and flow 
velocity

Recent advancements in the technology of sensor-equipped guide wires have 
enabled the simultaneous assessment of coronary pressure and flow velocity 
(Figure 9), which can give a more complete view of the coronary circulation and can 
provide clinical indices that do not require maximal hyperemia.

The combined assessment of intracoronary pressure and flow velocity enables the 
determination of vascular resistances and the separation between epicardial and 
microvascular contributions to total myocardial resistance. The use of dual-sensor 
equipped guide wires in daily clinical practice to assess both functional lesion 
severity as well as microvascular resistance may therefore enhance adequate patient 
selection for PCI.

Aim of this thesis
The aim of the present thesis was to improve patient selection for PCI by 1) proposing 
new clinical indices for the assessment of functional stenosis severity using combined 
measurements of intracoronary pressure and flow velocity, that do not require 

Figure 9: Dual-sensor guide wire, enabling the simultaneous assessment of pressure and flow velocity.

Velocity

Pressure

Diameter=0.35 mm
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maximal vasodilation of the coronary vascular bed, and 2) by determining the 
association between hyperemic microvascular resistance (HMR) distal to epicardial 
narrowing and the presence of reversible myocardial ischemia.

Thesis outline
Chapter 2 In addition to invasive measurements, diagnostics and treatment decision 
can be improved by non-invasive assessment of regional perfusion measurements. 
However, all these different modalities in isolation often result in conflicting 
treatment recommendations. This chapter reviews the role of the development of 
perfusion models of the heart used for the interpretation of underlying physiological 
mechanisms of CAD on clinical decision making. Model development enables the 
integration of information from these different modalities and can generate simulation 
frameworks, thereby providing better insights into the coronary physiology that may 
result in improved patient care.

Chapter 3 As hemodynamic measurements obtained during cardiac catheterization 
form the basis of clinical indices of functional stenosis severity and the identification 
of coronary microcirculatory dysfunction, understanding these basic principles of 
coronary physiology is required for a proper interpretation of these physiological 
measurements. In this chapter, a review is given on the basic characteristics 
of coronary hemodynamics as described by pressure-flow relations, coronary 
microvascular resistance and myocardial perfusion distribution in the normal and 
diseased heart.

Chapter 4 In this study, we assessed whether intracoronary pressure, flow velocity 
and derived indices of functional stenosis severity and microvascular resistance are 
affected by differences in axial measurement location distal to the lesion. Secondly, 
this study assessed whether flow velocity throughout the epicardial vascular bed 
is independent of segmental lumen diameter, implying a constant flow velocity in 
all branch segments available for hemodynamic measurements as proposed by the 
Square law, or whether it is linearly dependent on segmental lumen diameter as 
proposed by Murray’s law.

Chapter 5 In this chapter, a new, vasodilator-free functional index of stenosis 
severity, the baseline stenosis resistance (BSR), obtained during resting conditions, 
was introduced to circumvent the need of adenosine to assess functional stenosis 
severity. This study compared the diagnostic accuracy of BSR to that of presently 
available clinical indices.

Chapter 6 In this chapter, we proposed the pressure gradient at a fixed flow velocity 
of 30 cm/s (dPv30) as a new index for the assessment of functional stenosis severity. 
This index can be obtained during contrast medium-induced submaximal hyperemia, 
thereby circumventing both the problems regarding functional assessment during 
resting conditions and the need for adenosine administration.

Chapter 7 In this study, we tested the hypothesis that HMR allows accurate 
identification of microvascular functional abnormalities by evaluating the association 
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between high or low HMR and the presence of myocardial ischemia on non-invasive 
stress testing.

Chapter 8 This study evaluated the impact of the magnitude of HMR for the presence, 
and FFR-guided identification, of reversible myocardial ischemia on non-invasive 
stress testing.

Chapter 9 In this chapter, the major findings and conclusions of this thesis are discussed 
in view of clinical implications of these findings. Additionally, recommendations are 
provided with respect to future research.
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Abstract

Coronary artery disease (CAD) is associated with both narrowing of the epicardial 
coronary arteries and microvascular disease, thereby limiting coronary flow and 
myocardial perfusion. CAD accounts for almost 2 million deaths within the EU on 
an annual basis. In this paper we review the physiological and pathophysiological 
processes underlying clinical decision making in coronary disease as well as the 
models for interpretation of the underlying physiological mechanisms. Presently, 
clinical decision making is based on non-invasive magnetic resonance imaging 
(MRI) of myocardial perfusion and invasive coronary hemodynamic measurements 
of coronary pressure and flow velocity signals obtained during catheterization. 
Within the euHeart project several innovations have been developed and 
applied to improve diagnosis based understanding of the underlying biophysical 
processes. Specifically MRI perfusion data interpretation has been advanced by 
the transientogram, for hemodynamic data functional indices of coronary stenosis 
severity that do not depend on maximal vasodilation are proposed and the Valsalva 
maneuver for indicating the extravascular resistance component of the coronary 
circulation has been introduced. Complementary to these advances, model innovation 
has been directed to the porous elastic model coupled to a one dimensional model 
of the epicardial arteries. The importance of model development is related to 
the integration of information from different modalities which in isolation often 
result in conflicting treatment recommendations.
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Introduction

Coronary artery disease (CAD), accounts for almost 2 million deaths within the EU on 
an annual basis. It is associated with an annual mortality rate of 25% once congestive 
heart failure develops (65). Cardiovascular disease often leads to focal narrowing of 
epicardial arteries, limiting coronary flow and myocardial perfusion. The resulting 
myocardial ischemia is not only secondary to epicardial disease, but also caused by 
alterations at the microvascular level. In general, myocardial ischemia is not global, 
but shows heterogeneity. Subendocardial layers are more vulnerable to ischemia 
than the subepicardial layers as a consequence of the compression of the embedded 
vasculature (12, 33, 34). The structure of the coronary vascular network seems to be 
designed to compensate for this subendocardial impediment by a large volume of 
subendocardial resistance vessels (106). This results in a layer-specific distribution 
of resistance in the diastolic state (15, 26). The impeding effect of contraction on 
microvascular flow is the result of several mechanisms including local tissue pressure 
and muscle stiffness (48, 94, 103) and this effect is altered in the presence of an 
epicardial stenosis (60). Hence, myocardial perfusion in the presence of CAD is 
complicated, and its analysis requires insight in mechanisms determining perfusion 
at a local level, and its translation into the morphology of coronary pressure and flow 
signals.

The increase in computational power facilitates analyses of large and diverse sets of 
biological data by means of multiscale biophysical modeling of organ function (36, 
66) which generally encompasses the interaction of different physics such as fluid 
dynamics and large-deformation mechanics. Within the context of CAD, computer 
simulations may help to understand the flow and perfusion alterations secondary 
to atherosclerosis (52). Moreover, such models may find direct clinical application in 
diagnosis and treatment of patients with CAD by offering a biophysical interpretation 
of perfusion distribution patterns in relation to hemodynamic parameters derived 
from coronary arterial pressure and flow signals. Within euHeart, the CAD work 
package aimed at developing a comprehensive model of the coronary circulation 
starting from detailed knowledge of the coronary arterial tree morphology embedded 
in a mechanical model of the contracting myocardium. Moreover, clinical data was 
obtained on perfusion distribution by perfusion magnetic resonance imaging (MRI), 
as well as on coronary hemodynamics derived from epicardial pressure and flow 
velocity signals.

This paper reviews the literature on the application of perfusion models of the heart 
as well as physiological knowledge in order to provide a comprehensive assessment 
of the state of the art, especially in relation to clinical applicability. However, it 
will start out with a description of the pathophysiology of CAD and its treatment. 
Throughout, specific results obtained within the euHeart project are illustrated in 
order to underline the relevance of specific models to clinical applicability.
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Clinical and physiological background

Revascularization therapy of CAD started some 50 years ago and its development has 
recently been described (30). Initial treatment involved bypass surgery requiring the 
opening of the thorax and use of a heart-lung machine. In such a procedure, either 
an internal mammary artery or a vein harvested from the leg was used to connect the 
coronary artery distal of the stenosis to the aorta. Presently, the treatment of choice 
is percutaneous coronary intervention (PCI). In this scenario, a peripheral artery is 
made accessible using an introduction sheath through which a guiding catheter is 
introduced (lumen diameter varying between 5 and 7F (1F=0.3 mm)) that is advanced 
to the ostium of either the left or right coronary artery. A guidewire (diameter~0.014 
inch) with a flexible tip is advanced through the guiding catheter and maneuvered 
distal to the stenosis. The epicardial narrowing is, in general, treated by predilation 
using an expandable balloon followed by stent placement. Special guide wires have 
been developed equipped with a pressure and/or flow velocity sensor at its tip to 
obtain intracoronary hemodynamic signals (82). These signals allow an evaluation 
of the functional significance of a stenosis in terms of pressure and flow velocity 
alterations.

Coronary pressure and flow velocity signals

Flow velocity as measured by a Doppler crystal is the maximal velocity detected by 
the Doppler signal in a cross section of the vessel a few millimeters away of the 
sensor from which average velocity and eventually flow can be calculated when vessel 
diameter is known (24). However, maximal flow velocity is used in clinical studies and 
in this paper throughout. Because of the small diameter, the guide wire has only an 
influence at narrow stenoses (98). The intracoronary hemodynamic signals obtained 
from a coronary artery before and after stent placement for the same patient are 
demonstrated in Figure 11. The signals after stent placement, indicated as “POST” 
in the figure, approximate a normal physiological condition and will be discussed as 
such. The figure depicts the coronary flow velocity signal rather than coronary flow 
but for practicality, proportionality between these two physically different quantities 
will be assumed in discussing the physiology of coronary flow and the effect of a 
coronary stenosis on it.

Normally, coronary flow is pulsatile as a result of the effect of heart contraction on 
intramural vessels which will be discussed in more detail in relation to Figure 3. Flow 
is still pulsatile in the presence of a stenosis as is clear from the left side of the figure 
indicated by “PRE”, but in general the amplitude of flow pulsations decrease with 
increasing stenosis severity. Nutritious flow is related to the beat average flow which 
can vary fourfold between resting conditions and exercise in a normal heart. The 
ratio between maximal flow and flow at rest is denoted as coronary flow reserve 
(CFR) and in case of flow velocity by coronary flow velocity reserve (CFVR). In Figure 
1, the effect of exercise is mimicked by an intracoronary bolus injection of adenosine 

1  Data from patients presented in this paper were obtained from study protocols approved by the Medical 
Ethics Committees of the AMC and KCL, and all patients gave written informed consent.
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Figure 1: Hemodynamic measurements recorded with a dual-sensor-equipped guide wire obtained in a 
diseased vessel distal of an 85% diameter narrowing (PRE) on the left and after treatment (POST) at the same 
measurement location on the right. At the arrows an intracoronary bolus of adenosine was injected to test 
the dilatory capacity of the coronary circulation. It is clear that when a stenosis is present, the ability of the 
coronary circulation to increase flow when needed, e.g. in case of exercise, is reduced. The artificially high 
increase in the aortic pressure signal is due to the bolus injection of adenosine through the same line by which 
aortic pressure is obtained. CFVR, coronary flow velocity reserve; FFR, fractional flow reserve; HSR, hyperemic 
stenosis resistance; ΔP, stenosis pressure gradient; Pa, aortic pressure; Pd, distal pressure.

Figure 2: Pressure gradient-flow velocity 
relationships prior to (pre) and after (post) 
stent placement and for a reference vessel (ref) 
in one specific patient. ΔP, pressure gradient; 
v, velocity.
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dilating all resistance vessels in the heart and CFVR was increased over twofold by 
treatment. The reduced CFVR in the presence of a stenosis clearly demonstrates 
the impeding effect of such a narrowing on coronary reserve, and the latter CFVR 
increase is indicative of a successful treatment.

Nutritious coronary flow is adapted to tissue oxygen usage which depends on 
the cardiac work load and is related to the oxygen needs of the body as a whole. 
This process of adaptation of blood flow to cardiac oxygen usage is denoted as 
metabolic regulation. In case of reduced coronary pressure, such as in the presence 
of a stenosis, beat average coronary flow is still matched to oxygen consumption 
although not perfectly. This relative constancy of coronary flow at constant oxygen 
consumption in the face of coronary pressure changes is denoted as autoregulation. 
These regulatory actions related to metabolic and auto-regulation are mediated by 
the smooth muscle tone in the vascular walls of small arteries and arterioles which 
are generally referred to as resistance vessels.

The presence of a stenosis interplays with these regulatory processes for coronary 
flow. In our example the beat average pressure distal of the stenosis (Pd) is reduced 
by about 25 mmHg at rest, whereby the effect on flow is compensated for by 
autoregulation. However, the pressure drop increases with flow in response to an 
increased metabolic demand, mimicked by adenosine, as is clear from the bottom 
panel in Figure 1. This further limits the maximal obtainable flow. Since autoregulation 
and metabolic regulation both act via the smooth muscle tone in resistance vessels, 
these processes are not independent. Tone in the resistance vessels is reduced by 
autoregulatory response to the stenosis-induced pressure drop: first at rest, then 
further by the increase in stenosis pressure drop when flow is increased by exercise. 
Hence the regulatory capacity for metabolic regulation is reduced by the stenosis 
pressure drop. When flow cannot meet the metabolic demand, ischemia is induced.

The hemodynamic effect of a coronary artery stenosis is uniquely characterized 
by the pressure gradient-flow velocity (ΔP-v) relationship as is illustrated in Figure 
2. Such a relationship can be obtained from the transient change in flow velocity 
following the injection of adenosine such as demonstrated in Figure 1 for a target 
vessel prior to and after treatment of the stenosis and for a reference vessel in the 
same heart (Figure 2). After treatment (post), the curve alters such that pressure 
drop at the same velocity is diminished and the obtainable range of velocity has 
increased and the resulting hyperemic pressure drop has decreased.

As is demonstrated in Figure 2, the ΔP-v relationship becomes less curvilinear with 
decreasing stenosis severity, and is linear for a non-stenotic reference vessel. A ΔP-v 
relationship follows the quadratic function of ΔP = A·v+B·v2, where the coefficient 
A represents the viscous pressure losses through the narrowed vessel due to the 
increased flow velocity and B the exit losses beyond the stenosis. Although the 
relationship is stenosis specific (28, 107), the range of flow velocity and pressure 
gradient covered by a measured curve depends on the degree of reduction in 
microvascular resistance (MR).
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The total resistance in the interrogated vascular bed is derived from the ratio between 
aortic pressure and flow velocity. Since stenosis resistance (SR) and MR are in series, 
and SR is known, MR can be calculated (81). Assuming that MR remains unaffected 
by the alteration in stenosis properties, the increase in maximal velocity obtainable 
by treating the stenosis can then be predicted for the reduction in SR. These 
predicted maximal flow velocity is indicated by the arrow in Figure 2. However, the 
obtainable increase in flow velocity exceeds this prediction and one has to conclude 
that hyperemic microvascular resistance (HMR) is decreased after treatment of the 
stenosis. An explanation for this decrease in HMR is that the resistance vessels are 
further dilated passively (which is in contrast to changing vessel wall tone) by the 
increasing perfusion pressure, a direct result of the distensibility of these vessels. 
An alternative explanation could be the decrease of collateral flow, which enters the 
interrogated vessel distal to the location of the velocity measurement (1). However, 
this collateral effect disappears when hyperemic pressure drop over the stenosis is 
reduced (100). Since the maximal level of flow velocity increases consistently with 
further reduction in stenosis severity, the collateral flow seems not to be the major 
role and the reduction in MR forms the better explanation (100).

The ΔP-v relationship for the reference vessel demonstrates that there is only a 
very limited pressure drop in coronary epicardial arteries in normal vessels also at 
vasodilatation. In Figure 2 the lower level of maximal obtainable flow velocity in the 
reference vessel compared to the treated vessel may be caused by a higher MR in 
the tissue perfused by the reference vessel than MR in the tissue perfused by the 
target vessel after treatment. This may be the result of natural variation in MR as 
discussed below. Indeed, it is a consistent finding that HMR in the treated vascular 

Figure 3: Hemodynamic signals (A) and net wave intensity (B) during a single cardiac cycle at rest in a reference 
vessel (left circumflex coronary artery). BCW, backward compression wave; BEW, backward expansion wave; 
dI, net wave intensity; FCW, forward compression wave; FEW, forward expansion wave; Pa, aortic pressure; 
Pd, distal pressure; PLV, left ventricular pressure.

A B
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bed after treatment is lower than that in the vascular bed perfused by the reference 
vessel at the same pressure, which can be the result from outward remodeling of 
the resistance vessels as a consequence of the long period of low perfusion pressure 
distal of the stenosis (99).

Interaction between heart contraction and coronary 
circulation

The interaction between cardiac muscle and the intramural vasculature results in 
the typical intracoronary flow velocity profile for non-obstructed branches of the left 
coronary arteries as depicted in Figure 3A, where coronary flow velocity is higher in 
diastole than in systole, and out of phase with coronary arterial pressure, which is 
highest in systole. Decreased systolic flow is due to the squeezing of cardiac muscle 
on embedded intramural vessels which impedes arterial inflow and augments venous 
outflow. During muscle relaxation the intramural blood volume is restored, causing 
an increased inflow and reduced outflow. This squeezing effect is denoted as intra-
myocadial pump mechanism (88).

In addition to the global systolic-diastolic differences, further insight into the 
underlying mechanisms can be derived from the coronary pressure and flow 
velocity signals. Flow velocity starts to decrease in the isovolumetric contraction 
phase of early systole which corresponds to the rise in left ventricular pressure (PLV) 
squeezing the intramural vessels. At the moment PLV rises above the aortic pressure, 
the aortic valve opens, and coronary arterial pressure increases, opposing the 
pressure generated in the intramural vessels, maintaining coronary flow at a systolic 
level. During relaxation of the left ventricle (LV) intramural pressure in the LV wall 
decreases, thereby facilitating an increase in coronary inflow. After full dissipation 
of the pressure in the LV, the myocardial wall is relaxed and coronary flow decreases 
concomitantly with the diastolic fall in aortic pressure.

The series of events within a cardiac cycle are well illustrated by wave intensity 
analysis (WIA) as is illustrated in Figure 3B. WIA is a time domain analysis of traveling 
wavefronts, which distinguishes between contributions originating from upstream 
and downstream events (8, 71). It is uniquely suited to investigate the coronary 
circulation, where forward waves arise from the aorta and backward waves originate 
in the small vessels within the contracting or relaxing myocardium. Wave intensity 
(dI) is defined as the product of incremental changes in local pressure (dP) and 
flow velocity (dU). Coincident forward (dI+) and backward (dI-) travelling waves are 
superimposed to form the net wave intensity at the measurement location (69, 70). 
Net wave intensity (in W/m2/s2) is calculated and normalized for the sampling rate 
by dI = dP/dt·dU/dt. With the use of the wave speed of traveling waves, the separate 
forward and backward contributions to the total net wave intensity can be calculated 
as dI_± = 1/4·ρ·c·(dP/dt±ρ·c·dU/dt)2, where ρ is the blood density (1060 kg/m3) and c 
is the wave speed (in m/s) determined by the single-point technique (21). The energy 
(in J/m2/s2) carried by each wave is quantified by integrating the area under each of 
the separated dominant waves.
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In a coronary artery, four net main waves can be distinguished in a cardiac cycle, 
based on their direction and their effect on pressure and flow as illustrated in Figure 
3B. Compression waves increase pressure while expansion waves decrease pressure. 
At the start of a cardiac cycle, a backward compression wave (BCW) propagates 
from the microcirculation due to the compression of the intramural vessels during 
the isovolumetric contraction of the LV. After opening of the aortic valve, this wave 
is followed by a forward traveling compression wave (FCW) due to the continuing 
increment in aortic pressure. In turn, this wave is followed by a forward traveling 
expansion wave (FEW) which is the result of the decrease in the aortic pressure due 
to the start of the LV relaxation. After closure of the aortic valve, when LV relaxation 
continues and the aortic pressure further decreases due to the reduction in 
compression of the intramural vessels, a backward traveling expansion wave (BEW) 
is dominant.

Within the euHeart project we demonstrated the potential of WIA during the Valsalva 
maneuver, expiration against an obstructed glottis, to quantify the compression effect 
of heart contraction on the microvascular resistance (77). During this maneuver, 
coronary flow increased despite a decrease in coronary pressure gradient, which can 
be attributed to reduction in extravascular resistance.

The effect of cardiac contraction is especially noticeable from the distribution of 
coronary flow over the heart muscle, which will be discussed in more detail later.

Clinical indices for physiological significance of a coronary 
stenosis

From the discussion on ΔP-v relationships for stenoses, it would be logical to quantify 
the stenosis severity by the characteristics of these curves. However, the feasibility 
of this measurement is rather recent (82), and alternative clinical methods have been 
introduced based on pressure or flow velocity alone. In this section, some clinical 
indices of the physiological significance of coronary stenoses will be discussed. These 
indices are mostly based on the beat average values of aortic pressure and pressure 
distal of the stenosis or coronary flow velocity.

Coronary flow velocity reserve
The physiological meaning of CFVR has been discussed above in relation to Figure 1. 
CFVR is obtained clinically by measuring flow velocity before and during adenosine 
induced vasodilatation. In healthy hearts, CFVR values as high as 4.5 have been 
reported (49). Epidemiological studies have indicated that a stenosis should be 
treated when CFVR is lower than 2 (50).

Fractional flow reserve
SR is in series with MR, and hence, the ratio between distal and aortic pressure, 
Pd/Pa, equals MR/(MR+SR) (81). Obviously, this is only true when venous pressure 
is zero. In general, this value is around 5 mmHg and neglected for practical 
purposes. Hence, the limitation that a stenosis poses on coronary flow at maximal 
vasodilatation, when MR is minimal, can be expressed by Pd/Pa at hyperemia and 
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is generally referred to as fractional flow reserve (FFR). Assuming that SR and MR 
at maximal hyperemia are pressure and flow independent and HMR is equal in the 
absence and presence of the stenosis, FFR indicates the stenosis induced reduction 
in hyperemic flow (75). In unstenosed vessels, FFR equals 1. A threshold of 0.75 was 
found as indicative of reversible ischemia by independent methods such as single 
photon emission computed tomography (SPECT). More recently, a cut-off value of 
0.8 is used in clinical practice (104).

Hyperemic stenosis resistance
The ratio of stenosis pressure gradient to distally measured flow velocity can be 
interpreted as a velocity-based resistance index. Please note that the units of a 
velocity-based resistance index are different from those of a flow-based resistance. At 
maximal hyperemia, this resistance is denoted as the hyperemic stenosis resistance 
(HSR). HSR has been shown to be more stenosis specific than CFVR and FFR (62) 
since it is almost independent on HMR, which depends on a variety of clinical and 
hemodynamic factors. It has been demonstrated that approximately 30% of patients 
with an angiographically determined intermediate stenosis severity show discordant 
outcomes between CFVR and FFR (61). HSR has been validated as a predictive index 
for reversible ischemia by SPECT as well and was shown to be superior to FFR and 
CFVR, especially for those patients with discordant outcomes between the latter two 
indices. A threshold for reversible ischemia of 0.8 mmHg/cm/s was found (62).

Clinical indices of functional stenosis severity not requiring maximal 
hyperemia
The aforementioned indices all require maximal hyperemia, although HSR to a 
smaller extent since the pressure gradient is divided by the flow velocity and both 
parameters alter in the same direction with vasodilation (62, 74, 92). Most frequently, 
adenosine is used to induce hyperemia (59). However, adenosine is not always 
available in the catheterization room in an applicable form due to local regulatory 
issues. This may in part explain that functional assessment of stenosis severity is 
performed in the USA in only about 6% of the patients undergoing diagnostic cardiac 
catheterization. Therefore, several alternative indices of functional stenosis severity 
have been proposed that do not require the achievement of maximal vasodilatation.

The diastolic stenosis pressure gradient at a fixed flow velocity of 50 cm/s (dPv50) 
can be derived from the diastolic ΔP-v relationship and does not need maximal 
hyperemia (56, 57). More recently, two drug-free indices have been introduced, 
namely the instantaneous wave-free ratio (iFR) (79), which is based on the distal-to-
proximal pressure ratio during a specific mid-diastolic period, and baseline stenosis 
resistance (BSR), calculated as the ratio between the stenosis pressure gradient 
and distally assessed flow velocity under basal conditions (93). Both iFR and BSR 
can be obtained during resting conditions. BSR is one of the outcomes of the  
euHeart project.
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Clinical assessment of perfusion distribution

Rationale for non-invasive measurement of perfusion
Perfusion of the myocardium is heterogeneous, which is not only induced by flow 
hindrance in one of the sub-branches, but also due to nonsymmetrical branching of 
the coronary arterial tree (7, 52) and regional differences in function (4). Especially 
during hyperemia, regional differences across the layers of the myocardium result 
from spatial variation in the intramural compressive forces (6). The hemodynamic 
conductance at the subendocardium diminishes with diastolic time fraction with 
perfusion pressure as a parameter (26). Thus, because of perfusion heterogeneity, 
the hemodynamic parameters measured at the epicardial arteries may appear to be 
normal in the presence of local ischemia.

Since myocardial ischemia is more pronounced in the subendocardial layers of the LV 
(2, 26, 90), non-invasive assessment of myocardial perfusion is becoming essential 
in treatment decision making for an increasing number of patients with stable CAD. 
Event-free survival can be improved when decisions regarding revascularization are 
based on the presence of ischemia (22, 73, 91). Cardiac magnetic resonance (CMR) 
perfusion imaging is increasingly used to diagnose non-invasively the presence of 
CAD and to document the presence of myocardial ischemia for clinical decision 
making (10). The main advantages of CMR perfusion imaging is the lack of radiation 
exposure as with computed tomography (CT) (5), the excellent safety profile of the 
contrast agents and the capability of CMR perfusion imaging to provide dynamic 
images of myocardial perfusion with a better spatial resolution compared with other 
imaging modalities (42). After extensive validation against microspheres (18, 35, 
105) and invasive reference standards like FFR (20, 55 102), CMR perfusion imaging 
is becoming the non-invasive test of choice in patients with stable CAD, at least 
equivalent to results of SPECT (31).

A

B

C D

Figure 4: Transmural perfusion gradient (TPG) analysis (modified with permission from the publisher). (A) 
Single image from a CMR perfusion image series. (B) Bull’s eye plot of the peak perfusion gradient. (C) Example 
of mid-myocardial perfusogram (gradient as function of angle and time). (D) Thresholded perfusogram 
indicating potentially ischemic areas in green.
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Moreover, the excellent spatial and temporal resolutions are interesting features 
of CMR perfusion imaging. As such, this technique allows to obtain separate 
information from the endo- and the epicardium (55, 68, 76), and therefore, CMR 
perfusion imaging is highly attractive for clinical and research purposes.

CMR perfusion imaging also has drawbacks compared with other modalities. Image 
acquisition still takes considerable longer modalities (typically 30–45 min), and the 
production of high-quality images requires experienced, specially trained magnetic 
resonance imaging (MRI) operators. Furthermore, CMR perfusion imaging cannot be 
used for patients with pacemakers or claustrophobia. The use of contrast-enhanced 
CMR perfusion imaging needs to be weighed against other risks for patient with 
renal insufficiency due to a small risk of nephrogenic systemic fibrosis.

Analysis of high-resolution cardiac magnetic resonance perfusion 
imaging
Clinically, CMR perfusion images are usually interpreted based on visual assessment. 
Expert observers integrate the spatial and temporal information of the contrast agent 
arrival in the myocardium into a coherent account, using typical patterns as diagnostic 
markers. Besides the requirement of significant training of the highly specialized 
observers, a limitation of visual assessment is its inability to identify the presence of 
balanced ischemia in patients with three-vessel disease. In balanced ischemia, there 
is no normal reference segment, and as such, relative abnormalities can be missed 
(72). Quantitative analyses may be able to overcome these shortcomings and also 
provide additional information based on the abundance of data contained in the 
CMR perfusion images (42, 44, 45).

Using standardized methods (e.g., specific contrast agent injection schemes (43), 
model-independent deconvolution (44)) myocardial perfusion reserve (MPR) can 
be assessed objectively (72) in a reproducible manner (64). This has been validated 
against microspheres (18) and FFR (55). We have recently shown comparable 
quantitative results of CMR-MPR with positron emission computed tomography 
(PET) (76).

We have now expanded these techniques within euHeart to differentiate blood flow 
on a voxelwise level, thus discriminating the endo- and epicardial layers to better 
understand the (patho-) physiology and to improve sensitivity of disease detection. 
To achieve this, we have developed a novel hardware CMR perfusion phantom (16) 
to validate our techniques for voxelwise quantification (108) in comparison with 
microspheres and animal data, as well as translated novel high-resolution imaging 
techniques (35) into patient studies. Voxelwise quantitative analysis allows the 
quantification of MPR while preserving the information about extent, localization 
and transmurality of ischemia (ischemic burden). Combining the advantages of 
visual (high spatial resolution) and quantitative (more objective and reproducible) 
assessment, voxelwise quantification has the potential to allow an improvement in 
the accuracy of detection of CAD as well as to provide novel and valuable information 
on the severity and extent of ischemia.
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An alternative pathway is transmural perfusion gradient (TPG), which assesses the 
perfusion gradient between the endo- and epicardium as depicted in Figure 4. This 
method is highly attractive due to several advantages. As the difference between epi- 
and endocardial perfusion is measured, the method autocorrects for differences in 
contrast agent injection schemes, CMR data acquisition methods and coil sensitivities. 
It does not require a specific pre-bolus as no input function is used. In addition, it 
can be evaluated from stress scans only. As such, it can be applied in many standard 
clinical scenarios. TPG analysis is based on a two-dimensional ‘‘gradientogram’’, 
which displays the evolution of the transmural gradient in LV myocardial perfusion 
(contrast uptake) over time. Using the temporal persistence and radial extent of 
a perfusion gradient, normal perfusion and areas of reversible ischemia can be 
differentiated with excellent accuracy (32). We have recently optimized and validated 
the diagnostic criteria for TPG in patients with suspected CAD versus FFR (17). With 
TPG analysis, we achieved a comparable diagnostic accuracy as visual assessment in 
a fully automated fashion.

Complementary nature of clinical indices
Hemodynamic indices are not always consistent in their recommendation to treat 
a vessel. For example, as mentioned previously, FFR and CFVR are not consistent in 
approximately 30% of coronary lesions (61). Also MRI and FFR do not perfectly match. 
To demonstrate the difficulties in diagnosing coronary disease, we examine a patient 
case, for which the MRI perfusion is depicted in Figure 5. Panel A demonstrates 
hypoperfusion of the inferior and lateral wall supplied by the right coronary artery 
compared to the septum prior to treatment, which is most pronounced in the 
endocardium. Perfusion is normalized after treatment of the stenosis (panel B). This 
case is interesting since the patient was originally diagnosed by angiography as having 
three-vessel disease and as such was a candidate for bypass surgery. After functional 
measurements with MR and FFR of the different lesions, the patient was regarded 
with single-vessel disease and treated by a stent via PCI. However, the lesion treated 
resulted pre-PCI in the following indices: FFR=0.78, HSR=1.4 mmHg/cm/s, CFVR=1.9. 
Based on the FFR threshold of 0.75 the stenosis would not induce ischemia, but 
based on HSR (threshold 0.8) and CFVR (threshold 2.0) it should. Although the most 
important conclusion is that surgery was avoided, the physiological results for this 
patient point to the differences of different parameters as each parameter relies 

Figure 5: Perfusion MRI. (A) Pre-treatment. The arrows indicate ischemia. (B) Post-treatment.
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on numerous assumptions. Such findings underline the importance for a realistic 
biophysical model unifying all aspects of coronary physiology.

Model development of the coronary circulation

For a proper interpretation of clinical measurements in terms of hemodynamics and 
perfusion distribution, models of the coronary circulation are required that capture 
the structure of the coronary tree, the physiological mechanisms of distensibility 
of vessels in hyperemic conditions and the intramural compressive forces that 
impede perfusion at a regional level. Attempts have been made in the past applying 
lumped models where vessel compartments have been approximated by either 
linear or non-linear resistances and compliances (3, 6, 11). With the availability of 
increasingly high-resolution information revealing the structure of the intramural 
coronary arterial tree (46, 47, 96), more detailed models have been presented (37, 
38, 86). However, since the morphological data were obtained from corrosion casts, 
the 3D information about location and orientation of the coronary vessel segments 
was lost. With the recent possibilities to measure vascular structure by CT for smaller 
hearts and by the imaging cryomicrotome (95) for larger hearts the 3D structure of 
the coronary arterial tree can now be retained. These anatomically accurate tree 
representations, in combination with increasing computational power, provide the 
means to develop more realistic coronary models.

Coupled Navier-Stokes blood flow models
Coronary blood flow is divided across many scales. The diameter of the epicardial 
coronary arteries is in the order of 3·10-3 m whereas the diameter of a capillary 
is in the order of 7·10−6 m. Blood flow in the larger vessels can generate complex 
secondary flow patterns at vessel curves and bifurcations. Flow analysis is further 
complicated by the compliance of the vessel wall. 3D Navier-Stokes models on 
deforming domains can be employed to resolve the flow in such individual vessels 
(25). In the smaller vessels with lower Reynolds numbers, flow patterns are less 
complex, but their branching structure leads to far more segments with decreased 
diameters. Thus the computational cost of applying 3D models to all vessel segments 
in the coronary arterial system would make such an approach intractable. In this 
context, 1D models seem better suited for investigation of unsteady blood flow. 1D 
network models have been developed for many years for the systemic circulation (4) 
and have been developed more recently for the coronary circulation as well. These 
models approximate the blood vessel as a one-dimensional elastic tube and describe 
the conservation of mass and momentum in the space-time domain. Various recent 
numerical studies have demonstrated the computational tractability of the 1D 
approach (54, 80, 85), which comes at the cost of only providing information averaged 
over the vessel cross-section. These studies have a common root in a basic underlying 
mathematical model that dates back to the 18th century, proposed by Euler. The 
focus of more recent work has been to achieve an efficient computational solution 
of the governing equations, using both finite difference (84) and finite element 
techniques (27), including high-order spectral element method implementations 
(80). These modeling frameworks have in turn enabled investigations into coronary 
blood flow dynamics ranging in scale from hematocrit distribution (53) through to 
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the whole organ effects of heart rate on systolic flow impediment (26). 1D blood 
flow models provide a reasonable description of the propagation of pressure waves 
in arteries, and they have also been used to investigate the effects on pulse waves 
of geometrical and mechanical arterial modifications, e.g., flow alteration due to a 
stenosis, or treatment by PCI (80). A central challenge with translating these models 
into clinical applications is their dependence on detailed anatomical information 
which is typically not available via in vivo imaging of human subjects. This motivates 
development of the alternative approaches discussed below.

Solutions to both 1D and 3D systems of blood flow are highly dependent on the 
boundary conditions imposed to represent the vessels distal to the simulated domain. 
However, it is frequently the case that the flow distribution and/or pressure field at 
the simulated domain boundaries is unknown and is difficult, if not impossible, to 
determine experimentally. Thus, it is noteworthy that some 1D blood flow studies (27, 
80, 84) attempt to overcome this boundary condition issue by extending their model 
to couple the terminal points of the discrete vessel network to lumped parameter 
models (2). These extended models allow for flow in a network to be calculated while 
taking into account distal resistances not explicitly represented by discrete vessels. 
The development of these terminal resistance-type phenomenological models was 
based in part on the intramyocardial pump theory of Spaan et al. (88).

In some cases only lumped-parameter models have been used to completely 
reproduce the observed flow responses to arteriolar and venular pressures of an 
anatomically based model combining nonlinear resistive and capacitive elements 
(11). This is a reasonable, computationally efficient way of reproducing experimentally 
observed behavior while maintaining some of the fundamental physics of the 
problem. However, the treatment of vascular subgroups as single entities whose 
behavior is assumed to be characterized by a small number of parameters may be 
deemed to be somewhat crude for certain modeling applications. For example, a 
lumped-parameter component is of limited use for modeling (as discussed above) 
many of the inherently heterogeneous phenomena, e.g., local metabolite delivery 
and interpretation or prediction of contrast MRI results where fine spatial detail is 
required.

3D tissue perfusion models
For the reasons outlined above, a comprehensive model of perfusion necessitates 
the spatial treatment of the microcirculation, that is, not simply using lumped 
parameters. Moreover, the main clinical interest is often focused on regional 
perfusion states (e.g., the American Heart Association standardized myocardial 
segmentation), typically expressed in terms of capillary pressure and flow. Therefore, 
a continuum approach to blood perfusion, describing blood flow throughout the 
perfused domain by averaged quantities, would be appropriate. This point is further 
reinforced by the fact that clinical perfusion data, provided by PET, SPECT or MRI, are 
inherently spatially averaged, thereby enabling continuum perfusion models, with 
a spatial scale directly matched to the relevant imaging resolution, to be directly 
compared with imaging data in comparison to alternative discrete perfusion models.
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Exploiting this approach, some continuum models, developed via homogenization 
theory, have been successfully utilized for studying the mechanics of perfused 
myocardium (58). In these models, homogenization theory is used to extract effective 
or macroscale parameters for heterogeneous media from more elaborate microscopic 
models. Homogenization of periodic media has previously been employed in a 3D 
model of fluid flow and transport within both healthy tissue and tumor regions (14). 
Despite providing an elegant method of separating flow at the various vessel scales 
under consideration, this theory does require the existence of a repeating unit or 
periodic “canonical cell”. As biological arterial networks are generally aperiodic in 
nature, a method of parameter derivation that does not require periodic vascular 
features is desirable.

The multicompartment porous model of Huyghe et al. (40) allows for scale separation 
of the flow and does not require any periodicity of the material properties. In this 
model, fluid flows through compartments of decreasing arterial radius, into a capillary 
compartment, and is then drained via compartments of increasing venous radius. 
The sequential flow amongst compartments is an assumption that greatly simplifies 
the model and is representative of an underlying idealized network, although no 
actual discrete network is referenced. Due to the lack of a vascular model, their 
approach to parameterize the permeability tensor field was to assume isotropic 
tensors, proportional to the square of the intramyocardial blood volume under a 
constant vessel length assumption.

The 3D perfusion models mentioned thus far lack the ability to capture fluid-solid 
interactions (67, 83). In Huyghe et al. (39), the authors applied a mixture theory 
model to the mechanics of the left ventricular myocardium. Their two-phase mixture 
model featured a solid component and a fluid component. It allowed for finite 
deformation of the tissue and was fundamentally based upon the work of Biot (7) 
and Bowen (9). As their model consists of a single porous domain, the authors admit 
to not being able to model physiological coronary blood flow, in the sense of a flow 
from arteries to veins. More recently, Chapelle et al. (13) presented a derivation of 
a general single-compartment poroelastic model valid for a nearly incompressible 
medium which experiences finite deformations and features active contraction, 
fibre orientation and spatially distributed volumetric fluid influx. It was sufficient 
to reproduce some known mechanical effects resulting from the mechanisms 
of crosstalk between the myocardium and coronary flow, such as a decrease in 
myocardial volume, flow impediment during contraction and a nonlinear transmural 
pressure field. While this paper represents a significant contribution to the model 
development of cardiac perfusion, it too applied an unphysiological isotropic 
permeability tensor field. Interestingly, the lack of an explicit representation of the 
arterial and venous vessels is flagged by the authors as a major limitation of their 
model, a factor which is blamed upon a lack of sufficiently detailed measurements to 
both parameterize and validate the model.



35

Myocardial perfusion distribution

2

Figure 6: (A) Vascular model derived from a porcine cryomicrotome data set. This model has been reduced to 
the available vessels that perfuse the LV tissue model only. Red vessels represent the 1D model component, 
silver vessels represent the remaining vessels that are utilized in the parameterization process. (B) The derived 
permeability tensor field with glyphs directed along the principal eigenvector and colored according to the 
normalized principal eigenvalue. (C) The Darcy pressure solution.
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Figure 7: (A) The cross-sectional area of the feeding artery of the red subtree was decreased by a factor of 0.7 
to model stenosis of a branch of the coronary artery. (B) Total concentration of contrast agent in the tissue 
20 s after administering a bolus injection for a physiologic case. (C) The simulated occlusion of a coronary 
artery branch.
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Parameterization of 3D perfusion models from discrete vascular 
models
A more physiologically realistic model of perfusion in biological tissues with an 
embedded vasculature was undertaken by Vankan et al. (97). This was also a multi-
compartment perfusion model, accompanied by an explicit synthetic network 
created using a constrained constructive optimization algorithm (78). A spatial 
averaging technique, utilizing a moving averaging window, was used to derive 
the permeability fields for each Darcy compartment, and the intercompartment 
coupling terms. This technique was derived in Huyghe and van Campen (41) and 
makes use of the Slattery-Whitaker spatial averaging theorem. Although derived 
for a 4D Darcy model, whereby the fourth dimension allowed for volume coupling 
between neighboring 3D porous compartments, perhaps because of computational 
limitations at that time, Vankan et al. only simulated 2D porous domains. This model, 
while pioneering, neglected the connections across non-neighboring compartments 
identified by histological studies showing cross-Strahler ordering connectivity (46). 
Despite the decrease in the number of connections with compartment separation 
order, the fact that the pressure difference simultaneously increases means that 
these long-range intercompartmental effects could be quite significant. This cross-
Strahler ordering, or non-neighboring porous compartment connectivity, is a feature 
of anatomical vascular models that is not captured by the synthetic networks used 
by Huyghe and Vankan.

Most recently, Cookson et al. (19) produced a 3D multi-compartment perfusion 
model of a porcine LV free wall segment. The Darcy compartments of this perfused 
tissue region were parameterized using an arterial vascular model derived from 
cryomicrotome data (89, 95) which was also used to define the region boundary 
itself. These authors demonstrated that there is a significant improvement in the 
Darcy pressure (with respect to a comparison to the associated spatially averaged 
Poiseuille pressure) when the non-neighboring connections are accounted for. 
In the same work, their perfusion model was then extended into a poroelastic 
framework. The combination of having the Darcy model parameters determined 
from anatomically realistic vascular models, and the poroelastic simulations being 
carried out on a cardiac geometry constructed from the same cryomicrotome data 
set, arguably constitutes an ideal in silico framework for studying the effects of fluid-
solid coupling on the coronary perfusion state. Such mechanical coupling is widely 
thought to be of critical importance to cardiac function and, in particular, to have a 
large impact on the coronary circulation (48, 103).

The modeling framework just described, and shown in Figure 6, provides the capacity 
to run clinically relevant simulations where ischemia results from vessel occlusion. 
This is shown in Figure 7, where a simulation of perfusion in the myocardial tissue of 
a porcine LV was performed using the 3D-compartment Darcy model coupled to a 1D 
flow model based on the incompressible Navier-Stokes equation in an elastic vessel. 
The geometry is derived from cryomicrotome data of the coronary vasculature (29). 
While arteries with a diameter larger than 0.22 mm are represented as a discrete tree, 
all arteries of smaller size, arterioles and capillaries are modeled as a homogenized 
Darcy model of three distinct yet spatially coexisting compartments that exchange 
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fluid mass. The venous system is represented via a pressure dependent sink term in 
compartment three.

To simulate the stenosis of a coronary artery branch, we decreased the crosssectional 
area of the branch feeding the hypoperfused region displayed in Figure 7A by a 
factor of 0.7. To enable the direct comparison of simulation results with clinically 
acquired images, transport of the contrast agent, as used in MR perfusion imaging, 
was modeled using a multicompartment system of reaction-advection-diffusion 
equations. This model accounts for both the transport in the blood, for each of the 
porous compartments, and the diffusion of contrast agent through the capillary 
wall into the extracellular space. The observed concentration which is a proxy for 
the MR signal is therefore the porosity-weighted sum of each of these component 
concentrations. Figure 7B and 7C show a contour plot of the total concentration for 
both a healthy and diseased case, 20 s after the injection of the contrast agent bolus. 
Although both sets of results display spatial inhomogeneity, in the pathological case 
there is a large region of near-zero concentration indicating that the contrast agent 
has not been transported to this part of the myocardium, and hence identifying the 
regional perfusion defect.

Perspective of model developments for clinical application

The discrepancy between angiographic and physiology derived significance of 
a stenosis has been demonstrated in earlier studies (91). The major reason for 
this discrepancy relates to the complexity of describing all the details involved in 
calculating the flow and pressure field within and distal of a stenosis not captured 
by the Poiseuille and Bernoulli equations using simplified parameters of stenosis 
severity. More recently, there have been new attempts to apply computational fluid 
dynamics using meshes derived from images of stenotic vessels and from these to 
predict the significance of a stenosis by predicting FFR (51), although the future of 
this approach remains uncertain.

The field of evaluation of stenosis significance is rapidly evolving. The main 
developments can roughly be divided in those based on epicardial hemodynamic 
measurements and those on detection of regional ischemia. The perfusion 
measurement will find its place in preselection of patients prior to revascularization. 
However, within the cardiac catheterization laboratory, intracoronary hemodynamic 
measurements form the only resource for a physiological diagnosis of lesion severity 
on the spot.

Notwithstanding the significant improvement obtained with clinical outcome with 
the application of FFR compared to visual assessment using coronary angiography 
for clinical decision making (91), there is still much room for improvement. From 
a basic biophysical and physiological point of view, the model underlying FFR is 
oversimplified for a variety of reasons. FFR describes the hyperemic condition of the 
coronary circulation by linear resistances, thereby ignoring the fact that all vessels 
are distensible and hence vessel diameters change with pressure. Since resistance 
varies with diameter to the fourth power, this assumption of the FFR model is 
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most likely incorrect. The FFR model also ignores the effect of cardiac contraction 
on MR as has been discussed in recent reviews (90, 94). Moreover, it considers the 
resistance per unit mass for a healthy part of the myocardium the same as for that 
distal of a coronary stenosis, thereby ignoring remodeling of the microcirculation 
under the influence of the altered hemodynamic conditions (99). CFVR has the major 
disadvantage that it depends not only on hyperemic flow but also on baseline flow, 
which, in turn, depends on oxygen needs of the heart. However, conceptually, it 
is a good index since it expresses the real clinical and physiological issue of how 
much more flow can be realized distal of a stenosis by increased exercise. In a large 
percentage of patients, CFVR and FFR result in contradictory advice to treat, which 
was shown to be the result of variability in HMR (61, 63). Combined measurement 
of distal pressure and flow velocity allows the measurement of HSR, which is more 
specific for the lesion development since it is almost independent of distal events. It 
has been shown that this index performs better that FFR and CFVR (62).

The indices discussed above require in one way or another, the full vasodilatation 
of the vascular bed distal of a stenosis. The problem is the uncertainty about what 
maximal is. Increasing the dose of intracoronary adenosine injection tenfold results 
in a further decrease of FFR (23). The uncertainty about a well-defined maximal 
hyperemic state and the practical problems related to the application of adenosine 
has resulted in so called adenosine-free methods for establishing physiological 
stenosis severity such as iFR (79), BSR (93) or the pressure drop at given flow velocity 
at submaximal vasodilation (57).

Because of the complexity of the physiological processes and the many interactions 
between them, model developments as described in this paper are needed. This is 
also required to integrate measurements by different modalities such as MRI and 
epicardial hemodynamics (87, 101).

Conclusions

In this paper, we have reviewed major physiological and pathophysiological processes 
and their bearing on techniques for the diagnosis of coronary artery disease. The 
hemodynamic measurements distal of a stenosis provide the ability to quantify the 
overall results of a stenosis on coronary perfusion and the state of the coronary 
microcirculation. Moreover, it allows the study of the interaction between cardiac 
function and coronary flow dynamics. The developments in regional perfusion 
measurements are a major step forward in bringing physiology to the clinical arena 
since regional differences are induced by a stenosis. These regional differences are 
not only present between perfusion territories distal of obstructed and normal 
epicardial arteries but also within these territories, especially between subepicardial 
and subendocardial regions. Model developments allow the integration of all of these 
measurements at the epicardial level, from pressure and flow data, and regional 
information, provided by whole organ myocardial perfusion imaging. In addition 
to integrating data, the computational frameworks presented above enable the 
simulation of individual entities such as coronary occlusion or microvascular disease 
as well as analysis of physiological mechanisms such as the role that contraction or 
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ventricular pressure play on regional distribution of coronary flow. Our goal is that 
such models will provide a more complete picture of coronary physiology in normal 
and diseased cardiac conditions to enhance differentiation and personalization for 
diagnostic purposes as was the aim for the euHeart project.
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Abstract

Recent technological advancements in the area of intracoronary physiology, as well as 
non-invasive contrast perfusion imaging, allow to make clinical decisions with respect 
to percutaneous coronary interventions and to identify microcirculatory coronary 
pathophysiology. The basic characteristics of coronary hemodynamics, as described by 
pressure-flow relations in the normal and diseased heart, need to be understood for a 
proper interpretation of these physiological measurements. Especially the hyperemic 
coronary pressure-flow relation, as well as the influence of cardiac function on it, bears 
great clinical significance. The interaction of a coronary stenosis with the coronary 
pressure-flow relation can be understood from the stenosis pressure drop-flow velocity 
relationship. Based on these relationships the clinically applied concepts of coronary 
flow velocity reserve, fractional flow reserve, stenosis resistance and microvascular 
resistance are discussed. Attention is further paid to the heterogeneous nature of 
myocardial perfusion, the vulnerability of the subendocardium and the role of collateral 
flow on hyperemic coronary pressure-flow relations.
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Introduction

The oxygen extraction from the coronary circulation is high and even at baseline 
conditions approximates 75%, while the overall oxygen extraction in the systemic 
circulation amounts to 25–30% (1). In extreme exercise in dogs, coronary venous 
saturation may be reduced further from 25% to approximately 10% (2), but this 
increased extraction is much too small to account for the 4 to 5 times increase in 
oxygen demand that may occur and consequently necessitates an increase in coronary 
blood flow (1). Normally, coronary blood flow is well controlled and matched to the 
oxygen needs of the heart by adapting the caliber of the coronary resistance arteries, 
including arterioles, via inter-related processes involving mechanisms intrinsic to the 
vascular wall, as well as metabolic and neurohumoral factors (3, 4). One of the first 
observations on coronary physiology several centuries ago was that coronary arterial 
flow is pulsatile, high in diastole and low in systole (5). This is opposite to the flow 
pattern in arteries feeding other organs where flow is high in systole. The particular 
coronary bi-phasic flow pattern is the result of compressive forces that are exerted 
by the contracting heart muscle on the embedded microvessels. Hence, the heart 
impedes its own perfusion by the contraction that is needed to fulfill its principal 
function. Many of the physiological phenomena underlying coronary flow regulation 
have been studied in conscious and unconscious animal preparations where there 
is great freedom in instrumentation and interventions. More recently, investigation 
of human coronary physiology has become possible in clinical studies owing to the 
miniaturization of pressure and flow sensors at the tip of coronary guide wires used 
during cardiac catheterization and by myocardial perfusion imaging via magnetic 
resonance imaging, positron emission tomography and contrast echocardiography 
(6, 7). The purpose of this paper is to provide a brief overview of some principles of 
coronary physiology, and how these principles translate to diagnostic applications in 
clinical practice.

Characteristics and limits of coronary blood flow control

In functional terms, the two major determinants of coronary flow are coronary 
arterial pressure and myocardial oxygen consumption. It was found very early on that, 
at constant oxygen consumption, coronary flow is relatively independent of arterial 
pressure which is referred to as coronary autoregulation (8). Similarly, at a given 
coronary arterial pressure, coronary flow increases with oxygen consumption, which 
is defined as metabolic adaptation. These two mechanisms are interrelated and may 
even be due to the same control mechanism designed to maintain the controlled 
variable at a desired level. The controlled variable may be tissue oxygen pressure 
or a different factor related to metabolism. Since in the intact circulation coronary 
pressure equates to aortic pressure and aortic pressure is a main determinant of 
myocardial oxygen consumption, it is difficult to study metabolic flow adaptation 
and autoregulation independently in an intact preparation. This can best be studied 
in a system where the coronary blood supply is controlled independently, e.g. by an 
extracorporeal system.
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Conceptually, it is important to have a clear picture of the two manifestations of 
coronary flow control as illustrated in Figure 1. The left panel schematically depicts 
coronary pressure-flow relations at rest and during maximal vasodilation. The 
steepest line (hyperemia) represents the situation where flow control is abolished. 
Hyperemic flow increases with pressure, but not proportional, since this relation 
does not pass through the origin. The hyperemic pressure-flow relation bears great 
clinical significance as will be discussed below. The autoregulatory action of the 
coronary system is indicated by the lines with a smaller slope at two different levels 
of constant oxygen consumption, demonstrating the characteristic parallel shift 
with oxygen consumption. Coronary flow is kept fairly constant over a large range 
of perfusion pressure by adjusting coronary microvascular resistance to changing 
perfusion pressures. Note that coronary autoregulation is not perfect, which would 
correspond to horizontal plateaus in the autoregulation range. The right panel in 
Figure 1 depicts results from an experiment where oxygen consumption of the heart 
was altered at two different coronary pressures (9). Coronary flow increases with 
oxygen consumption, but also not in a proportional manner and oxygen extraction 
becomes less efficient at higher coronary pressure. Clearly, metabolic adaptation 
is not perfect either, since at the same oxygen consumption, flow rate is higher 
for a higher coronary pressure. Obviously, the pressure dependence of metabolic 
adaptation corresponds to the slope of the autoregulation curve. In a conceptual 
model, control of coronary blood flow can best be understood as a system designed 
to maintain tissue oxygen pressure (PO2) at a constant level. In such a model, 
factors causing a decrease of tissue PO2 will lower coronary resistance by inducing 
vasodilatation (10, 11). Similarly, vasoconstriction will result via factors inducing an 
increase in tissue PO2. This does not imply that tissue PO2 is the controlled variable in 
real life, since such model behaviour can be realized in several ways. However, the 
concept of tissue PO2 control has guided the design of experiments to unravel the 
specific role of mechanisms involved in blood flow control using coronary venous 
PO2 as a surrogate for myocardial tissue PO2 (1, 12, 13). In this way a direct vasoactive 
effect of a drug may be distinguished from an indirect effect via alterations in oxygen 
consumption (14).

Coronary blood pressure declines only little along the larger epicardial vessels and 
starts to drop sharply in arteries with a diameter below 400 μm. Those vessels are 
referred to as resistance vessels and are involved in the regulation of coronary blood 
flow. It has been shown that resistance vessels respond to stimuli in a diameter-
dependent manner. These selective responses serve a functional purpose. The 
smallest vessels are in more direct contact with the metabolic stimuli from the 
myocytes (15). The local dilatory response to such a stimulus affects the flow rate 
and pressure in more upstream segments and activates flow and pressure-mediated 
diameter changes in those upstream vessel segments (16, 17).

Effect of stenosis resistance

Stenosis pressure gradient-flow velocity relationship
In order to properly assess the physiological significance of an epicardial stenosis on 
coronary blood flow, it is important to understand the hemodynamic effect of a focal 
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Figure 2: (A) Human stenosis pressure drop-flow velocity relations at different stages of treatment obtained 
by a dual-sensor equipped guide wire. Note that the relations are curvilinear and become less steep at 
subsequent stages. The bottom curve is measured in a reference vessel. (Data redrawn from (19)). (B) Effect of 
pressure loss (ΔP) across a stenosis on coronary flow reserve. The progressively decreasing coronary pressure 
(PC) with increasing coronary blood flow (CBF) strongly reduces maximal hyperemic blood flow. v, blood flow 
velocity.

Figure 1: (A) Schematic pressure-flow relations illustrating autoregulation and maximal vasodilatation 
(hyperemia). The hyperemic relationship is incremental-linear with a non-zero intercept. Autoregulation is 
shown at two levels of constant oxygen consumption, which induces a parallel shift. (B) Coronary blood flow 
(CBF) as a function of oxygen consumption (MvO2) for two different values of the coronary arterial pressure 
(PC). Data from (9).
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diameter reduction formed by a stenosis. Total pressure drop across a stenosis is the 
sum of viscous losses due to friction (Law of Poiseuille) and losses incurred at the exit 
after acceleration along the throat of the lesion (Law of Bernoulli). The relationship 
between pressure drop (ΔP) and velocity (v) can be described by a quadratic equation 
of the form ΔP = A·v+B·v2, where the coefficients A and B are a function of stenosis 
morphology and rheological properties of blood (18). The most important geometric 
parameter is the minimum diameter of the stenosis, which enters both terms with 
the inverse fourth power as (1/DS

4). The flow-limiting behaviour of a coronary 
stenosis is mainly determined by the second term which increases with the square 
of the flow. Without a stenosis (no diameter reduction), the nonlinear exit losses are 
removed and the equation reduces to the linear (Poiseuille) part. This is illustrated 
in Figure 2 (left panel), which shows the ΔP-v relationships obtained in a patient 
before and after stepwise expansion of stenosis diameter by balloon angioplasty and 
stent placement (19). Coronary flow was briefly increased by distal vasodilation with 
adenosine. Note that each relationship represents the hemodynamic effect of a given 
stenosis geometry. The position along the curve is determined by flow through the 
stenosis, which changes with microvascular resistance. With autoregulation intact, 
baseline flow can be maintained by compensatory dilation of the resistance vessels. 
However, coronary perfusion pressure decreases with the square of flow through 
the stenosis and hence strongly reduces the maximal flow that can be obtained at 
full vasodilation (Figure 2, right panel). This reduction in perfusion pressure by a 
stenosis has particular consequences for minimal microvascular resistance as will be 
discussed below.

Physiological indices to assess functional stenosis severity
Current clinical practice guidelines advise percutaneous coronary intervention as 
the preferred treatment for culprit coronary artery stenoses responsible for 
ischemic events (20, 21). Since every procedure carries a small risk of possible 
adverse events treatment should be deferred when such an intervention is not 
strictly indicated. This approach, consequently, requires functionally relevant 
criteria for such a deferral. It may be clear from the above section that even 
detailed information on stenosis geometry e.g. as obtained by quantitative coronary 
angiogram analysis, is not sufficient to evaluate the physiological impact of a stenosis 
on myocardial perfusion. After all, an image-based analysis can at best yield a 
prediction of the stenosis ΔP-v relationship, but not the position along that curve 
for a particular patient and flow condition. The use of sensor-equipped guide wires 
in the catheterization laboratory has enabled the functional assessment of stenosis 
severity based on intracoronary pressure and/or flow velocity measurement and 
several indices have been introduced to identify stenoses responsible for reversible 
ischemia. The physiological basis underlying these clinically used indices is outlined 
in this section. It should be noted that these indices rely on elicitation of maximal 
coronary flow, i.e. elimination of all active vasomotor tone. As recently pointed out 
by Heusch (22), this may not completely be achieved by administration of adenosine, 
a powerful small vessel coronary vasodilator that does, however, not alleviate effects 
of prevailing alpha-adrenergic or endothelin-induced vasoconstriction common in 
diseased coronary arteries.
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Coronary flow velocity reserve
Coronary flow reserve is defined as the ratio of maximal flow to flow at rest at the 
same perfusion pressure (23, 24). In clinical practice, Doppler-derived cross-sectional 
peak velocity is measured rather than volume flow, and coronary flow velocity 
reserve (CFVR) is determined as the ratio of mean (time-averaged) velocity during 
hyperemia to mean velocity at rest. Values for minimally diseased vessels in patients 
with coronary risk factors average 2.7±0.6, with values up to 4.5±0.7 being reported 
for healthy males (25). The threshold for reversible ischemia has been established 
at CFVR<2.0 (26). As recently summarized by Hoffman (27), CFVR depends on the 
prevailing physiologic conditions that affect the coronary pressure-flow relationship 
at baseline and/or hyperemia. Factors that influence baseline flow (e.g., workload, 
heart rate, gender) and age were identified as major determinants of CFVR, whereas 
coronary risk factors or cardiomyopathies affecting the functional capacity of the 
small resistance vessels tend to reduce CFVR by impairing maximal flow (16, 28, 29).

In order to minimize the influence of the various factors, Baumgart and colleagues 
(30) introduced the relative CFVR that relates the CFVR in the target vessel to the 
CFVR in another, presumably normal artery in the same patient (and under the 
same conditions). This practice requires the presence of a normal reference vessel. 
Although a relative CFVR≈1 indicates that the target and reference artery have 
the same CFVR, this does not necessarily reflect the presence of normal vascular 
territories, as e.g. in patients with global microvascular dysfunction. It is important 
to realize that CFVR is not uniform and a profound regional heterogeneity exists both 
transmurally and between adjacent perfusion areas (31–33).

Fractional flow reserve
Young et al. proposed in 1977 to characterize stenosis severity by its limiting effect 
on maximal flow (34). The ratio of hyperemic flow in the presence of a stenosis to 
that in the absence of the stenosis was later extended to the concept of fractional 
flow reserve (FFR) by Pijls et al. (35). Based on a simplified model of the hyperemic 
coronary pressure-flow relation, they expressed the relative maximal flow in terms of 
the ratio between pressure distal and proximal to the stenosis at full vasodilation. A 
major assumption in this concept is that a change in perfusion pressure induced by a 
stenosis is proportional to a change inflow. This implies that the hyperemic pressure-
flow relation would be straight and passes through the origin (proportional rather 
than incremental linear), neglecting the effects of cardiac contraction on hyperemic 
coronary flow as discussed below. In addition, it is assumed that minimal coronary 
resistance downstream of a stenosis is equal to that in a tissue region subtended by 
a normal vessel. However, this assumption is in conflict with the pressure-dependent 
diameter and resistance of vessels without tone (36–38). Although FFR avoids the 
dependence on baseline flow, it is influenced by conditions that affect hyperemic 
microvascular resistance such as tachycardia, inflow pressure, or microvascular 
disease (39–42). Studies proclaiming hemodynamic independence of FFR either did 
not assess the equivalence of pressure-based FFR and true relative maximal flow 
for a given stenosis (35) or induced small changes in heart rate or pressure, which 
could furthermore not be executed independently due to physiological interaction 
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(41, 43). While initially a value of FFR≥0.75 was adopted for treatment deferral, more 
recent guidelines raised the threshold to 0.8 (21). Interestingly (but not surprisingly), 
comparison of stenosis severity assessed by both pressure-based (FFR) and velocity-
based (CFVR) indices leads to conflicting outcomes in about 30% of cases (44), which 
can be attributed to the differences in microvascular resistance (45). A change in 
hyperemic microvascular resistance affects FFR and CFVR in opposite directions. 
A higher microvascular resistance reduces CFVR and increases FFR (reduced 
maximal flow and hence higher distal pressure). Conversely, for the same stenosis, 
a low hyperemic microvascular resistance may well indicate sufficient flow reserve 
(CFVR≥2), but the higher maximal flow comes at the expense of an increased stenosis 
pressure gradient, which in turn may result in FFR<0.8. It is precisely in this group 
of intermediate lesions with discordance between CFVR and FFR that the stenosis 
resistance index (see below) performs better in predicting reversible ischemia (46). 
Furthermore, deferral in this subgroup of patients was associated with a higher risk 
of future adverse events (47).

Stenosis resistance index
The simultaneous measurement of pressure and flow velocity allows the separate 
derivation of indices that are determined by the stenosis severity only. The most 
straightforward index in this regard is the hyperemic stenosis resistance index, HSR, 
defined as the ratio between the average pressure drop over the stenosis and the 
average flow velocity during hyperemia (46). HSR was compared to FFR and CFVR in 
a cohort of 151 patients with single-photon emission computed tomography as gold 
standard for reversible ischemia (46). A deferral threshold of HSR≤0.8 mmHg/cm/s 
was established. In this study it was also found that the diagnostic predictive power 
of HSR was significantly higher than that of FFR and CFVR.

Which physiological index to use
Based on epidemiological evidence it seems that any physiological index performs better 
than angiographic derived stenosis parameters in guiding clinical decision making (48, 
49). However, currently, there is no consensus which physiological parameter should be 
most preferred. The popularity of these indices is not only determined by the strength 
of their theoretical and physiological foundation but also by the practicalities involved. 
However, practical consideration may change by technological advancements. Currently, 
FFR is the most popular index of stenosis severity, primarily owing to the practical ease 
of pressure measurements compared to flow velocity measurements. FFR is even 
considered by some as the clinical standard for the determination of physiological 
significance of a stenosis. However, in light of the aforementioned limitations, it should 
be noted that FFR lacks the theoretical solid foundation to be a gold standard and most 
probably, invasive stenosis assessment will be replaced in the future by methods that 
actually measure perfusion directly such as MRI perfusion imaging (7, 50, 51). Moreover, 
the combined measurement of pressure and flow velocity distal of a stenosis provides 
more comprehensive information on stenosis severity and microvascular resistance 
(26). For a comprehensive comparison of currently used indices, the reader is referred 
to the tables provided in recent reviews by Siebes (18) and Kern et al. (26). It is the 
rate of technological advancements that will determine what principle will be used in 
the end.
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Microvascular resistance and the distribution of myocardial 
perfusion

Up to this point we have discussed the myocardium as an entity and its perfusion 
at the level of epicardial arteries. However, perfusion of the myocardium is far from 
homogeneous and the hemodynamic characteristics measured at the epicardial level 
reflect a space average state. This implies that overall, the myocardium is perfused 
well but that certain local areas are predisposed for ischemia. Heterogeneity occurs at 
different spatial scales, and it is well established that especially the subendocardium 
is vulnerable for ischemia (52–55). Furthermore, heterogeneity exists also at a smaller 
scale. Hence, over a distance of a few millimeters, a small area may be perfused well 
while neighboring areas may show signs of ischemia (31, 32). This corresponds to 
observations of micro-infarctions in the heart (56).

Vulnerability of the subendocardium
Structural and functional reasons explain perfusion heterogeneity. The structure of 
the vascular bed at the subendocardium is different from that of the subepicardium 
(57). Furthermore, the vascular capacity of the myocardium increases across the wall 
depth, with a coronary arterial volume lowest at the most superficial subepicardial 
layer (58). This corresponds with a much smaller hyperemic coronary resistance 
per gram of tissue in the subendocardium than in the subepicardium when the 
heart is arrested. Hence, intrinsically, the vascular bed allows for a higher level of 
perfusion at the subendocardium than at the subepicardium. This finding would 
contradict the observation of predisposition of the subendocardium to ischemia. The 
explanation is that cardiac contraction adds to the impediment of tissue perfusion 
especially at the subendocardium. In dog hearts it was found that at hyperemia and 
a perfusion pressure of about 100 mmHg, subendocardial perfusion is 50% higher at 
cardiac arrest, equal at a HR=100 bpm and 50% lower at a HR=180 bpm compared 
to subepicardial perfusion (59). Hence, the intramural vascular structure is adapted 
to compensate for the impeding effect of cardiac contraction on subendocardial 
perfusion (60).

Intramural vessels are compressed during systole, reducing intramural blood volume 
which results in an increase of coronary venous and decrease of coronary arterial 
flow. During diastole, the compressive forces recede and the intramural vascular 
volume is restored. As a result, the intramural vessels continuously vary in diameter 
during the cardiac cycle (61). The rate of change of diameters depends on the actual 
resistances of the microcirculation between the vascular segments and the coronary 
arteries and veins. The larger these resistances, the slower the rate of change in 
diameters. This corresponds to findings that the diameter pulsations during the 
cardiac cycle are less in the smaller than in larger arterioles and in the smaller than 
in larger venules (62, 63).

The periodic compression of intramural vessels and the resulting periodic swing in 
coronary arterial and venous coronary flow is evidence for intramyocardial pump 
action (64). The role of the microvascular resistance in impeding the swing of 
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coronary arterial flow is clear from the observation that diastolic-systolic differences 
are smaller at higher perfusion pressure than at lower perfusion pressure due to 
the effect of autoregulatory action on the coronary circulation, increasing coronary 
resistance proximal to the capillary bed with arterial pressure. The importance of 
diastole for refilling the intramural microcirculation is clear from measurements of 
regional hemodynamic hyperemic conductance as a function of the diastolic time 
fraction (DTF) as illustrated in Figure 3 (40). At the subendocardium the conductance 
increases with DTF at constant pressure and is clearly higher than at the epicardium 
for larger values but lower at smaller values of DTF. In addition, at constant DTF, 
conductance increases with increasing pressure both at the subepicardium and 
subendocardium. Hence, the factors that promote the rate of filling of intramural 
vessels in diastole, DTF and coronary pressure, result in an increased microvascular 
conductance or decreased microvascular resistance at the subendocardium. At 
the subepicardium there is an opposite tendency for conductance to decrease 
with DTF but also here conductance increases with coronary pressure. There are a 
variety of mechanisms suggested for the impeding effect of cardiac contraction on 
coronary flow (65, 66). One of the suggested mechanisms is tissue pressure related 
to left ventricular cavity pressure at the endocardium and thoracic pressure at the 
epicardium. This mechanism concurs with the observation that the contraction 
related impeding effect is stronger at the subendocardium than at the subepicardium. 
However, it was demonstrated that also in the empty beating heart, coronary arterial 
flow was still pulsatile (67) and subendocardial perfusion is reduced more strongly 
(68). It has been suggested that direct compression effects of myocardial fibers on 
the microvessels are responsible for perfusion impediment (67, 69). However, this 
is in contrast with the finding that contraction has hardly an effect on subepicardial 
perfusion as is demonstrated in Figure 3.

The impeding effect of contraction on coronary perfusion is the result of the synergy 
of factors including tissue pressure, direct compression effects by tissue elastance 
and deformations (52, 70). In fact, most likely, the stiffer muscle in systole protects 
the intramural vessels from extreme compressions by tissue pressure in systole, since 
left ventricular pressure has a strong effect on the coronary arterial waveform in early 
systole with low grade of elastance but not in mid systole where elastance is much 
higher (65). It has been shown that at constant heart rate, DTF is increasing with 
reduced coronary pressure, an effect that may also act as a protective mechanism 
for the myocardium (71).

At present, clinical diagnostic methods are in development directed to the 
estimation of perfusion and oxygenation distribution by imaging methods such as 
perfusion MRI (50, 72, 73). These methods indeed demonstrate the vulnerability of 
the subendocardium in the presence of a stenosis, since in patients with ischemia 
resulting from a severe stenosis, contrast arrives at the subendocardium much later 
and at smaller amounts. However, the interpretation of such images requires more 
detailed analysis since these results are strongly dependent on hemodynamic factors 
as well.
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Figure 3: The conductances in the subepicardium (A) and subendocardium (B) as function of diastolic time 
fraction and perfusion pressure (PC). Data from (40). HR, heart rate.

Figure 4: Hyperemic pressure-flow relations in 
the arrested and beating state. Both relationships 
are curvilinear but incremental linear in the 
physiological pressure range. The dashed lines 
connect venous pressure with possible points 
on the pressure-flow lines. The inverse of the 
slope of the dashed lines is coronary resistance 
per definition. Hence, coronary resistance 
decreases with coronary pressure and increases 
with cardiac contraction. Data from (74). LV, left 
ventricle; Pv, venous pressure.
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Resistance definition and coronary pressure-flow relations
Hemodynamic dependencies of myocardial perfusion relate to epicardial pressure-
flow relations and the microvascular resistance measured at the epicardial level 
as demonstrated in Figure 4 based on data of Downey and Kirk (74). A main 
coronary artery was cannulated and artificially perfused at different flow rates 
during continuous vasodilation with adenosine infusion. The decrease in pressure 
due to arresting the heart was then measured at each flow rate. In the range of 
physiological pressures, the pressure-flow relations in the arrested and beating state 
are incremental linear, implying that they are straight but their extrapolations do not 
pass through the origin.

The effect of cardiac contraction on the pressure-flow relation is clear and results 
in a parallel shift of the curve. Often the slope of the pressure-flow relation is 
considered erroneously to reflect coronary vascular resistance. The resistance of a 
vascular system is defined as the pressure drop between inlet and outlet divided 
by the flow through it. How this definition relates to the pressure-flow relation is 
demonstrated in Figure 4. The dashed lines connect the venous pressure (Pv) to 
several points on the two pressure-flow relations, each point corresponding to a 
possible measuring condition. Per definition, the inverse of the slope of such a line is 
the vascular resistance at that measuring condition. It is then clear from Figure 4 that 
the resistance in each state decreases with increasing pressure and that for a certain 
pressure or flow the resistance increases from the arrested to the beating state. 
Hence, the hemodynamic influences on the coronary arterial pressure-flow relations 
are fully consistent with the hemodynamic dependences of perfusion distribution 
in the myocardium. The pressure-dependence of coronary microvascular resistance 
has also been confirmed in humans (75).

Diastolic pressure-flow relations
It has been frequently assumed that diastolic perfusion of the myocardial tissue 
could be characterized without the confounding influence of cardiac contraction. 
Hence, Gregg and Green proposed the concept of end-diastolic resistance, defined 
as the coronary arterial-right atrial pressure difference divided by coronary arterial 
flow at the end of diastole (76). When Bellamy described that in diastoles longer 
than normal, coronary flow ceases at a perfusion pressure far above right atrial 
pressure (77), it was also assumed that this finding was free of preceding systoles 
(78). However, the intramyocardial vasculature represents a large compliance (79) 
and the time constants for emptying in systole and filling in diastole are much larger 
than a heartbeat. Moreover, venous outflow continued after cessation of flow in such 
a long diastole, a clear proof of the “Windkessel” function of the intramyocardial 
compliance (80).

Effects of collateral flow
The non-linearity of the collateral system and its interaction with myocardial 
perfusion has been demonstrated by Messina et al. (81). In isolated dog hearts, 
the LCX was perfused separately from the remaining left main territory such that 
these two territories could be perfused independently and studied in the presence 
and absence of a pressure gradient with the main stem. It was shown that with 
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increasing interarterial pressure gradients, the LCX pressure-flow relation diverged 
only over the lower range of perfusion pressure and the effect of collateral flow 
was only measureable below 40 mmHg perfusion pressure. Obviously, depending 
on the state of the heart and species, collateral flow is a factor to be considered in 
the interpretation of coronary pressure-flow relations. In general, the pig has a low 
innate collateralization (82), but it is higher in the dog. In humans, it has been found 
that only with a wedge pressure larger than 25 mmHg or some alternative indication, 
a physiological effect of collateral flow can be found (81, 83–85).

Conclusions

Coronary pressure-flow relations are at the heart of the mechanistic interpretation 
of coronary hemodynamics. The autoregulation curves with their parallel shift 
depending on oxygen consumption are essential for understanding the interplay 
between coronary pressure and oxygen consumption with the control of blood flow. 
The hyperemic pressure-flow relation describes the maximal flow that is possible at a 
given coronary pressure and plays an important role in the definition of coronary flow 
velocity reserve, CFVR, and fractional flow reserve, FFR, which are indices for clinical 
decision making with respect to deferral of percutaneous coronary interventions. 
It was noted that in the clinical literature the models underlying the concepts of 
CFVR and FFR are often oversimplified by assuming linear pressure-flow relations 
for the fully vasodilated coronary microcirculation and stenosis while these 
relationships are essentially incremental linear or curvilinear, respectively. 
These deviations from linearity are well founded by fluid dynamic principles for a 
stenosis, the physical effect of coronary pressure on distensible microvessels, and 
contraction related compression of the microcirculation. The field of human coronary 
physiology as applied by the cardiology community would benefit from combined 
measurement of pressure and flow velocity distal to the stenosis, since information 
on both stenosis and microvascular resistance is obtained simultaneously. Moreover, 
perfusion distribution measurements as obtainable by echo and MRI contrast 
methods could evolve into reliable noninvasive methods to detect subendocardial 
ischemia in humans.
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Abstract

Background
Only limited data are available on the effect of axial measurement location on 
concomitantly measured coronary flow velocity and pressure and on derived 
physiological indices of epicardial and microvascular flow impairment.

Methods
In 26 patients, intracoronary flow velocity and pressure were recorded at two 
different axial locations in reference vessels and distal to a stenosis in diseased 
vessels. Basal and hyperemic pressure and velocity, coronary flow velocity reserve 
(CFVR), fractional flow reserve (FFR), and hyperemic stenosis (HSR) and microvascular 
(HMR) resistance were compared between measurement locations. Two scaling laws 
were tested in relation to vessel diameter: Murray’s law (velocity varies linearly with 
diameter) and Square law (constant velocity).

Results
In diseased vessels, basal and hyperemic pressure were reduced by less than 7% 
(p<0.05) at the more distal location. A small, but clinically not relevant effect on FFR 
and HSR was only observed in reference vessels, with no difference in HMR. Group 
averages of flow velocity and CFVR were location-independent in both reference and 
diseased vessels (p>0.22). However, more distal measurements were associated with 
a lower inter-patient variability. Flow velocity generally did not follow Murray’s law 
but supported the Square law.

Conclusions
Functional indices of stenosis severity and microvascular resistance were not 
affected by measurement location. The inter-patient variability between flow 
velocities at different locations in reference vessels suggests a stronger influence of 
patient-specific vascular network morphology at proximal measurement locations. 
More distal locations are therefore advised for obtaining velocity or velocity-derived 
indices to assess epicardial obstructions.
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Background

Detection of functionally significant stenosis is advised for adequate patient selection 
prior to percutaneous coronary intervention (PCI) (1). During cardiac catheterization, 
intracoronary hemodynamic signals can be obtained downstream of a stenosis using 
a sensor-equipped guide wire (2). Presently adopted clinical indices of functional 
stenosis severity include the pressure-based fractional flow reserve (FFR) and the 
Doppler-based coronary flow velocity reserve (CFVR). If pressure and flow velocity are 
measured simultaneously, epicardial and microvascular contributions to decreased 
coronary perfusion can be separated in terms of the hyperemic stenosis resistance 
(HSR) and the hyperemic microvascular resistance (HMR) (3).

Current practice guidelines specify that the pressure or Doppler sensor should be 
positioned at least 2–3 cm beyond the stenosis to avoid effects of disturbed flow 
emerging from the throat of the lesion (4). However, there are other factors to 
consider with respect to wire tip positioning as well. In diffuse disease without a 
focal narrowing, pressure has been shown to gradually decline along the vessel (5). 
In stenosed vessels, pullback curves have proven useful in identifying serial lesions 
by distinguishing abrupt from gradual pressure patterns along the vessel. Coronary 
pressure distal to the lesion is a function of sensor position and indeed, FFR is lower 
more distal to a stenosis compared to FFR directly beyond the lesion (6). Similar 
results were reported post PCI, where FFR was significantly reduced with increasing 
distance from the stent (7).

The factors determining flow velocity along coronary arteries are more complicated 
than those determining pressure and only few studies investigated the relation 
between coronary flow velocity and lumen diameter in humans (8–10). The flow 
carried by a vascular segment is determined by the vascular network and the 
amount of tissue that is dependent on it (11, 12). Flow velocity in a given vascular 
segment was shown to depend on lumen diameter and mass of perfused tissue even 
in diseased coronary arteries (8). Moreover, vessel diameter adapts in response 
to several biochemical and biophysical factors, a process denoted as remodeling. 
Although a potential location effect on flow velocity has been assessed previously in 
unstenosed coronary vessels (13), an assessment in diseased vessels is lacking.

The aim of this study was to establish the dependency of concomitantly measured 
flow velocity and pressure on axial location in human coronary arteries and its effect 
on physiological indices of stenosis severity incorporating one of these signals, such 
as CFVR and FFR, or a combination of both signals, such as HSR. Also the location 
effect on HMR to assess minimal microvascular resistance was evaluated.

Methods

Patient population
The study population consisted of 26 patients with stable angina pectoris, scheduled 
for elective PCI. Patients were included based on the presence of a single discrete 
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stenosis (40–70% diameter stenosis at visual assessment) in the target vessel. 
Exclusion criteria were age (<18 or >80 years), subtotal or serial lesions, diffuse 
or 3-vessel disease, significant left main coronary artery stenosis (>50% diameter 
reduction), hypertrophic cardiomyopathy, recent myocardial infarction (<6 weeks 
prior to screening), cardiac arrhythmia, severe aortic valve disease, severe heart 
failure or prior cardiac surgery. Anti-anginal medication was continued as clinically 
indicated. The institutional ethics committee approved the study procedure, and all 
patients gave written informed consent.

Cardiac catheterization and intracoronary measurements
Cardiac catheterization was performed using a percutaneous femoral or radial artery 
approach. Heparin was administered at the beginning of the procedure (5000–7500 
IU, intravenous bolus) followed by an intracoronary bolus of nitroglycerin (0.1 mg) in 
order to minimize vascular tone in the large epicardial vessels. Diagnostic coronary 
angiography was performed according to standard protocol. A 12-lead surface ECG 
was recorded continuously.

Aortic pressure (Pa) was measured via a 5 or 6F guiding catheter advanced into the 
coronary ostium. Intracoronary distal pressure (Pd) and peak cross-sectional blood 
flow velocity were measured simultaneously using a 0.014-inch dual-sensor guide 
wire (ComboWire XT®, model 9500, Volcano Corp., San Diego, USA) equipped with 
both a Doppler and pressure sensor at the tip. The pressure at the wire tip was 
normalized to the proximal pressure prior to advancing the guide wire and care was 
taken to obtain an optimal and stable flow velocity signal. Hemodynamic signals 
were digitally stored at a sampling rate of 200 Hz for offline analysis.

Protocol
Measurements were obtained in angiographically normal reference and diseased 
vessels at two axial locations, denoted as location 1 and location 2, where location 2 
is more distal. There was at least one side branch between the measurement sites. In 
the diseased vessels, both locations were distal to the stenosis. All data were obtained 
prior to PCI. Hemodynamic signals were recorded starting at baseline until the end 
of the hyperemic response to an intracoronary bolus of 40 µg of adenosine (14). 
Measurements were repeated in a subgroup of patients for reproducibility analysis. 
Coronary angiograms were taken under basal conditions for offline quantitative 
coronary angiography (QCA) analysis of vessel dimensions and the axial position of 
the wire tip at each measurement site was recorded by short contrast injections in 
the same angiographic view.

Data analysis
Coronary angiograms were quantitatively analyzed using a validated automated 
contour detection algorithm (QAngio XA 7.2, Medis Medical Imaging Systems, Leiden, 
The Netherlands) to determine stenosis diameter reduction, lumen diameter at the 
measurement site as well as distance and number of side branches between the two 
axial measurement sites. Hemodynamic data were processed using custom software 
(written in Delphi vs. 2010, Embarcadero, CA, USA). In case repeat measurements 
were obtained, the one with the best quality pulsatile flow velocity signal and the 
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highest hyperemic response was selected for the location effect and the second 
best was additionally used to assess reproducibility. Cycle averages of heart rate, 
Pa, Pd, pressure gradient (ΔP = Pa-Pd) and flow velocity were determined over at 
least 7 consecutive heart beats at baseline and 3 consecutive heart beats during 
peak hyperemia. CFVR (= hyperemic/baseline flow velocity), FFR (= Pd/Pa, at peak 
hyperemia), HSR (= ΔP/flow velocity, at peak hyperemia) and HMR (= Pd/flow velocity, 
at peak hyperemia) were derived from these averages.

Relationship between flow velocity and branch diameter
Based on physical principles the relationship between blood flow and branch 
diameter can be expressed as a power equation of the general form Q = a·Db, 
where Q represents coronary flow and D the branch diameter (12). The exponent b 
varies with the assumed underlying principle. For the principle of minimum energy, 
equivalent to constant wall shear stress based on Murray’s law (15), b=3. In the 
second model, b=2, and this model will be denoted as the “Square law” in this paper. 
Assuming a parabolic blood flow profile and circular vessel area, these relations 
can be converted to a relationship between flow velocity and branch diameter. The 
Square law then results in a constant mean flow velocity throughout the coronary 
vasculature, while Murray’s law predicts a linear relationship between flow velocity 
and branch diameter. The data of the present study will be compared to these two 
models.

Statistical analysis
Continuous variables are expressed as mean±standard deviation (SD) or median 
(interquartile range (IQR)). Baseline and hyperemic hemodynamic parameters and 
derived indices between the two axial measurement locations were compared using 
Student’s t-test or Wilcoxon signed rank test where appropriate. Pearson’s correlation 
coefficient was used to assess the association between the baseline and hyperemic 
flow velocity and CFVR at the two axial measurement locations, as well as to assess 
the relationships between the distance between the two measurement locations 
and the difference in FFR and HSR between the two measurement locations. Linear 
regression was performed to assess the relationship between branch diameter and 
flow velocity. Reproducibility of hemodynamic parameters and derived indices was 
assessed by the coefficient of variance (COV), calculated as the square root of the 
within subject variance component obtained with the use of a 1-way random-effect 
model ANOVA divided by the group mean. A two-sided alpha-level of 0.05 was 
considered statistically significant.

Results

The study population consisted of 19 males and 7 females (mean age 58±8 years). 
Patient demographics are presented in Table 1. Pairs of adenosine responses at the 
two distal measurement sites were collected in 12 diseased and 17 reference vessels. 
QCA yielded a diameter reduction of 47±13% in the diseased vessels and 20±12% in 
the reference vessels. Duplicate measurements were collected in 17 diseased and 19 
reference vessels.
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Angiographic dimensions at the measurement sites
Table 2 summarizes the morphologic characteristics at the two measurement sites, 
which were on average 21.6±10.7 mm apart in the diseased and 29.2±13.2 mm in 
the reference vessels (p=0.17), with 1 to 4 side branches in between. In the diseased 
vessels, distal branch diameter varied between 1.17 and 3.02 mm at location 1 and 
was 13±33% smaller at location 2 (p=0.08). In the reference vessels, branch diameter 
ranged from 1.29 to 3.93 mm at location 1 and was 32±22% smaller at location 2 
(p<0.001). Branch diameter at location 1 was 23% smaller for the diseased vessels 
compared to the reference vessels (p<0.05), with no difference at location 2 (p=0.56).

Age (yrs) 58±8

Male sex 19 (73)

Coronary risk factors

   Cigarette smoking 7 (27)

   Hypertension 11 (42)

   Positive family history of CAD 15 (58)

   Hypercholesterolemia 14 (54)

   Diabetes mellitus 4 (15)

   Prior myocardial infarction 2 (8)

   Prior PCI 3 (12)

Medication

   Beta-blockers 22 (85)

   Nitrates 11 (42)

   Calcium antagonists 7 (27)

   ACE-inhibitors 5 (19)

   Lipid lowering drugs 23 (89)

   Aspirin 26 (100)

Diseased vessels (n=12)

   Left anterior descending 2 (17)

   Left circumflex 2 (17)

   Right coronary artery 8 (67)

   Percent stenosis (%) (n=11) 47±13

Reference vessels (n=17)

   Left anterior descending 9 (53)

   Left circumflex 1 (6)

   Right coronary artery 7 (41)

   Percent stenosis (%) (n=16) 20±12

Table 1: Patient characteristics (n=26).

Values are mean±SD or frequency (%). ACE, angiotensin-converting enzyme; CAD, coronary artery disease; 
PCI, percutaneous coronary intervention.
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Table 2: Angiographic characteristics at measurement sites.

Table 3: Reproducibility of hemodynamic and derived parameters for reference and diseased vessels 
combined (n=36).

Values are mean±SD or median (IQR). ‡ p<0.001 compared to location 1. Due to insufficient contrast to 
perform QCA analyses, diameters could not be determined for location 1 in one patient and for location 2 in 
two patients in the diseased vessels, and for both locations in four patients in the reference vessels.

CFVR, coronary flow velocity reserve; FFR, fractional flow reserve; HMR, hyperemic microvascular resistance; 
HSR, hyperemic stenosis resistance; ΔP, pressure gradient; Pa, aortic pressure; Pd, distal coronary pressure.

Diameter at  
location 1 (mm)

Diameter at  
location 2 (mm)

Distance between 
location 1 and 2 (mm)

Side branches between 
location 1 and 2 (n)

Diseased vessels 2.1 ±0.6 1.7 ±0.5 21.6 ±10.7 1.5 (1.0–2.75)
(n=11) (n=10) (n=10) (n=12)

Reference vessels 2.8 ±0.8 1.9 ±0.6 ‡ 29.2 ±13.2 1.0 (1. 0–2.0)
(n=13) (n=13) (n=13) (n=14)

Coefficient of variance (%)

 Baseline  Hyperemia

Pa (mmHg) 3.2 3.4

Pd (mmHg) 3.0 3.3

ΔP (mmHg) 26.6 11.4

Velocity (cm/s) 12.4 5.8

FFR 1.1

CFVR 10.9

HSR (mmHg/cm/s) 13.9

HMR (mmHg/cm/s) 8.8

Figure 1: (A) Angiogram showing a 60% diameter stenosis in the left anterior descending artery in which 
the two measurement locations are indicated with the guide wire tip at location 2. (B) Corresponding 
hemodynamic recordings at location 2 throughout the hyperemic response to an intracoronary bolus of 
adenosine. Flow velocity rises, while coronary distal pressure (Pd) decreases resulting in a pressure gradient 
(ΔP) over the stenosis during hyperemia. Pa, aortic pressure.

location 1

stenosis

location 2

A B
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Reproducibility
The COV for all hemodynamic and derived parameters is listed in Table 3. The 
variability in Pd and ΔP was in part due to variations in Pa, for which the COV equaled 
3.2% at baseline and 3.4% at hyperemia. Normalizing the hyperemic Pd with respect 
to hyperemic Pa reduced the variability to 1.1%. Note that hyperemic Pd/Pa equals 
FFR.

One may expect that variation in repeat hyperemic velocity is to some degree related 
to variations in Pa. The ratio between coronary flow velocity and Pa can be considered 
as a measure of coronary conductance. However, the conductance during hyperemia 
was slightly less reproducible (COV=7.1%) than hyperemic flow velocity (COV=5.8%).

Hemodynamic characteristics
Figure 1 shows a typical angiographic image (panel A) with the two measurement 
locations in the left anterior descending artery with a proximal 60% diameter stenosis 
and the corresponding hemodynamic recording at location 2 (panel B) following 
an intracoronary bolus injection of adenosine. In this example flow velocity rises 

Table 4: Hemodynamic and derived parameters at the two axial measurement locations.

Values are mean±SD. * p<0.05 and ‡ p<0.001 compared to location 1.
CFVR, coronary flow velocity reserve; FFR, fractional flow reserve; HMR, hyperemic microvascular resistance; 
HR, heart rate; HSR, hyperemic stenosis resistance; ΔP, pressure gradient; Pa, aortic pressure; Pd, coronary 
distal pressure.

Reference vessels (n=17) Diseased vessels (n=12)

Location 1   Location 2 Location 1 Location 2

Baseline

   HR (bpm) 67.1 ±9.6 67.7 ±7.8 67.6 ±7.8 66.8±8.1

   Pa (mmHg) 97.0 ±13.4 97.2 ±14.3 93.0 ±14.2 88.9±13.6

   Pd (mmHg) 94.7 ±13.6 93.7 ±14.4 86.0 ±17.3 79.9±14.2 *

   ΔP (mmHg) 2.3 ±1.6 3.6 ±2.5 7.0 ±6.5 8.9±5.9

   Velocity (cm/s) 21.1 ±9.6 19.9 ±6.0 15.8 ±5.0 14.2±4.6

Hyperemia

   HR (bpm) 68.8 ±8.3 69.2 ±7.5 70.4 ±8.1 70.0±7.1

   Pa (mmHg) 90.7 ±11.2 92.1 ±10.3 87.3 ±11.2 85.2±14.0

   Pd (mmHg) 86.7 ±11.5 83.4 ±12.6 71.0 ±16.4 67.0±15.5 * 

   ΔP (mmHg) 4.0 ±3.8 8.6 ±5.5 ‡ 16.3 ±10.3 18.2±10.5

   Velocity (cm/s) 53.9 ±18.3 51.5 ±15.5 39.9 ±19.9 32.8±14.2

   FFR 0.96 ±0.04 0.90 ±0.06 ‡ 0.81 ±0.14 0.78±0.13

   CFVR 2.73 ±0.70 2.65 ±0.50 2.50 ±0.87 2.34±0.80

   HSR (mmHg/cm/s) 0.07 ±0.06 0.18 ±0.12 ‡ 0.59 ±0.69 0.73±0.64

   HMR (mmHg/cm/s) 1.81 ±0.70 1.75 ±0.57 2.24 ±1.47 2.32±0.93
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Figure 2: Location effect on baseline and hyperemic coronary distal pressure (Pd), the ratio of baseline 
coronary distal pressure to baseline aortic pressure (Pd/Pa) and fractional flow reserve (FFR) for reference 
vessels (top panels) and diseased vessels (bottom panels).* p<0.05 and ‡ p<0.001 compared to location 1.

Figure 3: Relationship between the distance 
between location 1 and location 2 and the 
difference in fractional flow reserve between 
location 1 (FFR1) and location 2 (FFR2) for the 
reference vessels (triangles) and diseased 
vessels (circles). In both conditions the 
difference in fractional flow reserve tended 
to increase with increasing distance between 
the two measurement sites.
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2.5 times above the baseline value, with a concomitant decrease in Pd resulting in 
a pressure gradient of 39.2 mmHg across the stenosis during hyperemia. Table 4 
provides an overview of all hemodynamic and derived parameters obtained at the 
two locations.

Location effects on pressure and FFR
As depicted in Figure 2, both baseline and hyperemic Pd in the reference vessels 
were similar at both locations, whereas in the diseased vessels, Pd was 6.1±7.4 
mmHg lower at the more distal location (p<0.05) at baseline and 4.1±6.4 mmHg 
lower during hyperemia (p<0.05). For the reference vessels, hyperemic ΔP increased 
by 4.6±4.1 mmHg (p<0.001) and FFR was 0.01±0.05 lower (p<0.001) at location 2 
compared to location 1. This reduction in FFR tended to increase with increasing 
distance between the two measurement sites (p=0.09, Figure 3). However, in the 
diseased vessels, no significant difference in either hyperemic ΔP or FFR was found 
between the two measurement locations (p>0.20). Again, FFR tended to increase 
with increasing distance between the two measurement sites (Figure 3), but this 
relationship did not reach statistical significance (p=0.12).

Location effects on flow velocity and CFVR
No differences due to location were found for average baseline and hyperemic flow 
velocity or CFVR in either the reference or diseased vessels (Figure 4). However, flow 
velocities at the two locations were linearly related (Figure 5A) for the reference 
vessels at baseline (r=0.78, p<0.001) and hyperemia (r=0.66, p<0.01). These 
relationships crossed the identity line with slopes less than unity, i.e. a given range 
of velocities at the proximal location corresponds to a smaller predicted range of 
more distally measured velocities. In other words, the inter-patient dispersion of 
flow velocity was less at the distal locations. Moreover, for low values, flow velocity 
was higher at the distal than at the more proximal location and vice versa for high 
values. For the diseased vessels (Figure 5B), flow velocities at the two locations 
were only poorly related, both at baseline (r=0.01, p=0.97) and hyperemia (r=0.43, 
p=0.16). In 76% of the reference vessels and 83% of the diseased vessels we found 
that when the ratio of distal to proximal velocities was <1 at baseline, this was also 
the case at hyperemia, and likewise for velocity ratios >1. Consequently, the relation 
between proximal and distal CFVR was stronger (r=0.77, p<0.05) for the diseased 
vessels (Figure 5C) than for the reference vessels (r=0.47, p=0.06).

Relationships between flow velocity and branch diameter are shown in Figure 6. The 
expected dependencies as predicted by the Square and Murray’s laws are depicted 
only for location 1, since the predictions are rather similar for both locations. Only 
baseline velocity at the more proximal location in reference vessels had a moderate 
inverse relationship to branch diameter (p<0.05), with a slope of -5.5 cm/s/mm (95% 
confidence interval: -10.9–-0.05). During hyperemia or in diseased vessels, flow 
velocities were rather independent of branch diameter (p>0.14).
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Figure 4: Location effect on baseline and hyperemic flow velocity and coronary flow velocity reserve (CFVR) 
for reference vessels (top panels) and diseased vessels (bottom panels).

Figure 5: Relationship between more proximally (location 1) and more distally (location 2) obtained flow 
velocity and coronary flow velocity reserve (CFVR). (A) Flow velocity obtained at baseline (triangles) and 
hyperemia (circles) at location 1 (Velocity1) and location 2 (Velocity2) in the reference vessels and (B) in 
diseased vessels. (C) CFVR obtained at location 1 (CFVR1) and location 2 (CFVR2) in the reference vessels (open 
symbols) and diseased vessels (closed symbols).

A

B C
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Location effects on hyperemic indices combining flow velocity and 
pressure
Hyperemic stenosis and microvascular resistance were generally not influenced by 
measurement location (Figure 7). Only HSR in the reference vessels slightly increased 
from 0.07±0.06 at location 1 to 0.18±0.12 mmHg/cm/s (p<0.001) at location 2, but 
this was hemodynamically not significant. Differences in HSR values were not related 
to the distance between the two measurement sites in the diseased (r=-0.47, p=0.17) 
or the reference (r=-0.32, p=0.29) vessels (Figure 8).

Discussion

In this study we addressed the influence of axial measurement location for several 
indices of stenosis severity and microvascular resistance based on distal pressure 
and/or distal velocity. The main finding of this study is that inter-patient range of 
flow velocities in reference vessels is less at distal than more proximal locations. The 
velocity ratio between proximal and distal location depended on velocity magnitude 
both at baseline and in hyperemia. These findings point to yet not well understood 
morphometric dissimilarities between hearts, which may in part be due to structural 
adaptation of the epicardial vessel diameter. In particular, the lower inter-patient 
variation of distally measured flow velocity in reference vessels suggests better 
adaptation of vessel diameter to flow velocity at this position. Location dependency 
of flow velocity was not established in diseased vessels and did not affect assessment 
of stenosis or microvascular resistance. Overall our findings indicate that branching 
epicardial vessels mostly follow a “constant velocity” law rather than Murray’s law 
which predicts velocity and diameter to be proportional.

Reproducibility of pressure and flow velocity measurements and 
derived indices
The repeated pressure measurements demonstrated that variations in Pd were mostly 
due to variations in Pa. The COV for hyperemic flow velocity and distal pressure was 
5.8% and 3.3%, respectively, which tallies well with the earlier reported value of 6.4% 
and 3.5% (2). This COV was not reduced by compensation for variations in Pa, which 
may be due to physiological variations in oxygen consumption and extravascular 
resistance (16, 17). Such variability contains physiological information and should 
not be attributed to noise or measurement inaccuracy. This is underlined by the 
higher COV found for the stenosis pressure drop compared to that of Pd, which is 
in part due to variations in flow velocity. Obviously, variability in flow velocity also 
contributed to the variability of around 10% for dependent derived indices.

Interpretation of location and branch diameter dependency of flow 
velocity
Several studies proposed allometric scaling laws for the branching network of the 
coronary circulation, which can be roughly categorized into two different models (12). 
The first model is the Square law (18), derived from the observation that the sum of 
the square of the daughter vessel diameters is equal to the square of the mother 
vessel diameter, which implies that flow velocity remains constant throughout the 
coronary vasculature. The second model is Murray’s law, which postulates that the 
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Figure 6: Relationship between branch segment diameter and flow velocity for the reference (A, B) and 
diseased (C, D) vessels obtained at location 1 (closed symbols) and location 2 (open symbols). Baseline 
results are shown on the left, hyperemic results on the right. In each graph, the expected dependency of flow 
velocity on diameter as predicted by the Square law (gray dotted line) and Murray’s law (gray dashed line) are 
indicated. For clarity, these predictions are only displayed for location 1.

A

C

B

D
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Figure 7: Location effect on hyperemic stenosis resistance (HSR) and hyperemic microvascular resistance 
(HMR) for reference vessels (top) and diseased vessels (bottom). ‡ p<0.001 compared to location 1.
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relation between coronary blood flow and vascular diameter results from a minimum 
energy hypothesis (15), corresponding to a constant wall shear stress (19, 20). In this 
law, the sum of the cubes of the daughter vessel diameters is equal to the cube of the 
mother vessel diameter, which entails that flow velocity is proportional to diameter 
and hence location-dependent. Our data are in accordance with a morphological 
study by VanBavel and Spaan (18) on healthy pigs, where the Square law was found 
to hold in the epicardial arteries, whereas Murray’s law was applicable to the smaller 
arteries down to the precapillary arterioles.

In agreement with findings in reference vessels by Ofili et al. (13), the group means 
of flow velocity were independent of location both in the reference vessels and in 
segments downstream of a stenosis. Such location independence of flow velocity 
matches with the Square law and justifies the use of flow velocity as surrogate for 
flow in computation of resistance indices. However, inter-patient analyses revealed 
a location dependency for the minimally diseased reference vessels. Although 
flow velocities at the two locations were significantly related, proximal velocities 
exceeded distal ones at more elevated flow velocities while the opposite was true 
at low velocity values (Figure 5A). This was found for both baseline and hyperemic 
conditions. It is difficult to relate these findings to a consistent relationship between 
diameter and velocity as a general principle throughout the epicardial tree since 
location dependence differs for higher and lower velocities.

Murray’s law predicts a positive linear relationship between flow velocity and 
diameter for branching networks. Hence, since distal diameters are smaller than 

Figure 8: Relationship between the distance between location 1 and location 2 and the difference in hyperemic 
stenosis resistance (HSR) between location 1 (HSR1) and location 2 (HSR2) for the reference vessels (triangles) 
and diseased vessels (circles). For both reference and diseased vessels, a change in HSR was not related to the 
distance between the measurement locations.
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proximal diameters, flow velocity should be lower at the distal location. This does not 
correspond to the location independence of means of flow velocity and contradicts 
the higher distal flow velocity at location 2 for those patients with a low flow velocity 
(Figure 5A). Murray’s law is also not supported by the flow velocity data as a function 
of diameter (Figure 6.) The only significant slope found was in the reference vessels 
for location 1 at baseline, and this slope was negative rather than positive. Except 
for this specific condition, the present data supported the Square law. However, 
neither of the two laws provides sufficient explanation for the observed transition in 
proximal-to-distal velocity ratio with increasing velocity and the lower inter-patient 
variation at the more distal location. Hence, there is an effect of patient-specific 
vascular morphology and adaptation that is not yet well understood.

Location dependency of functional indices of stenosis severity
Obviously, the location dependency of FFR strongly depends on the anatomy of 
the interrogated vessels. FFR in vessels with a well-defined single stenosis in an 
otherwise smooth segment is expected to vary less over some distance downstream 
of the stenosis than in vessels with diffuse disease. In the present study, FFR tended 
to decline with increasing distance both in the diseased and reference vessels, which 
corresponds to findings reported earlier (6, 7).

On average, we observed no significant difference in CFVR measured at the two 
locations for both the reference and diseased vessels. The strong correlation 
between proximally and distally measured CFVR for the diseased vessels was not 
present for the reference vessels. Two reference vessels had a CFVR below the 
diagnostic threshold of 2.0 at both locations, while the corresponding FFR and HSR 
values indicated that these lesions were not functionally significant. These low CFVR 
values must be related to microvascular factors, which corresponds with discordance 
between FFR and CFVR observed in about 30% of patients with an intermediate 
stenosis (21). When excluding these 2 below threshold data points, the inter-patient 
variation of CFVR at location 2 was less than at location 1.

Combined pressure and velocity measurements allow differentiation between 
epicardial and microvascular resistance. In diffusely diseased vessels one would 
expect a higher stenosis resistance index at the distal position. Although all values 
remained far below the clinical cut-off of 0.8 mmHg/cm/s, HSR at location 2 was 
indeed higher compared to location 1 in the reference vessels. Furthermore, an 
added contribution due to vessel tapering distal to a stenosis is offset by the pressure 
gradient along the downstream segment. In the present study, HSR did not increase 
with increasing distance from the stenosis and no significant relation was found 
between the change in HSR and the distance between the measurement locations.
Similarly, no location effect was detected for HMR for either the reference or 
diseased vessels, despite a small decrease in Pd at the more distal measurement site 
in diseased vessels. Hence, the differential effect of flow velocities on CFVR was not 
present for HMR.
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Study limitations
An important limitation is the relatively small patient group. Especially the relationship 
between flow velocity and branch diameter may have been more conclusive with a 
larger group and warrants future studies.

Neither distance nor number of side branches between the sites of measurements 
were controlled in this study. The number of side branches was at least one but 
varied between 1 and 4. Standardizing the distance between measurement sites 
may well have resulted in a better correlation between flow velocities at different 
locations, but would be difficult to realize in practice.

The present study adhered to the amount of adenosine used in clinical validation 
studies of FFR, which is considered to provide a hyperemic response equivalent to 
that induced by the intravenous administration of adenosine (22).

Clinical implications
For clinical decision making it is best when the assessed hemodynamic parameters 
do not depend on axial measurement location. Although current practice guidelines 
recommend a minimum distance of about 2–3 cm beyond the stenosis to avoid 
effects of disturbed flow (4), no upper limit is specified. A distal location difference 
of 3 cm, representing the range of distances reported in this study, can theoretically 
affect all indices studied.

It seems attractive to choose the index that demonstrates the lowest COV in repeat 
measurements and the lowest location dependence, but accuracy of measurement 
and physiological information content are two separate issues. FFR is certainly the 
index with lowest variability but it lacks specific information related to morphological 
and physiological factors. It appears therefore plausible that the positive clinical 
impact of FFR on clinical decision making can be further improved by flow velocity-
related information such as CFVR (22, 23).

The lower inter-patient variation in flow velocity demonstrated in the present study 
is in favor of a more distal measurement position. This may seem at odds with 
the assessment of proximal stenosis resistance. However, downstream of a focal 
stenosis the measurement location had no consistent effect on velocity and in case 
of serial lesions or in the presence of additional diffuse disease, it is important to 
assess the total epicardial resistance versus the microvascular resistance. Although 
a close correlation was found for CFVR between proximal and distal locations for 
the diseased vessels, the inter-patient variability in reference vessels with a CFVR>2 
was more pronounced at the more proximal location. To avoid interference of 
variability related to patient-specific vascular network morphology or adaptation in 
clinical decision making, it may be advisable to obtain intracoronary hemodynamic 
measurements at a more distal location.
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Abstract

Background
The assessment of functional coronary lesion severity using intracoronary physiological 
parameters such as coronary flow velocity reserve (CFVR), and the more widely used 
fractional flow reserve (FFR) relies critically on the establishment of maximal hyperemia. 
We evaluated the diagnostic accuracy of the stenosis resistance index (SR) during non-
hyperemic conditions, baseline SR, compared to established hyperemic intracoronary 
hemodynamic parameters, as achievement of hyperemia can be cumbersome in daily 
clinical practice.

Methods
A total of 232 patients, including 299 lesions (mean stenosis diameter 55±11%) 
underwent myocardial perfusion scintigraphy (MPS) for documentation of reversible 
perfusion defects. Distal coronary pressure and flow velocity were assessed with 
sensor-equipped guide wires during baseline and maximal hyperemia, induced by an 
intracoronary bolus of adenosine (20–40 µg). We determined SR during baseline (BSR) 
and hyperemic conditions (HSR), as well as FFR and CFVR. The discriminative value 
for myocardial ischemia of all parameters was compared using receiver-operating-
characteristics curves.

Results
BSR showed a good agreement with MPS. The diagnostic performance of BSR (AUC 0.77; 
95% confidence interval (CI): 0.71–0.83) was as accurate as FFR, and CFVR (AUC 0.77; 
95% CI: 0.71–0.83, and AUC 0.75; 95% CI: 0.68–0.81 respectively, p>0.05 compared to 
BSR for both). However, HSR, combining both pressure and flow velocity information 
during hyperemia was superior to all other parameters (AUC 0.81; 95% CI: 0.76–0.87; 
p<0.05 compared to all other parameters).

Conclusions
Combined pressure and flow velocity measurements during baseline conditions may 
provide a useful tool for functional lesion severity assessment without the need for 
potent vasodilators.
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Introduction

Adequate patient selection for percutaneous coronary intervention (PCI) is of 
utmost importance to avoid unnecessary complications. Consequently, objective 
evidence for myocardial ischemia is mandatory for optimal management of patients 
with coronary artery disease, in particular in patients with coronary lesions of 
intermediate severity (40–70% diameter stenosis on coronary angiography) (1, 2). 
The use of sensor-equipped guide wires for the assessment of functional coronary 
lesion severity has emerged as a standard diagnostic modality to provide objective 
evidence of myocardial ischemia during cardiac catheterization (3, 4). The indices 
derived from pressure or flow velocity measurements, fractional flow reserve (FFR) 
and coronary flow velocity reserve (CFVR) respectively, show a high agreement with 
non-invasive stress testing (5, 6). Interpretation in individual cases may, however, 
be cumbersome. As these indices are based on either intracoronary pressure or 
flow velocity, they do not differentiate between hemodynamic properties of the 
epicardial stenosis and the distal microvasculature (7, 8), potentially leading to 
unfounded treatment when a single parameter is determined, or to ambiguous 
observations when both are assessed (9, 10). Combining pressure and flow velocity 
information, summarized by the hyperemic stenosis resistance index (HSR), was 
shown to improve diagnostic accuracy of intracoronary hemodynamic parameters, 
especially in these discordant lesions (11). Importantly, where FFR and CFVR rely 
critically on the establishment of a maximal hyperemic state, accurate assessment of 
HSR is less dependent on maximal hyperemia (11).

The use of intracoronary hyperemic agents in the cardiac catheterization laboratory, 
per definition required for assessment of FFR, CFVR, or HSR, can however be 
cumbersome in daily clinical practice due to their unavailability, time-consumingness, 
contra-indications, or side-effects (12, 13). Furthermore, there is an ongoing debate 
with respect to the dose of agent needed to achieve maximal hyperemia, and the site 
of administration to be used (14–21). Parameters requiring only baseline conditions 
could therefore be considered preferable to facilitate universal use of functional 
lesion severity assessment prior to coronary intervention.

Considering the previously documented high diagnostic accuracy of HSR for 
myocardial ischemia, as well as the relative independence of HSR on maximal 
hyperemia, we hypothesized that the stenosis resistance index determined during 
baseline conditions has adequate diagnostic accuracy for functional coronary lesion 
severity assessment. Therefore, we compared the diagnostic accuracy of stenosis 
resistance index during baseline (BSR) and hyperemic (HSR) conditions, as well as 
FFR, and CFVR for myocardial ischemia assessed by myocardial perfusion scintigraphy 
(MPS).

Methods

Between April 1997 and September 2006, a total of 232 consecutive patients 
undergoing elective PCI for stable anginal complaints were included in the study. 
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Patients were referred for single- or double-vessel coronary artery disease with at 
least one intermediate coronary lesion (40% to 70% diameter stenosis on visual 
assessment). Exclusion criteria consisted of: ostial lesions, two or more stenoses 
in the same coronary artery, severe renal function impairment (sMDRD calculated 
glomerular filtration rate less than 30mL/min/1.73m2), significant left main 
coronary artery stenosis, atrial fibrillation, recent myocardial infarction (<6 weeks 
prior to screening), prior coronary artery bypass graft surgery or visible collateral 
development. The institutional ethics committee approved the study protocol and 
all patients gave written informed consent.

Myocardial perfusion scintigraphy

MPS was performed in all patients with the use of either 99mTechnetium-sestamibi 
(MIBI) or 99mTechnetium-tetrofosmin (Myoview) according to a standard two-day 
stress-rest protocol. Defect reversibility and localization were semi-quantitatively 
determined by a panel of experienced nuclear medicine physicians, who were 
blinded to the angiographic data. Improvement at rest of more than one grade was 
considered to be a reversible perfusion defect. The result was considered positive 
when a reversible defect was allocated to the perfusion territory of the coronary 
artery of interest (22).

Cardiac catheterization and hemodynamic measurements
All patients underwent cardiac catheterization within one week after MPS. 
Quantitative coronary angiography (QCA) was performed offline to determine 
stenosis severity. Percent diameter stenosis (DS) was obtained with the use of a 
validated automated contour detection algorithm (QCA-CMS version 3.32, MEDIS, 
Leiden, The Netherlands). Distal coronary pressure and blood flow velocity were 
assessed with sensor equipped guide wires during baseline conditions and maximal 
hyperemia, which was induced by an intracoronary bolus of adenosine (20 μg for the 
right coronary artery, and 40 μg for the left coronary artery). Intracoronary pressure 
was measured distal to the target lesion with a 0.014 inch pressure-monitoring guide 
wire (Volcano Corp., San Diego, USA). Coronary blood flow velocity measurements 
were performed directly after pressure measurements, using a Doppler-tipped guide 
wire (Volcano Corp., San Diego, USA). Pressure and flow velocity derived parameters 
of functional coronary lesion severity were: BSR, HSR, FFR, and CFVR. The definitions 
of the evaluated parameters are shown in Table 1.

Statistical analysis
Continuous variables were expressed as mean (±standard deviation (SD)), or median 
(interquartile range (IQR)) and comparison was performed using the Student’s t-test 
or Mann-Whitney U Test where appropriate. Categorical variables were presented 
as frequencies (percentage) and compared with the Chi-square test. Receiver-
operating-characteristic (ROC) curves were used to compare the discriminative value 
of FFR, CFVR, HSR, and BSR for the presence of reversible perfusion defects by the 
area under the curve (AUC). Agreement with MPS outcomes was determined for HSR, 
FFR and CFVR based on of their respective cut-off values: 0.75 for FFR, 2.0 for CFVR 
and 0.8 mmHg/cm/s for HSR. In absence of a clinically adopted cut-off value, the best 
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Table 1: Definitions of the parameters used.

Table 2: Baseline patient characteristics (n=232).

bAPV, baseline average peak flow velocity; bPa, baseline mean aortic pressure; bPd, baseline mean distal 
pressure; BSR, baseline stenosis resistance; CFVR, coronary flow velocity reserve; FFR, fractional flow reserve; 
hAPV, hyperemic average peak flow velocity; hPa, hyperemic mean aortic pressure; hPd, hyperemic mean 
distal pressure; HSR, hyperemic stenosis resistance.

Data is presented as mean±SD or frequency (%). 
ACE, angiotensin-converting enzyme.

CFVR = hAPV/bAPV

FFR = hPd/hPa

BSR = (bPa-bPd)/bAPV

HSR = (hPa-hPd)/hAPV

Age (yrs) 60±10

Male sex 160 (69)

Coronary risk factors

   Cigarette smoking 67 (29)

   Hypertension 87 (38)

   Positive family history 105 (45)

   Hyperlipidemia 138 (60)

   Diabetes mellitus 35 (15)

   Prior myocardial infarction 87 (38)

   Prior coronary intervention 47 (20)

Medication

  Beta-blocker 169 (73)

   Nitrates 137 (59)

   Calcium antagonists 143 (65)

   ACE-inhibitors 49 (21)

   Lipid-lowering drugs 135 (58)

   Aspirin 208 (90)
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cut-off value for BSR was defined as the highest sum of sensitivity and specificity. This 
value was subsequently used to determine agreement with MPS. False-positive and 
false-negative outcomes, positive and negative predictive value, and sensitivity and 
specificity for all parameters were defined according to the MPS outcomes, using 
the abovementioned cut-off values. Additionally, these were evaluated for the more 
recently adopted cut-off value for FFR of 0.8. Accuracy for agreement with MPS of 
all parameters was compared using mcNemar’s test. All analyses were performed at 
lesion-level. We additionally performed a patient-level analysis by randomly selecting 
one lesion per patient. A two-sided alpha-level of 0.05 was considered statistically 
significant.

Results

Patients
A total of 232 patients (mean age 60±10 years), including 299 coronary lesions, 
underwent MPS to determine the presence of reversible perfusion defects. Results 
for HSR have been reported previously for 151 patients, including 181 lesions (11). 
Baseline characteristics of all patients are shown in Table 2. QCA of the 299 lesions 
involved yielded a mean diameter stenosis of 55±11%. MPS was considered positive 
in 30% of lesions. Angiographic and hemodynamic characteristics for lesions with 
and without reversible perfusion defects are listed in Table 3.

Discriminative value
The ROC for FFR, CFVR, HSR and BSR are visualized in Figure 1. ROC analysis yielded 
the highest diagnostic accuracy for myocardial ischemia for HSR, as shown by the AUC 
(Table 4), which proved to be significantly higher compared to all other parameters 
(Table 5). Notably, the ROC-curve of BSR yielded a similar AUC as FFR and CFVR.

Diagnostic performance
The best cut-off value for BSR was defined as 0.66 mmHg/cm/s (sensitivity 64%, 
specificity 80%). Diagnostic accuracy was highest with the use of HSR (p<0.005 
compared to all other parameters). Importantly, diagnostic accuracy of BSR was 
similar to both FFR with a cut-off value of 0.75 (p=0.58) and CFVR (p=0.28), and was 
significantly higher compared to FFR with a cut-off value of 0.8 (p=0.001) (Table 6). 
Patient-level analyses yielded similar estimates and conclusions (data not shown).
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   Reversible defect
     (n=89)

   No reversible defect
   (n=210) p-value

Diameter stenosis (%) 61 ±11  52 ±9 0.0001

Minimal lumen diameter (mm) 1.10 ±0.42   1.39 ±0.40 0.0001

Reference vessel diameter (mm) 2.90 ±0.64   2.92 ±0.67 0.96

CFVR 1.85 ±0.73  2.47 ±0.74 0.0001

bAPV (cm/s) 15.5 ±8.9 18.1 ±7.6 0.0001

hAPV (cm/s) 28.1 ±17.1   42.4 ±16.0 0.0001

FFR 0.65 ±0.19   0.81 ±0.12 0.0001

hPa (mmHg) 96.6 ±12.6   95.0 ±12.3 0.24

hPd (mmHg) 63.0 ±20.5   77.3 ±15.5 0.0001

HSR (mmHg/cm/s) 2.07 ±2.44   0.60 ±1.26 0.0001

hΔP (mmHg)    30.0 (1 8.5–46.5)   15.0 (10.0–23.0) 0.0001

BSR (mmHg/cm/s) 1.84 ±2.43  0.54 ±1.10 0.0001

bPa (mmHg) 99.2 ±12.8  98.8 ±12.0 0.75

bPd (mmHg) 79.2 ±21.4  91.3 ±13.8 0.0001

bΔP (mmHg)   13.0 (6. 0–31.0)    5.0 (2. 0–9.0) 0.0001

Data are presented as mean±SD or median (IQR).
bAPV, baseline average peak flow velocity; bΔP, baseline pressure gradient across the stenosis; bPa, baseline 
mean aortic pressure; bPd, baseline mean distal pressure; BSR, baseline stenosis resistance; CFVR, coronary 
flow velocity reserve; FFR, fractional flow reserve; hAPV, hyperemic average peak flow velocity; hΔP, baseline 
pressure gradient across the stenosis; hPa, hyperemic mean aortic pressure; hPd, hyperemic mean distal 
pressure; HSR, hyperemic stenosis resistance.

Table 3: Angiographic and hemodynamic lesion characteristics.

Figure 1: Receiver-operator-characteristic curves of fractional flow reserve (FFR), coronary flow velocity 
reserve (CFVR), hyperemic stenosis resistance (HSR) and baseline stenosis resistance (BSR). The area under 
the curve (AUC) for HSR was significantly larger than for all other parameters. The AUC of BSR was similar to 
that of FFR or CFVR.
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Discussion

The use of a parameter based on both intracoronary pressure and blood flow velocity 
measurements during baseline conditions, BSR, has a similar diagnostic accuracy 
for reversible perfusion defects on MPS as compared to the most frequently used 
method for coronary stenosis severity evaluation, FFR. Notably, accuracy of BSR was 
significantly higher compared to FFR with the use of 0.8 as cut-off value. This novel 
approach to intracoronary pressure and flow velocity measurements may provide a 
useful tool for vasodilator-free stenosis severity evaluation when the use of potent 
vasodilators is cumbersome or contra-indicated in daily clinical practice.

Evaluation of functional lesion severity without hyperemia
Several intracoronary hemodynamic parameters for functional lesion severity 
assessment during baseline conditions have been investigated previously. Coronary 
flow-derived parameters include the diastolic to systolic velocity ratio, and proximal 
to distal velocity ratio (23). Both parameters were, however, shown to have a limited 
diagnostic accuracy for myocardial ischemia when compared to CFVR (24). Pressure-
derived parameters that have been investigated previously include the trans-stenotic 
pressure gradient during baseline conditions (25), resting Pd/Pa (26) and the pulse 
transmission coefficient (PTC) (27, 28). None of the previously investigated non-
hyperemic parameters have been implemented in clinical practice so far because of 
limited diagnostic accuracy, or a lack of supportive data. 

Most recently, Sen et al. introduced the instantaneous wave-free ratio (iFR) as a 
vasodilator-free pressure-derived parameter for evaluation of functional lesion 
severity (29). This novel parameter is defined as the distal pressure to aortic pressure 
(Pd/Pa) ratio in mid-diastole during baseline conditions. The authors postulate that 
coronary resistance is stable and minimal during a specific time-window during 
mid-diastole, comparable to hyperemic microvascular resistance, and therefore 
the Pd/Pa ratio during this time-window is expected to be similar to FFR. However, 
the concept of FFR is based upon an assumed linear relationship between pressure 
and flow when microvascular resistance is expected to be minimal; during maximal 
vasodilation. During baseline conditions, coronary flow is autoregulated, i.e. 
vascular tone is present, and coronary flow is relatively pressure-independent 
within the physiological range of pressures (7). Additionally, it has been shown at 
several occasions that diastolic resistance is not stable (30, 31). Hence, the finding 
that beat averaged hyperemic resistance equals diastolic resistance in the presence 
of tone lacks a theoretical basis, and one may wonder whether iFR has a solid 
physiological fundament. The authors report that, overall, iFR correlated well with 
FFR, but the reported correlation is predominated by patients with a highly normal 
FFR, and correlation within the diagnostically relevant range of FFR is notably less 
accurate. Although an interesting novel parameter, that may well facilitate universal 
use of coronary physiology in daily clinical practice, iFR is still under investigation, 
and further prospective studies are needed to define its accuracy for detection of 
myocardial ischemia.
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Contrast Difference in AUC p-value

HSR vs FFR 0.04 0.005

HSR vs CFVR 0.07 0.02

HSR vs BSR 0.05 0.007

FFR vs CFVR 0.02 0.44

BSR vs FFR 0.00 0.88

BSR vs CFVR 0.02 0.52

AUC, area under the curve; BSR, baseline stenosis resistance; CFVR, coronary flow velocity reserve; FFR, 
fractional flow reserve; HSR, hyperemic stenosis resistance.

Table 5: Differences in area under the receiver-operating-characteristic curves.

Parameter AUC 95% confidence interval

BSR 0.77 0.71–0.83

HSR 0.81 0.76–0.87

CFVR 0.75 0.68–0.81

FFR 0.77 0.71–0.83

AUC, area under the curve; BSR, baseline stenosis resistance; CFVR, coronary flow velocity reserve; FFR, 
fractional flow reserve; HSR, hyperemic stenosis resistance.

Table 4: Diagnostic accuracy by area under the receiver-operating-characteristic curve.

FFR
Cut-off 0.75

FFR
Cut-off 0.8 CFVR BSR HSR

Positive 58 (19)   66 (22)   54 (18) 55 (18)   60 (20)

False-positive 48 (16)   81 (27)   52 (17) 42 (14) 26 (9)

False-negative 31 (10) 23 (8)   35 (12) 32 (11)   29 (10)

Total inaccurate    79 (26) *     104 (35) * †      87 (29) *    74 (25) *   55 (18)

PPV 0.55 0.45 0.51 0.57  0.70

NPV 0.84 0.85 0.82 0.86  0.86

Sensitivity 0.65 0.74 0.61 0.64  0.67

Specificity 0.77 0.61 0.75 0.80  0.88

Data are presented as frequency (%).* p<0.005 compared to HSR, † p=0.001 compared to BSR.
BSR, baseline stenosis resistance; CFVR, coronary flow velocity reserve; FFR, fractional flow reserve; HSR, 
hyperemic stenosis resistance; NPV, negative predictive value; PPV, positive predictive value. 

Table 6: Outcomes compared to myocardial perfusion scintigraphy.
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Ambiguities in FFR and CFVR
As mentioned previously, assessment of both FFR and CFVR depends critically on 
the achievement of maximal hyperemia (8, 32), which is, at times, not taken into 
account in daily clinical practice. Furthermore, FFR is per definition determined when 
microvascular resistance is lowest and constant; during maximal vasodilatation. 
However, when microvascular disease is present or maximal hyperemia is not 
achieved, microvascular resistance is increased and consequently coronary flow may 
be reduced. This results in a decrease in maximal flow across the stenosis and an 
increase in distal pressure, which may result in a negative FFR even in the presence 
of a functionally significant stenosis (8, 9, 32, 33). Conversely, a low microvascular 
resistance causing a high flow rate through an epicardial vessel may in the presence 
of a stenosis give rise to a positive FFR by increasing the stenosis pressure gradient 
although flow through the stenosis is normal (9, 33, 34). In assessment of CFVR, 
in addition to its sensitivity to alterations in microvascular resistance, the absolute 
value obtained is influenced to a large extent by variations in baseline and maximal 
flow velocity, which can be caused by factors not related to stenosis severity (8). 
Furthermore, assessment of an optimal flow velocity signal, necessary for an 
objective CFVR-value, is more difficult than pressure measurements. Both FFR and 
CFVR therefore have their ambiguities when representing the only physiological 
parameter assessed. Although previously assumed that the combination of FFR and 
CFVR would improve diagnostic and prognostic value (32), it has already been shown 
that discordance between FFR and CFVR is present in 27% of cases (9), hampering 
clinical decision making.

Indices of stenosis resistance
The advantage of either index of stenosis resistance (SR) is inherited by the 
simultaneous use of both pressure and flow velocity information, which results in 
the ability to assess the relative influence of microvascular and stenosis resistances. 
Although the previously introduced HSR (11) also depends on the presence of 
maximal hyperemia, the pressure drop across the stenosis and flow velocity are 
affected similarly when the hyperemic state is suboptimal. Therefore, the effect of 
submaximal hyperemic flow on HSR is rather limited. Obviously, the major advantage 
of BSR is that it does not require a hyperemic state at all. Overall, the assessment 
of indices of SR inherits the same technical difficulties accompanying Doppler flow 
velocity measurements in the assessment of CFVR. Importantly, because of the 
low pressure-gradient and flow velocity during baseline conditions, small errors in 
pressure and flow velocity measurements may result in relatively large errors in 
stenosis resistance-values, and therefore the use of a hyperemic agent is expected 
to result in an improvement of diagnostic accuracy, as is supported by the findings 
in the present study.

False-positive and false-negative results
False-positive or false-negative results for FFR have been reported to occur in 7% 
(35) to 25% of cases (11, 32), and in 8% to 25% of cases (11, 32) for CVFR. In our 
study, false-positive or -negative outcomes for FFR or CFVR were present in 26% and 
29% of cases respectively (Table 6). Importantly, the shift in the cut-off value for FFR 
from 0.75 to 0.8, which is implemented in recent revascularization guidelines (3), 
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results in a significant increase in non-ischemic lesions that receive PCI from 16% to 
27%, while the decrease in ischemic lesions left untreated is only minor from 10% 
to 8%. However, the cut-off value of 0.8 is based on studies assessing the prognostic 
value of FFR, which explains the lower diagnostic accuracy (36). Notwithstanding 
the superior diagnostic accuracy of HSR, the use of BSR notably results in a similar 
amount of false-positive and false-negative outcomes when compared to both FFR 
and CFVR, and in a significant decrease in the number of inaccurately treated lesions 
when compared to FFR with a cut-off value of 0.8 (p=0.001).

Study limitations
Whereas developments in wire technology have resulted in the availability of a 
double sensor-equipped guide wire (37), pressure and flow velocity measurements 
were performed subsequently with separate sensor-equipped guide wires in the 
present study, which could inherit a bias due to a possible location shift between the 
measurements. Although the technique for simultaneous measurement of coronary 
pressure and flow velocity is readily available, the technique is currently only minimally 
adopted in daily clinical practice due to the perception of clinical cardiologists and 
industrial partners that coronary pressure alone is sufficient for diagnostic purposes 
in daily coronary interventional practice. As there is an important underdevelopment 
in comparison with systems measuring only intracoronary pressure, assessment of 
optimal intracoronary hemodynamic signals is dependent on operator experience 
with this specific armamentarium, and universal adoption will depend on currently 
ongoing technical improvements that are expected to improve the feasibility of 
simultaneous measurements of coronary pressure and flow in the near future.

Furthermore, as mentioned previously, there still exists a debate regarding the 
magnitude of the adenosine-dose to be used to induce maximal hyperemia. The 
dosage used in this study (20 μg for the right coronary artery, and 40 μg for the left 
coronary artery) is, however, considered adequate to induce maximal hyperemia (14, 
15, 20). Importantly, an insufficient amount of adenosine induces limited maximal 
flow, but stenosis pressure drop and flow velocity are affected in the same direction, 
limiting the effect of insufficient hyperemia on HSR.

Additionally, it is important to note that the cut-off value for BSR was derived from 
the current dataset, which provides some advantage over the other parameters for 
which we used pre-specified cut-off values. However, the best cut-off values derived 
from this dataset would have been 0.76 for FFR, 1.80 for CFVR, and 0.81 mmHg/cm/s 
for HSR. The use of data-derived cut-off values would therefore not have influenced 
the conclusions of the present manuscript.

Finally, the use of MPS as a gold standard for detection of myocardial ischemia has 
its limitations, as MPS is known to be limited in detecting true ischemia, especially in 
patients with multivessel disease or previous myocardial infarction, as were included 
in this study.
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Conclusion

The use of a parameter based on both intracoronary pressure and blood flow velocity 
measurements during baseline conditions, BSR, has an equal diagnostic accuracy 
for reversible perfusion defects on MPS as compared to the most frequently used 
method for coronary stenosis severity evaluation, FFR. When the use of hyperemic 
agents is cumbersome, BSR may therefore provide a novel tool for vasodilator-free 
functional stenosis severity assessment. Further prospective studies are however 
needed to confirm these findings in the setting of contemporary physiologically 
guided PCI.
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Abstract

Aims
First, to establish the diagnostic performance of the pressure gradient at a standardized 
mean velocity (dPv) as derived from the cycle-averaged stenosis pressure gradient-
velocity (ΔP-v) relationship obtained by administration of adenosine and second, to 
determine whether dPv can be assessed from contrast medium-induced submaximal 
hyperemia.

Methods and results
Distal coronary pressure and velocity were simultaneously recorded in 64 patients 
during the response to an intracoronary injection of adenosine. dPv was assessed at 
velocities between 20 and 50 cm/s. The pressure gradient at a mean flow velocity 
of 30 cm/s (dPv30) yielded an excellent diagnostic performance against FFR≤0.8 (area 
under the curve 0.96; sensitivity 84%; specificity 96%; accuracy 89%). In a subgroup 
of 21 patients, measurements were repeated throughout contrast medium-induced 
reactive hyperemia. Peak velocity and pressure gradient were lower compared to 
adenosine, but the course of the corresponding ΔP-v relationships coincided very 
well over the common velocity range, with no difference in dPv30.

Conclusions
dPv30 reliably detects functionally significant coronary lesions. It derives from stenosis 
hemodynamics and can be obtained with submaximal hyperemia, such as following 
injection of contrast medium, thereby obviating the maximal vasodilation by 
adenosine required for FFR or other established hyperemic parameters of functional 
stenosis severity.
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Introduction

Currently adopted quantitative parameters of functional stenosis severity assessed 
by sensor-equipped guide wires during percutaneous coronary intervention (PCI) 
include fractional flow reserve (FFR), coronary flow velocity reserve (CFVR) and 
hyperemic stenosis resistance (HSR) (1). These indices require maximal vasodilation 
of coronary resistance vessels (2–4), most frequently obtained by injecting adenosine 
(5). However, the dose of intracoronary adenosine required to achieve maximal 
vasodilation is currently a matter of debate (3, 6). Moreover, the need for maximal 
hyperemia is considered a key impediment against the regular use of FFR in daily 
clinical practice (7). Therefore, an approach not constrained by the need for maximal 
vasodilation may facilitate a more universal adoption of physiologically guided PCI.

The hemodynamic severity of a coronary artery stenosis is uniquely characterised by 
its pressure gradient-flow velocity (ΔP-v) relationship (8–10). The pressure gradient 
at a standardised flow velocity (dPv) derived from the mid-diastolic ΔP-v relationship 
has previously been introduced as a functional stenosis index independent of maximal 
vasodilation (11, 12), but its use is limited by the computational effort necessary 
to construct the ΔP-v relationship from consecutive diastolic periods during the 
hyperemic response. We hypothesised that the cycle-averaged dPv can similarly be 
used to assess the ischemic potential of a coronary artery stenosis, thereby greatly 
simplifying the analysis since it is much easier to compute.

Determination of the ΔP-v relationship requires some flow velocity increment 
above baseline, but not necessarily maximal hyperemia. Our second hypothesis was 
therefore that pressure gradient and velocity during submaximal hyperemia induced 
by coronary administration of a radiographic contrast agent (13–15) follow the 
same course as when they are obtained by adenosine administration, allowing the 
derivation of cycle-averaged dPv.
 
Methods

The study population consisted of 64 patients with stable angina pectoris scheduled 
for elective PCI. We included patients with a single discrete stenosis in the target 
vessel. Exclusion criteria were diffuse or 3-vessel disease, left main coronary artery 
stenosis (>50% diameter reduction), recent myocardial infarction (<6 weeks prior 
to screening), cardiac arrhythmia, hypertrophic cardiomyopathy, severe aortic valve 
disease, advanced heart failure or prior cardiac surgery. Anti-anginal medication 
was continued as clinically indicated. The protocol was approved by the institutional 
medical ethics committee and all patients gave written informed consent.

Catheterization protocol and intracoronary measurements
Cardiac catheterization was performed using a percutaneous femoral or radial 
artery approach. Heparin (5000–7500 IU) was administered at the beginning of the 
procedure followed by an intracoronary bolus of nitroglycerin (0.1 mg). Coronary 
angiography was performed according to standard procedures. Aortic pressure (Pa) 
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was measured via a 5 or 6F guiding catheter. Intracoronary distal pressure (Pd) and 
blood flow velocity were measured simultaneously using a 0.014-inch dual-sensor 
guide wire (ComboWire XT®, Volcano Corp., San Diego, CA, USA). The pressure at the 
wire tip was normalized to the proximal pressure prior to advancing the guidewire, 
and care was taken to obtain an optimal and stable velocity signal. Hemodynamic 
signals were obtained distal to the lesion and digitally stored at a sampling rate of 
200 Hz for offline analysis. All hemodynamic signals and the ECG were recorded 
from baseline until the end of the hyperemic response to an intracoronary bolus 
of adenosine, 30 µg for the right coronary artery and 40 µg for the left coronary 
artery (1). In 21 of these patients, measurements were repeated throughout reactive 
hyperemia induced by a standard 3 ml intracoronary bolus of the low osmolar ionic 
contrast agent ioxaglate (Hexabrix® 320, Guerbet, Gorinchem, The Netherlands). To 
assess a possible dose dependency, the response to a 6 ml bolus injection of contrast 
medium was recorded in the first 8 patients.

Data analysis
Coronary angiograms were quantitatively analyzed (QAngio XA 7.2, Medis medical 
imaging systems BV, Leiden, The Netherlands) to determine percent diameter 
reduction. Hemodynamic data were processed using custom software (written in 
Delphi v. 2010, Embarcadero, San Fransisco, CA, USA). Cycle averages of heart rate, 
Pa, Pd, pressure gradient (= Pa-Pd) and flow velocity were determined for at least 
7 consecutive cycles at baseline and 3 consecutive cycles during peak hyperemia. 
FFR (= Pd/Pa, at peak hyperemia) and HSR (= pressure gradient/velocity, at peak 
hyperemia) were calculated.

Starting from baseline until the end of each response to a hyperemic agent, 
successive beat-averaged values of stenosis pressure gradient were plotted against 
the corresponding mean flow velocity, excluding the injection period when no 
aortic pressure could be measured. The resulting ΔP-v relationship was fitted by the 
quadratic equation ΔP = A·v+B·v2+C, where ΔP is the stenosis pressure gradient and v 
is flow velocity. The first term in this equation represents pressure loss due to viscous 
friction and the second one pressure loss incurred by velocity acceleration along the 
throat and flow separation at the exit of the stenosis (10). The coefficients A and B 
incorporate the stenosis-specific geometry and rheological properties of blood (8–
10). Since pressure gradient has to be zero at zero flow, a non-zero coefficient C was 
used to correct for a possible pressure drift at the time that the ΔP-v relationships 
were obtained. The coefficients A, B and C were determined from a least squares 
curve-fitting algorithm (Grapher v. 8.7, Golden Software Inc., Golden, CO, USA).

For each ΔP-v relationship, the pressure gradient at a mean flow velocity of 20, 25, 
30, 35, 40 and 50 cm/s was calculated from the fit equation after offset correction. 
These pressure gradients are denoted as dPv, with a numerical subscript indicating 
the velocity, e.g. dPv30 represents the pressure gradient at a mean flow velocity of 30 
cm/s.

Statistical analysis
Continuous variables are expressed as mean±standard deviation (SD). In order 
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to identify the most appropriate velocity at which to determine dPv for stenosis 
evaluation, the lowest number of false-positive and false-negative outcomes 
was determined for the adenosine responses based on 2x2 tables against the 
recommended cut-off values (1) FFR<0.75, FFR≤0.8 and HSR>0.8 mmHg/cm/s. For 
the chosen dPv index, receiver operating characteristics curves were used to evaluate 
the area under the curve (AUC) against adenosine-based FFR and HSR at the above-
mentioned ischemic thresholds. The best cut-off value for the chosen dPv was defined 
by the highest sum of sensitivity and specificity with respect to FFR≤0.8. This value 
was then used to determine agreement with FFR≤0.8, FFR<0.75 and HSR.

Hemodynamic variables as well as the viscous and exit loss coefficients A and B were 
compared between adenosine and contrast medium responses and between 3 and 
6 ml bolus injections of contrast medium using a paired Student’s t test (IBM SPSS 
v. 19.0), IBM Corp., Armonk, NY, USA). Differences between the ΔP-v relationships 
obtained by adenosine and contrast medium administration and between 3 and 6 ml 
doses of contrast medium were further assessed by comparing dPv indices at each 
of the six velocities using ANOVA for repeated measures. Bland-Altman analysis was 
used to compare the adenosine-derived dPv index to that obtained from contrast 
medium-induced reactive hyperemia. A two-tailed p-value <0.05 was considered 
statistically significant.

Results

The study population consisted of 48 males and 16 females with a mean age of 59±9 
years. Baseline patient demographics are presented in Table 1. Quantitative coronary 
angiography yielded a diameter reduction of 54±17% for all lesions and 46±18% for 
those lesions in which the reactive hyperemia to contrast medium was recorded 
(Table 2).

Figure 1 shows an example of the hemodynamic signals recorded in a left anterior 
descending artery with a 60% diameter stenosis. In this case, the reactive hyperemia 
following a 3 ml bolus of contrast medium was similar to the hyperemia induced 
by adenosine, in part due to a higher aortic pressure at the time of peak flow with 
contrast.

Adenosine-derived diagnostic performance of dPv30
Baseline flow velocity and pressure gradient were 15.6±6.9 cm/s and 17.3±17.5 
mmHg, respectively. During adenosine-induced hyperemia, flow velocity increased 
to 31.0±16.6 cm/s and pressure gradient to 30.3±18.7 mmHg. The resulting FFR was 
0.68±0.18 and HSR was 1.59±1.87 mmHg/cm/s.

Three cases in which the ΔP-v relationship could not be fitted due to very little change 
in flow velocity after adenosine injection were excluded from further analysis. 
Average values for dPv ranged from 38±60 mmHg at 20 cm/s to 73±120 mmHg at 
30 cm/s and 176±303 mmHg at 50 cm/s. The sum of discordant outcomes at each 
of the six selected velocities failed to reveal a clear statistical difference. Overall, 
discordant outcomes were more frequent against FFR (at 0.75 and 0.8) than against 
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Figure 1: Example of hemodynamic recordings for intracoronary adenosine and contrast medium injection 
obtained for a 60% diameter stenosis in a left anterior descending artery. Contrast medium-induced hyperemia 
is potent but more short-lived. ΔP, pressure gradient; Pa, aortic pressure; Pd, distal pressure. Note that Pa at 
peak response with contrast medium is higher than with adenosine resulting in similar peak velocities.

Values are mean±SD or frequency (%).
ACE, angiotensin-converting enzyme; CAD, coronary artery disease; PCI, percutaneous coronary intervention.

Table 1: Baseline patient characteristics (n=64).
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Age (yrs) 59±9

Male sex 48 (75)

Coronary risk factors

   Cigarette smoking 21 (33)

   Hypertension 21 (33)

   Positive family history of CAD 34 (53)

   Hypercholesterolemia 38 (59)

   Diabetes mellitus   9 (20)

   Prior myocardial infarction 11 (14)

   Prior PCI 6 (9)

Medication

   Beta-blockers 56 (88)

   Nitrates 30 (47)

   Calcium antagonists 23 (36)

   ACE-inhibitors 10 (16)

   Aspirin 61 (95)
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Figure 2: Receiver operating characteristic 
curves (A) for adenosine-derived pressure 
gradient at a mean flow velocity of 30 
cm/s (dPv30) against fractional flow reserve 
(FFR) and hyperemic stenosis resistance 
(HSR). The area under the curve was 0.94 
for FFR<0.75, 0.96 for FFR≤0.8 and 1.00 for 
HSR. Discordance was equally low for FFR 
at both cut-off values (B) and absent for 
HSR (C).

Values are mean±SD (range) or frequency.
LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery.

Table 2: Angiographic lesion characteristics.

Adenosine
(n=64)

Contrast medium
(n=21)

Diameter stenosis, % 54±17 (14−95) 46±18 (14−77)

LAD/LCX/RCA 34/19/11 10/5/6

A

B

C
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HSR. At velocities between 20 and 40 cm/s, all cases were correctly identified against 
HSR. A single discordant case for HSR was found at dPv50, in contrast to 8 for FFR<0.75 
and 6 for FFR≤0.8. For FFR<0.75, the sum of inaccurate outcomes was 7 at 20 cm/s 
and 8 at the remaining velocities, versus 6 inaccurate outcomes at 20 cm/s and 7 at 
the remaining velocities for FFR≤0.8. The resulting accuracy differed by less than 2% 
between the assessed velocities. Since these results failed to strongly favour a velocity 
at which to determine dPv, additional physiological considerations were taken into 
account. In order to limit extrapolation of the ΔP-v relationship beyond measured 
values, the standardized velocity at which to assess dPv should ideally be within 
the range of commonly encountered baseline and hyperemic values. Especially for 
severe lesions, choosing a high value may result in rather unphysiological estimates 
for dPv. Baseline flow velocity was below 20 cm/s in 77% of the cases and below 30 
cm/s in 98% of the cases. For intermediate lesions with FFR between 0.7 and 0.85, 
the average hyperemic velocity had a median of 34.7 cm/s, with 25% above 40 cm/s. 
Hence, we selected dPv30 as the index for further diagnostic evaluation.

The excellent discriminative power of dPv30 is illustrated in Figure 2. Analysis of the 
receiver operating characteristics curves yielded an AUC of 0.96 (0.91–1.00) against 
FFR≤0.8, 0.94 (0.89–0.99) against FFR<0.75 and 1.00 (1.00–1.00) against HSR. With 
FFR≤0.8 as the reference standard, the best cut-off value for dPv30 was 21.2 mmHg, 
yielding a sensitivity, specificity and accuracy of 84%, 96% and 89%, respectively 
(Table 3). The diagnostic performance of dPv30 was only somewhat lower against 
FFR<0.75 and best against HSR.

Adenosine versus contrast medium-derived ΔP-v relationship and 
dPv30
Baseline hemodynamic values as well as heart rate were not different prior to 
adenosine and contrast-induced hyperemia (p>0.10). As expected, the hyperemic 
response after contrast injection was submaximal (Figure 3), with peak velocity 
16±16% (p<0.01) and pressure gradient 17±19% (p<0.0001) lower compared to 
those obtained with adenosine. Doubling the volume of injected contrast medium 
had no effect on these hemodynamic variables (p>0.05).

Figure 4 illustrates the good agreement between adenosine and contrast medium-
derived ΔP-v relationships obtained for a 40% diameter stenosis over the common 
velocity range, although contrast-induced hyperemia was submaximal. One patient 
was excluded from further analysis since the contrast medium-induced ΔP-v 
relationship could not be fitted due to the small increase in flow velocity by only 2 
cm/s above baseline. The pressure loss coefficients A and B did not differ between 
the adenosine- and contrast-derived ΔP-v relationships (p>0.60) or between the ΔP-v 
relationships obtained with different doses of contrast medium (p>0.30). The mean 
difference between adenosine- and contrast-derived values of dPv at all six assessed 
flow velocities was 0.6±6.3 mmHg (p>0.56). In the 8 patients where the effect of 
doubling the volume of injected contrast medium was studied, dPv was not altered 
at any of the assessed velocities (p>0.50).
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Figure 3: Contrast injection yielded submaximal hyperemia with lower peak velocity and pressure gradient 
compared with adenosine. † p<0.01; ‡ p<0.001 compared with adenosine. ΔP, pressure gradient.

Figure 4: Cycle-averaged values of velocity and pressure 
gradient demonstrate consistent hemodynamic stenosis 
characteristics obtained with adenosine or contrast 
medium-induced vasodilation. The lines represent least 
squares quadratic curve fits of the form y = A·x+B·x2 after 
drift correction. ΔP, pressure gradient.

FFR≤0.8 FFR<0.75 HSR>0.8

All positive 33 33 33

False-positive 1 4 0

False-negative 6 4 0

PPV 0.97 0.88 1.00

NPV 0.79 0.86 1.00

Sensitivity 0.84 0.88 1.00

Specificity 0.96 0.86 1.00

Accuracy 0.89 0.87 1.00

FFR, fractional flow reserve; HSR, hyperemic stenosis resistance; NPV, negative predictive value; PPV, positive 
predictive value.

Table 3: Diagnostic performance of the pressure gradient at a mean flow velocity of 30 cm/s.
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Bland-Altman analysis (Figure 5) revealed a mean overestimation of 0.35±4.19 mmHg 
for dPv30 assessed with adenosine vs. contrast medium, with no bias at higher values 
(r=0.28, p>0.55). This mean overestimation was reduced to 0.07±3.83 mmHg when 
the analysis was restricted to only clinically relevant cases of intermediate stenosis 
severity with HSR<1.5 mmHg/cm/s (n=15). Contrast medium-derived dPv30 resulted 
in a different diagnostic outcome for only one borderline case that switched from 
true-positive to false-negative due to a 0.8 mmHg decrease in dPv30 compared with 
the adenosine-derived value.

Discussion

We assessed the physiological severity of coronary artery stenoses based on the lesion-
specific per-beat ΔP-v relationship obtained during the response to a vasodilating 
agent. Our main findings can be summarised as: 1) dPv30, the pressure gradient at 
a mean flow velocity of 30 cm/s, yielded an excellent diagnostic performance with 
an AUC of 0.96 at FFR≤0.8; 2) this approach does not depend on achieving maximal 
vasodilation; and 3) a submaximal hyperemic stimulus induced by a bolus injection 
of radiographic contrast material did not alter the course of the ΔP-v relationship 
and may hence be used as a convenient means to assess dPv30 without the need for 
administering adenosine.

Stenosis ΔP-v relationship and dPv30 to assess physiological lesion 
severity
Several issues relevant to the discussion are schematically illustrated in Figure 
6, displaying the ΔP-v relations for two stenoses of different severity and their 
respective dPv30. The ΔP-v relationship is a comprehensive representation of stenosis-
specific hemodynamics over the interrogated velocity range and its course does not 
depend on achieving maximal vasodilation, provided stenosis geometry does not 
change (10). The underlying fluid dynamics of a stenosis are described by a quadratic 
equation (9) and the coefficients obtained from the curve fit allow the calculation 
of dPv30. Marques and co-workers (12) constructed the instantaneous mid-diastolic 
ΔP-v relationship from consecutive cycles during adenosine-induced hyperemia and 
introduced the stenosis pressure gradient at a mid-diastolic flow velocity of 50 cm/s 
for functional stenosis assessment. Our cycle-averaged approach to derive the ΔP-v 
relationship has several key advantages. First, it avoids the need for identifying mid-
diastolic portion per cycle and correcting for the instrument-dependent time delay 
between the paired instantaneous aortic and distal coronary pressures and between 
the distal pressure and velocity. Second, whole cycle averages make accounting for 
the effect of variations in pulsatile pressure and velocity waveforms on stenosis h 
emodynamics (16) less important. Third, the determinants of mean coronary blood 
flow are related to the entire cardiac cycle, not only to systole or diastole (17, 18). 
Instantaneous flow in these periods is linked to emptying and filling of the intramural 
coronary compliance, which is not the result of varying (micro-) vascular resistances 
but is caused by an active intramyocardial pump (19). These compliance effects 
cancel out in the concept of beat -averaged coronary blood flow or resistance.
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Figure 5: Bland-Altman plot illustrating the good agreement between adenosine and contrast medium-
derived pressure gradient at a mean flow velocity of 30 cm/s (dPv30). Mean difference, upper and lower 95% 
limit of agreement for all lesions are indicated by the solid lines, and for clinically relevant lesions (hyperemic 
stenosis resistance (HSR) <1.5 mmHg/cm/s) by the dashed lines.

Figure 6: Diagram illustrating the diagnostic range of the pressure gradient at a mean flow velocity of 30 cm/s 
(dPv30). The pressure gradient-flow velocity relationships of a theoretical severe and moderate stenosis are 
shown (solid lines between arrows), with extension to potential lower or higher velocities (dashed lines). The 
upper left quadrant represents the area of functionally significant lesions, whereas the lower right designates 
the hemodynamic insignificant quadrant. BCV, best cut-off value; ΔP, pressure gradient.
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Contrast medium-induced submaximal hyperemia
Our present findings concur with prior studies showing that contrast medium induces only 
submaximal hyperemia compared to adenosine or papaverine, thereby overestimating 
FFR (5, 14, 15, 20). The reactive hyperemic response after an intracoronary injection 
of contrast medium is characterized by three phases (13). In the first few seconds 
after injection, coronary blood flow falls, followed by a rapid increase and a gradual 
return to baseline (21). This nadir is considered to be caused by the higher viscosity of 
contrast medium and its rheological effects on red blood cells, temporarily increasing 
microvascular resistance (22). The resulting reactive hyperemia is probably enhanced 
by the hyperosmolality of contrast medium and the brief reduction in arterial oxygen 
supply during microvascular passage of the hypoxemic contrast agent (13, 15, 23).

Although the viscosity of contrast medium is about twice that of blood, it only affects 
the pressure gradient the moment it passes the stenosis, whereas the ΔP-v relationship 
is assessed during the period following the nadir, when the stenosis area is cleared 
from contrast medium and hence only blood flows through the stenosis. The similarity 
of pressure gradients evaluated at several mean flow velocities along corresponding 
adenosine and contrast-derived curves supports the conclusion that contrast medium 
was cleared from the epicardial measurement site during the hyperemic response. 
These observations suggest that a functional stenosis index not requiring maximal 
vasodilation, such as dPv30, can be reliably derived from the ΔP-v relationship obtained 
by a contrast medium-induced increase in blood flow.

Dose-response assessment was discontinued after the investigated parameters revealed 
similar results in the first 8 patients, without an effect on peak reactive hyperemia or 
the respective ΔP-v relationship. The dose dependency reported previously for contrast 
boluses between 2 and 6 ml is most likely attributable to differences in injection rates or 
type of radiographic agent used (ionic vs. non-ionic, low- and high-osmolar) (15, 22, 23). 
It is important to recall that the actual peak flow achieved during reactive hyperemia is 
not relevant for deriving dPv30.

Adenosine-free indices assessed under baseline conditions
Recent reports on the drug-free evaluation of stenosis severity at resting flow include 
the instantaneous wave-free ratio (iFR) (24), which is based on the distal-to-proximal 
pressure ratio during a specific mid-diastolic period, and the baseline stenosis resistance 
(BSR) (25), which is derived from combined distal pressure and velocity information. 
While the reported diagnostic potential of these indices is promising, they may be more 
prone to measurement uncertainties, since both flow velocity and pressure gradient 
are smaller at resting flow and phase delays need to be taken into account for iFR. 
In particular with iFR one has to bear in mind that diastolic coronary pressure-flow 
relations have a non-zero intercept with the pressure axis, which is not compatible 
with a concept of diastolic resistance defined as the ratio between coronary pressure 
and flow (26–28). The coronary pressure-flow relationship at rest is also governed by 
autoregulation and metabolic adaptation, whereby microvascular resistance is adjusted 
to the prevailing perfusion pressure and oxygen demand (17, 29, 30). More studies are 
needed to evaluate the relative merit of baseline parameters compared with those 
assessed at elevated flow.
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Clinical implications
Currently, the optimal dose of adenosine required to induce maximal vasodilation is 
still a matter of debate, especially for intracoronary administration (3). Once different 
adenosine concentrations are agreed upon as optimal dose for e.g. FFR, new validation 
studies should be performed for establishing the predictive power of the modified test. 
A functional index that is based on integral stenosis hemodynamics and can be derived 
from submaximal vasodilation is not hampered by uncertainty about maximising 
hyperemia. Both the mean dPv30 proposed in this study and the instantaneous 
mid-diastolic dPv50 described previously (12) share this advantage. Since the cycle-
averaged ΔP-v relationship is easier to obtain, mean dPv30 is likely the more feasible 
index. Moreover, systolic flow also contributes to nutritious flow and can even exceed 
diastolic flow for severe lesions. Most currently used hemodynamic stenosis indices 
and myocardial perfusion imaging outcomes are based on means per beat as well.

We demonstrated that dPv30 can reliably be obtained with a submaximal vasodilatory 
stimulus such as the reactive hyperemia induced by intracoronary injection of a 
radiographic contrast medium, which is routinely used during coronary angiography. 
Removing the need to administer adenosine has the potential to save costs and 
improve the workflow in the catheterization laboratory, and it eliminates diagnostic 
concerns pertaining to the maximal vasodilation required for adenosine-based indices.

In fact, our findings imply that any lesion with a pressure gradient exceeding the dPv30 
cut-off value of 21.2 mmHg at a flow velocity below 30 cm/sec can be considered 
physiologically significant (upper left quadrant in Figure 6). If that threshold is already 
reached at resting flow, no further diagnostic action is necessary. Likewise, a lesion that 
presents with a mean pressure gradient below the cut-off at a velocity above 30 cm/s 
is functionally insignificant (lower right quadrant in Figure 6). In fact, only lesions that 
fall into the lower left or upper right quadrant at baseline would require determination 
of the ΔP-v relationship to derive dPv30.

Methodological considerations
This is a hypothesis-generating study based on a relatively small cohort of 64 patients. 
A larger group of patients with intermediate stenosis severities is needed to achieve 
more reliable receiver operating characteristics. However, the present findings form a 
proof of principle highlighting the key physiological fact that maximal hyperemia is not 
necessary for stenosis assessment provided the analysis is based on the haemodynamic 
characteristics of a stenosis as reflected by its specific relationship between pressure 
gradient and velocity.

This relationship can be obtained with less potent vasodilator agents to elevate 
flow. Initial results in one third of our patient cohort provide promising evidence 
that adequate flow elevation can be achieved by contrast medium-induced reactive 
hyperemia. Further prospective studies are warranted to establish more firmly the 
predictive value for contrast-derived mean dPv30 under a variety of clinical conditions.
As advocated in recent revascularization guidelines (31), we used FFR≤0.8 as the 
independent standard for reversible ischemia. All traditional indices of functional 
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stenosis severity are inherently flow-dependent, and the higher diagnostic and 
prognostic power of a parameter that combines pressure and velocity has been 
demonstrated by HSR, compared to pressure-only or flow-only parameters, especially 
in cases with discordant outcomes between FFR and CFVR (2, 25, 32). The excellent 
correspondence between dPv30 and HSR outcomes most likely derives from the fact 
that either parameter incorporates both pressure and flow velocity information for a 
given stenosis.

The rate of the contrast medium administration was not controlled between patients, 
nor was the injected volume adjusted to the size of the perfusion territory subtended 
by the coronary artery of interest, factors which may affect peak flow velocity. However, 
the dPv30 concept is not critically dependent on the peak velocity reached. A 3 ml bolus 
of contrast medium induced a hyperemic response that was substantial enough to 
derive dPv30 reliably. No significant differences were found between the respective 
contrast medium and adenosine-derived dPv values over the common range of flow 
velocities. Doubling the volume of contrast medium also did not alter the course of the 
ΔP-v relationship, nor any of the associated dPv values. However, dose response was 
assessed in only 8 patients, and no pharmacological conclusions regarding contrast 
medium can be drawn from this study. The relevance of our finding is only related to 
stenosis evaluation by dPv30. For a small number (less than 5%) of lesions, the ΔP-v 
relationship could not be fitted due to too small a velocity change from baseline to 
hyperemia in combination with a steep rise in pressure gradient. Importantly, this was 
only the case for severe lesions which would in any case be identified as significant, 
since their pressure gradient exceeded the cut-off at a flow velocity below 30 cm/s, 
sometimes even at baseline.

We have not specifically addressed the reproducibility of the ΔP-v relationships by 
repeat assessment with the same dilatory agent; however, neither the course of 
corresponding adenosine and contrast medium-derived ΔP-v relationships nor the 
respective pressure loss coefficients differed. These findings may, within limits, be 
regarded as substitute evidence for reproducibility, which is further supported by the 
excellent reproducibility reported previously for diastolic ΔP-v curves (10, 11).

The method for drift correction used in this study requires combined pressure and 
velocity data, but is capable of identifying procedural drift introduced in situ that may 
not be detectable after pull-back. Moreover, using the offset derived from the ΔP-v 
curve fit circumvents the need for repeat pull-back of the guide wire to re-normalise 
pressure during complicated study protocols. Offsets determined from corresponding 
ΔP-v curve fits differed by only 0.2±1.0 mmHg (p>0.30), which attests to the consistency 
of this approach.

Calculation of dPv30 and correction for pressure drift currently requires offline analysis; 
however, it could be easily implemented with appropriate modification to existing 
instrument software, where successive cycle-averaged values of pressure and velocity 
are already routinely calculated and stored to assess FFR, HSR and CFVR.

Conclusions
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We introduced the novel mean dPv30 index, which is derived from the stenosis-specific 
ΔP-v relationship. As tested with adenosine as vasodilator, this index achieved 
an excellent diagnostic performance in identifying coronary lesions with an 
FFR≤0.8. Our findings provide promising evidence for its potential as a 
diagnostic parameter that can be assessed from submaximal hyperemia, e.g., by 
using contrast medium as a vasodilatory agent. This approach obviates the critical need 
for administering high doses of adenosine to attain maximal hyperemia, thereby 
facilitating the physiological assessment of coronary stenosis severity in the 
catheterization laboratory.
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Abstract

Aim
It has been argued that hyperemic microvascular resistance (HMR), defined as 
the ratio of mean distal coronary pressure to flow velocity, is overestimated in the 
presence of a coronary stenosis compared to actual microvascular resistance (MR), 
due to neglecting collateral flow. We aimed to test the hypothesis that HMR allows 
accurate identification of microvascular functional abnormalities by evaluating the 
association between high or low HMR and the presence of myocardial ischemia on 
non-invasive stress testing.

Methods and Results
Myocardial perfusion scintigraphy was performed in 232 patients, with 299 
lesions to identify reversible myocardial ischemia. Intracoronary distal pressure 
and flow velocity were assessed during adenosine-induced hyperemia (20–40 μg, 
intracoronary) to determine hyperemic stenosis resistance (HSR) and HMR. HMR>1.9 
mmHg/cm/s was defined as high. The diagnostic odds ratio (OR) for myocardial 
ischemia for lesions associated with high compared to low HMR was 2.6 (95% 
confidence interval (CI): 1.5–4.4; p<0.001) overall, 3.3 (95% CI: 1.2–9.0; p=0.02) for 
lesions with HSR>0.8 mmHg/cm/s, and 1.3 (95% CI: 0.6–2.9; p=0.52) for lesions with 
HSR≤0.8 mmHg/cm/s.

Conclusion
The increased risk of myocardial ischemia in the presence of high HMR, uncorrected 
for collateral flow, demonstrates that HMR is reflective of an increase in actual MR, 
identifying pertinent pathophysiological alterations in the microvasculature.
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Introduction
 
Coronary microvascular disease is considered an essential component in the 
spectrum of ischemic heart disease, and is likely associated with altered mechanical 
and functional properties of the microcirculation, affecting minimal resistance of the 
coronary micro-vasculature (1). Since there is no technique currently available which 
allows direct visualisation of the coronary microcirculation in vivo, the hyperemic 
microvascular resistance index (HMR), defined as the ratio of hyperemic mean distal 
coronary pressure to mean distal coronary flow velocity, has been proposed as a 
surrogate means to quantify the functional status of the microvasculature. However, 
on theoretical grounds it has been argued that HMR overestimates the magnitude 
of actual microvascular resistance (MR) in the presence of a flow-limiting coronary 
stenosis due to neglecting the collateral flow contribution to total myocardial blood 
flow (2, 3) (Figure 1). After correcting for collateral flow, microvascular resistance 
would then be minimal and constant (2–5), i.e., HMR would be equal to actual MR.

Pathophysiological alterations in the coronary microcirculation contribute to the 
occurrence of myocardial ischemia (1, 6, 7). In case microvascular resistance in the 
presence of an epicardial narrowing would indeed be minimal and constant after 

Figure 1: Schematic representation of the effect of neglecting collateral flow on the calculation of the 
microvascular resistance index. (A) In the absence of collateral flow (Qc), distal coronary flow (Qs) equals 
total myocardial blood flow (Qmyo), and the hyperemic microvascular resistance (HMR) index equals actual 
microvascular resistance (MR). (B) In the presence of collateral flow, Qs underestimates Qmyo due to neglecting 
the contribution of Qc, and HMR overestimates actual MR. Pa, aortic pressure; Pd, distal coronary pressure; 
Q, coronary flow.
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correcting for collateral flow contribution, and hence an increased HMR would only 
reflect an overestimation of its true magnitude, one would not expect a positive 
relationship between such an increase in HMR and the presence of reversible 
myocardial ischemia. We aimed to determine whether HMR, according to its original 
definition, allows accurate identification of pathophysiological alterations in the 
coronary microcirculation, obviating the need for correcting HMR for collateral flow 
contribution. We therefore evaluated the association between high or low HMR 
and the risk of reversible myocardial ischemia on non-invasive stress testing in the 
absence and presence of flow-limiting coronary stenoses.

Methods

Data source
Between April 1997 and September 2006, we evaluated patients referred for 
intracoronary evaluation of at least one coronary stenosis of intermediate severity 
(40–70% diameter stenosis on visual assessment). These patients were enrolled in 
a series of study protocols (8–11), and patient and procedural characteristics were 
entered into a dedicated database. We excluded patients with ostial lesions, ≥2 
stenoses in the same coronary artery, severe renal function impairment (sMDRD 
calculated glomerular filtration rate <30mL/min/1.73m2), significant left main 
coronary artery stenosis, atrial fibrillation, recent myocardial infarction (<6 weeks 
before screening), or prior coronary artery bypass graft surgery. The institutional 
ethics committee approved the study procedures, and all patients gave written 
informed consent.

Myocardial perfusion scintigraphy
Myocardial perfusion scintigraphy (MPS) was performed to document the presence 
of reversible perfusion defects, using either 99mTechnetium-sestamibi (MIBI) or 
99mTechnetium-tetrofosmin (Myoview), according to a two-day stress-rest protocol. 
Stress was induced either pharmacologically by adenosine or dipyridamole, or by 
exercise. Data acquisition and reconstruction were performed according to the 
procedure guideline for myocardial perfusion imaging of the Society of Nuclear 
Medicine (12). An expert panel of nuclear medicine physicians, blinded to the 
angiographic data, evaluated the scintigraphic images. Perfusion defects were 
classified as dubious, mild, moderate or severe. Improvement at rest of more than 
one grade was considered to be a “reversible” perfusion defect. Improvement of just 
one grade or no improvement was considered to be a “persistent” perfusion defect. 
The result was considered positive when a reversible defect was allocated to the 
perfusion territory of the coronary artery of interest.

Cardiac catheterization
All patients underwent cardiac catheterization within one week after MPS. Coronary 
angiography was performed according to standard procedures, and angiographic 
images were obtained in a manner suitable for quantitative coronary angiography 
(QCA) analysis. Distal coronary pressure and blood flow velocity were consecutively 
assessed with separate sensor-equipped guidewires (Volcano Corp., San Diego, CA, 
USA) during baseline conditions and hyperemia, induced by an intracoronary bolus 
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of adenosine (20–40 μg). Subsequently, coronary blood flow velocity measurements 
were performed in a reference coronary artery, defined as a coronary artery with 
<30% diameter stenosis on visual assessment, when present.

Data analysis
In order to determine percent diameter stenosis, offline QCA analysis was performed 
with the use of a validated automated contour detection algorithm (QCA-CMS version 
3.32; Medis, Leiden, The Netherlands). From the hemodynamic data recorded, we 
determined the hyperemic stenosis resistance index (HSR), defined as the ratio of 
the pressure drop across the stenosis to mean distal coronary flow velocity during 
hyperemia, fractional flow reserve (FFR), defined as the ratio of distal coronary 
pressure to mean aortic pressure during hyperemia, as well as HMR, defined as the 
ratio of mean distal coronary pressure to mean distal coronary flow velocity during 
hyperemia. In the absence of a flow-limiting stenosis within the reference vessels, 
reference vessel HMR was defined as the ratio of mean aortic pressure to mean distal 
coronary flow velocity during hyperemia.

Statistical analysis
In the absence of a clinically adopted cut-off value or an unequivocal normal range 
for HMR, the median HMR within the reference vessels was used to distinguish 
high versus low HMR in the target vessels. At this cut-off value, we evaluated the 
association between high or low HMR distal to the intermediate stenosis and the 
presence of reversible perfusion defects on MPS by means of 2x2 contingency tables. 
Differences were assessed by means of the chi-square test.

Additionally, we evaluated the association between HMR in the target vessel and 
reversible perfusion defects on MPS after stratification by HSR, applying the ischemic 
threshold of >0.8 mmHg/cm/s (13). Logistic regression analysis was performed to test 
for the presence of effect modification of an HSR-positive stenosis on the association 
between HMR and reversible perfusion defects on MPS. Since a substantial 
contribution of collateral flow to total myocardial flow is highly unlikely in lesions 
with an FFR>0.6 (14), the association between HMR distal to coronary stenoses and 
the presence of reversible perfusion defects on MPS was additionally tested in this 
subset of lesions. Finally, the association between HMR distal to coronary stenoses 
and the presence of reversible perfusion defects on MPS was tested at patient level, 
first by including only the most severe lesion (highest HSR), and secondly by randomly 
including only one of the lesions, in patients with multivessel disease.

Continuous variables were expressed as mean±standard deviation (SD), or median 
(interquartile range (IQR)), and were compared by means of the Student’s t-test 
or Mann-Whitney U test, where appropriate. Categorical variables were presented 
as frequency (percentage), and compared with the chi-square test or Fisher’s 
exact test, where appropriate. A two-sided alpha level of 0.05 was considered 
statistically significant.
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Results

Patient population
The study population consisted of 232 patients, with a mean age of 60±10 years. The 
baseline clinical characteristics are shown in Table 1. Distal coronary pressure and flow 
velocity were determined distal to 299 lesions (mean diameter stenosis 55±11%). Within 
the target vessels, median HMR amounted to 2.1 (1.6–2.8) mmHg/cm/s. A reference 
vessel was available in 178 patients. The median HMR in the reference vessels was 1.9 
(1.5–2.5) mmHg/cm/s, which was subsequently used to stratify HMR.

Association between HMR and myocardial ischemia across all lesions
Overall, lesions associated with a high HMR had a slightly higher percent diameter 
stenosis on QCA (56±11% when HMR was high versus 53±9% when HMR was low, 
p=0.03) (Table 2). Nonetheless, epicardial disease severity as identified by FFR did not 
differ between groups (0.81 (0.70–0.89) when HMR was high versus 0.79 (0.69–0.88) 
when HMR was low, p=0.46) (Table 2). Despite the fact that FFR did not differ, lesions 
associated with a high HMR more frequently demonstrated reversible myocardial 
ischemia on MPS (37% when HMR was high versus 19% when HMR was low) (Table 3). 
Accordingly, the diagnostic odds ratio of high versus low HMR for the presence of 
reversible perfusion defects on MPS was 2.6 (95% confidence interval (CI): 1.5–4.4; 
p<0.001) (Table 3). Similar results were found when analyses were performed at patient 
level (Table 4, Table 5).

Association between HMR and myocardial ischemia according to 
HSR
Within physiologically significant coronary lesions (HSR>0.8 mmHg/cm/s), FFR was 
significantly higher for lesions associated with a high HMR compared with lesions 
associated with a low HMR (0.63 (0.47–0.72) versus 0.56 (0.42–0.63), respectively; 
p<0.05) in the absence of differences in percent diameter stenosis (64±10% when HMR 
was high versus 60±12% when HMR was low, p=0.25) (Table 2). Despite a significantly 
higher FFR, lesions with a high HMR more frequently demonstrated reversible myocardial 
ischemia on MPS compared with lesions associated with a low HMR (77% versus 50%, 
respectively; p<0.05) (Table 3, Figure 2).

Within lesions with HSR≤0.8 mmHg/cm/s, FFR was also significantly higher in stenoses 
associated with a high HMR compared with lesions associated with a low HMR (0.86 
(0.81–0.91) versus 0.83 (0.74–0.89), respectively; p<0.001) (Table 2). Nonetheless, 
no difference in the presence of reversible myocardial ischemia on MPS was found 
between lesions associated with a high or low HMR (15% versus 12%, respectively; 
p=0.55) (Table 3, Figure 2). Accordingly, the diagnostic odds ratio of high versus low 
HMR for the presence of reversible perfusion defects was 3.3 (95% CI: 1.2–9.0; p=0.02) 
when HSR was >0.8mmHg/cm/s, and 1.3 (95% CI: 0.6–2.9; p=0.52) when HSR was ≤0.8 
mmHg/cm/s (p for interaction=0.16) (Table 3).

Also after stratifying the data according to HSR, similar results were found when analyses 
were performed at patient level (Table 4, Table 5).
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Age (yrs) 60±10

Male sex 160 (69)

Coronary risk factors

   Cigarette smoking  67 (29)

   Hypertension  87 (38)

   Positive family history 105 (45)

   Hyperlipidemia 138 (60)

   Diabetes mellitus 35 (15)

   Prior myocardial infarction 87 (38)

   Prior coronary intervention 47 (20)

Medication at hospital admission

   Beta-blockers 169 (73)

   Nitrates 137 (59)

   Calcium antagonists 143 (65)

   ACE-inhibitors  49 (21)

   Lipid-lowering drugs 135 (58)

   Aspirin 208 (90)

Table 1: Baseline patient characteristics (n=232).

Data are presented as mean±SD or frequency (%).
ACE, angiotensin-converting enzyme.

Figure 2: Presence of reversible myocardial ischemia according to high or low hyperemic microvascular 
resistance (HMR), stratified by the hyperemic stensosis resistance (HSR). Reversible myocardial ischemia was 
most present in functionally significant lesions HSR>0.8 mmHg/cm/s and was significantly more present in 
lesions with a high HMR (77%), compared with lesions with a low HMR (50%) (p<0.05).
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Association between HMR and myocardial ischemia in lesions with 
FFR>0.6
A total of 254 out of 299 coronary stenoses fell within the FFR>0.6 range. Within 
this FFR range, FFR did not differ between lesions associated with a high or low HMR 
(0.83 (0.77–0.90), versus 0.81 (0.73–0.88), respectively; p=0.11). When restricting the 
analysis to stenoses with FFR>0.6, the diagnostic odds ratio of high versus low HMR for 
the presence of reversible perfusion defects on MPS was 2.9 (95% CI: 1.5–5.8; p<0.01).

Discussion

We observed that a high HMR distal to a coronary artery stenosis was associated with 
an increased risk for reversible perfusion defects on MPS (diagnostic odds ratio 2.6, 
95% CI: 1.5–4.4; p<0.001), which was most pronounced distal to hemodynamically 
significant coronary stenoses, as identified by HSR. Similar results were found when 
analyses were performed at patient level. When restricted to stenoses with FFR>0.6, 
where substantial contribution of collateral flow is highly unlikely (14), HMR was 
similarly associated with an increased risk for reversible perfusion defects on MPS 
compared to when all lesions were included. This increment in reversible myocardial 
ischemia on MPS associated with high HMR was present despite similar, or even less 
pronounced FFR-identified epicardial disease severity of lesions associated with a 
high HMR.

These observations imply that HMR, according to its original definition, 
allows identification of pertinent pathophysiological alterations in the distal 
microvasculature, and therefore positively confirm that an increase in HMR distal to 
a coronary stenosis is reflective of an increase in actual MR (6, 7).

Alterations in microvascular resistance related to clinical 
pathophysiology
The finding in the present study, that a high HMR is associated with an increased 
risk of related pathophysiology, is consistent with earlier studies using a physiological 
index of microvascular resistance to document the functional status of the coronary 
microvasculature. Using either Doppler flow velocity-derived or thermodilution-derived 
indices of microvascular resistance, an increase in microvascular resistance without 
correction for potential collateral flow contribution was shown to identify microvascular 
disease accurately in diabetic patients (15), microvascular dysfunction after coronary 
stenting (16), the effect of pharmacological intervention (17–19) and microvascular 
dysfunction in stress-induced cardiomyopathy (20). Moreover, it was shown to have 
important prognostic value in the setting of acute coronary syndrome (21–24).

The present study is the first to document that measurement of HMR distal to 
coronary artery stenoses of intermediate severity allows identification of pertinent 
pathophysiological alterations in the coronary microvasculature. Our observations 
thereby support previous conclusions that an increase in minimal microvascular 
resistance distal to coronary stenoses, as identified by HMR, reflects pertinent alterations 
in the functional or mechanical properties of the coronary microvasculature (6, 7).
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All lesions HSR≤0.8 mmHg/cm/s HSR>0.8 mmHg/cm/s

HMR≤1.9 
mmHg/cm/s 

(n=122)

HMR>1.9 
mmHg/cm/s 

(n=177) p-value

HMR≤1.9 
mmHg/cm/s

(n=100)

HMR>1.9 
mmHg/cm/s

(n=113) p-value

HMR≤1.9 
mmHg/cm/s

(n=22)

HMR>1.9 
mmHg/cm/s

(n=64) p-value

Reversible 
myocardial 
ischemia on 
MPS 23 (19) 66 (37) 0.001 12 (12) 17 (15) 0.55 11 (50) 49 (77) <0.05

Diameter 
stenosis (%) 53±9 56±11 0.03 51±8 51±9 0.73 60±12 64±10 0.25

Minimal lumen 
diameter (mm)  1.39±0.42 1.25±0.43 0.01  1.44±0.40  1.40±0.41 0.54 1.13±0.41 0.97±0.30 0.09

Reference 
diameter (mm)  2.93±0.65 2.90±0.67 0.75   2.93±0.65   2.95±0.69 0.84 2.92±0.70 2.81±0.62 0.54

FFR 0.79
 (0.69–0.88)

0.81 
(0.70–0.89)

0.46
0.83

 (0.74–0.89)
0.86

  (0.81–0.91)
<0.001

0.56
(0.42–0.63)

0.63
(0.47–0.72)

<0.05

Table 2: Angiographic and hemodynamic characteristics.

Table 3: Diagnostic odds ratio of the hyperemic microvascular resistance for reversible perfusion defect on 
myocardial perfusion scintigraphy, stratified by physiological stenosis classification by the hyperemic stenosis 
resistance.

Data are presented as frequency (%), mean±SD or median (IQR). FFR, fractional flow reserve; HMR, hyperemic 
microvascular resistance; HSR, hyperemic stenosis resistance; MPS, myocardial perfusion scintigraphy.

* p=0.16 compared to diagnostic odds ratio of hyperemic stenosis resistance (HSR) >0.8 mmHg/cm/s. 
† corresponds with the positive predictive value; ‡ corresponds with 1-negative predictive value. HMR, hyperemic 
microvascular resistance; MPS, myocardial perfusion scintigraphy.

Reversible myocardial 
ischemia on MPS Diagnostic odds ratio

95% confidence 
interval p-value

All lesions (n=299)

HMR>1.9 mmHg/cm/s 37% (66/177) † 2.6 1.5–4.4
<0.001

HMR≤1.9 mmHg/cm/s 19% (23/122) ‡ - -

Lesions with HSR>0.8 mmHg/cm/s (n=86)

HMR>1.9 mmHg/cm/s 77% (49/64) † 3.3 1.2–9.0
0.02

HMR≤1.9 mmHg/cm/s 50% (11/22) ‡ - -

Lesions with HSR≤0.8 mmHg/cm/s (n=213)

HMR>1.9 mmHg/cm/s 15% (17/113) †    1.3 *   0.6–2.9 
0.52

HMR≤1.9 mmHg/cm/s 12% (12/100) ‡ - -
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Table 4: Diagnostic odds ratio of the hyperemic microvascular resistance for reversible perfusion defect on 
myocardial perfusion scintigraphy, stratified by physiological stenosis classification by the hyperemic stenosis 
resistance after selecting only the most sever lesion per patient.

Table 5: Diagnostic odds ratio of the hyperemic microvascular resistance for reversible perfusion defect on 
myocardial perfusion scintigraphy, stratified by physiological stenosis classification by the hyperemic stenosis 
resistance after randomly selecting one lesion per patient.

* p=0.21 compared to the diagnostic odds ratio of the hyperemic stenosis resistance (HSR) >0.8 mmHg/cm/s. 
† corresponds with the positive predictive value; ‡ corresponds with 1-negative predictive value. HMR, 
hyperemic microvascular resistance; HSR, hyperemic stenosis resistance; MPS, myocardial perfusion 
scintigraphy.

* p=0.16 compared to the diagnostic odds ratio of the hyperemic stenosis resistance (HSR) >0.8 mmHg/cm/s. 
† corresponds with the positive predictive value; ‡ corresponds with 1-negative predictive value. HMR, 
hyperemic microvascular resistance; MPS, myocardial perfusion scintigraphy.

Reversible myocardial 
ischemia on MPS

Diagnostic
odds ratio 

95% confidence 
interval p-value

All lesions (n=232)

HMR>1.9 mmHg/cm/s 41% (58/143) † 2.9 1.5−5.4
0.001

HMR≤1.9 mmHg/cm/s 19% (17/89) ‡ - -

Lesions with HSR>0.8 mmHg/cm/s (n=74)

HMR>1.9 mmHg/cm/s 78% (43/55) † 4.0 1.3−12.0
<0.05

HMR≤1.9 mmHg/cm/s 47% (9/19) ‡ - -

Lesions with HSR≤0.8 mmHg/cm/s (n=158)

HMR>1.9 mmHg/cm/s 17% (15/88) †    1.6 * 0.6−4.0
0.32

HMR≤1.9 mmHg/cm/s 11% (8/70) ‡ - -

Reversible myocardial 
ischemia on MPS

Diagnostic 
odds ratio  

95% confidence 
interval p-value

All lesions (n=232)

HMR>1.9 mmHg/cm/s 38% (51/134) † 2.6 1.4−4.7
<0.01

HMR≤1.9 mmHg/cm/s 19% (19/98) ‡ - -

Lesions with HSR>0.8 mmHg/cm/s (n=70)

HMR>1.9 mmHg/cm/s 78% (38/49) † 3.8 1.3−11.3
0.02

HMR≤1.9 mmHg/cm/s 48% (10/21) ‡ - -

Lesions with HSR≤0.8 mmHg/cm/s (n=162)

HMR>1.9 mmHg/cm/s 15% (13/85) †    1.4 * 0.5−3.4
0.51

HMR≤1.9 mmHg/cm/s 12% (9/77) ‡ - -
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Mechanisms of increased hyperemic microvascular resistance distal 
to a coronary stenosis
Although we observed that an increased minimal microvascular resistance distal 
to a coronary stenosis, as assessed by HMR, reflects pertinent alterations in the 
coronary microvasculature, its precise origin is more difficult to elucidate. Both 
experimental as well as clinical studies have shown that the coronary vasculature 
is pressure-distensible at maximal vasodilation, e.g., coronary resistance increases 
with decreasing perfusion pressure, and vice versa. Hence, with progressive 
epicardial narrowing, thereby reducing perfusion pressure to the distal vasculature, 
resistance of the distal vascular bed is likely to increase (25–27). Consistent with this 
pressure-distensibility of coronary resistance vessels, a decrease in microvascular 
resistance distal to coronary stenoses was reported following restoration of 
perfusion pressure by stepwise relief of an epicardial stenosis (16). However, Table 
2 clearly demonstrates that functional lesion severity did not determine HMR in the 
present study, since a reduced functional lesion severity, as identified by FFR, was 
found for lesions associated with a high HMR compared to lesions associated with 
a low HMR. An increase in microvascular resistance may alternatively be explained 
by several mechanisms not directly related to the epicardial stenosis, including 
diffuse atherosclerotic disease, endothelial dysfunction, or structural changes in the 
microvasculature itself, e.g., in the setting of left ventricular hypertrophy (7, 28). 
Such structural changes in the microvasculature are acknowledged to contribute 
to, or even comprise, the sole origin of myocardial ischemia, and are associated 
with unequivocal adverse clinical outcome (7). Our current findings imply that an 
increased minimal microvascular resistance distal to coronary stenoses, as identified 
by HMR, whether following from a fall in perfusion pressure due to the presence of a 
coronary stenosis, or from abnormalities in the functional or mechanical properties 

Figure 3: Schematic representation of factors determining coronary wedge pressure. The magnitude of distal 
coronary pressure obtained during balloon occlusion of the coronary vessel of interest, depicted as coronary 
wedge pressure (Pwedge), is not only determined by collateral flow (Qc), but is also dependent on venous 
pressure (Pvenous), wall stress and heart rate. These factors contribute to a higher Pwedge than caused by Qc 
alone. By using Pwedge as a surrogate for Qc, the actual collateral flow contribution to total myocardial flow is 
overestimated, resulting in a consequent underestimation of actual microvascular resistance (MR). The extent 
of such an underestimation depends on the true magnitude of collateral flow, which cannot be measured 
directly. Pa, aortic pressure; Q, coronary flow.
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of the microvasculature, or a combination of both, unequivocally represents clinically 
pertinent coronary pathophysiology within the microvasculature, contributing to the 
occurrence of myocardial ischemia.

Correction of hyperemic microvascular resistance for collateral flow 
contribution
On theoretical grounds, it has been argued that the definition of HMR, i.e., the ratio of 
hyperemic mean distal coronary pressure to mean distal coronary flow, is intrinsically 
confounded by neglecting the collateral flow contribution to actual myocardial blood 
flow. Obviously, this is only pertinent should collateral flow be present; HMR then 
likely overestimates actual MR (Figure 1). Hence, it was suggested that HMR should 
be corrected for the assumed contribution of collateral flow by means of the coronary 
wedge pressure, purportedly an estimate of collateral flow. However, two important 
considerations contradict the application of coronary wedge pressure as an accurate 
correction factor for collateral flow contribution in clinical practice.

First, the magnitude of the coronary wedge pressure is also determined by the 
effects of heart rate, ventricular wall tension and venous pressure, and cannot be 
considered an exclusive measure of collateral flow (29) (Figure 3). Second, collateral 
flow contribution is considered to be minimal in the clinically pertinent range of 
coronary stenosis severity, and to play a substantial role only distal to coronary 
stenoses with an FFR<0.6 (14). Hence, the use of coronary wedge pressure as a direct 
measure of collateral flow is anticipated to lead to an overestimation of collateral 
flow contribution (29) and a consequent underestimation of actual MR. Importantly, 
if an increase in HMR distal to an epicardial stenosis only reflected an overestimation 
of actual MR due to neglecting collateral flow, one would not expect a positive 
relationship between such an increase in HMR and reversible myocardial ischemia, 
since collateral flow compensatory to progressive epicardial coronary narrowing 
would not result in an increased presence of reversible myocardial ischemia, but 
rather in an equivalent or even a reduced presence. In contrast, the present study 
showed that a high HMR distal to stenoses of intermediate angiographic and 
physiological severity was associated with a significantly higher risk for reversible 
myocardial ischemia compared to lesions with a low HMR.

Clinical implications
Abnormalities in the function and structure of the coronary microcirculation 
occur in many clinical conditions. They are considered important markers of risk 
or may contribute to the pathogenesis of myocardial ischemia, thereby providing 
novel targets for risk stratification or adjunctive therapeutic strategies (28, 30). 
However, in the absence of techniques allowing direct visualisation of the coronary 
microvasculature in humans in vivo, evaluation of microvascular abnormalities in 
clinical practice requires an accurate surrogate. Since microvascular disease is likely 
associated with altered mechanical and functional properties of the microcirculation, 
thereby affecting resistance of the coronary microvessels, physiological indices 
of hyperemic microvascular resistance are increasingly used to quantify the 
functional status of the coronary microvasculature in the cardiac catheterization 
laboratory. As such, the potential error induced either by neglecting collateral flow 
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contribution, or by overestimating its magnitude by applying a coronary wedge 
pressure-based correction, may hamper the clinical use of an index of microvascular 
resistance. Because actual MR is unprocurable in vivo, an applicable index most 
importantly allows accurate assessment of pathophysiological alterations in the 
distal microvasculature. Consistent with earlier studies (15, 16, 20, 22–24, 26, 31, 
32) our observations indicate that the microvascular resistance index calculated 
without correction for assumed collateral flow contribution allows identification of 
alterations in microvascular resistance that are associated with an increased risk of 
associated pathology. HMR may therefore be considered a useful tool to quantify the 
functional status of the coronary microvasculature in clinical practice.

Study limitations
Whereas developments in wire technology have resulted in the availability of a 
double sensor-equipped guidewire (33), pressure and flow velocity measurements 
were performed sequentially with separate sensor-equipped guidewires in the 
present study, which could have an inherent bias due to a possible location 
shift between the measurements. However, the wire tip location was verified 
angiographically between measurements to ensure representative pressure and flow 
velocity signals. A true gold standard for the assessment of reversible myocardial 
ischemia in clinical practice is not available. Therefore, we used MPS to evaluate 
the presence of reversible myocardial ischemia in our study population. Despite 
its associated limitations, especially in the presence of multivessel disease, MPS is 
considered a well-validated method to document perfusion abnormalities in clinical 
practice. Importantly, similar results were found when analyses were performed 
including all lesions as compared to only the most severe lesion, or when randomly 
selecting only one of the lesions in patients with multivessel disease, indicating that 
our conclusions were not compromised by the presence of multivessel disease.

There is contrasting evidence on the appropriate dose of adenosine required to 
induce a maximal hyperemic state. In the present study, we adhered to the amount 
used in clinical validation studies of FFR that is considered to provide a hyperemic 
response equivalent to that induced by the intravenous administration of adenosine 
(34).

Finally, we only evaluated the relationship between the coronary flow velocity-
derived HMR and myocardial ischemia. Theoretically, the same observations apply to 
the thermodilution-derived index of microvascular resistance (IMR), since the only 
difference is the surrogate of flow applied (velocity versus inverse of transit time). 
Nevertheless, extrapolation of our results to IMR should be carried out with caution, 
and confirmation of our results is required in studies with a thermodilution-derived 
surrogate of flow.
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Conclusion

A high HMR distal to a coronary stenosis, calculated without correction for assumed 
collateral flow contribution, is associated with an increased risk of reversible 
myocardial ischemia in the perfusion territory of interest. This observation 
indicates that an increased HMR distal to a coronary stenosis reflects important 
pathophysiological alterations in the distal microvasculature in the setting of 
obstructive coronary artery disease. HMR may therefore be a useful tool to quantify 
the functional status of the myocardial microvasculature in clinical practice.
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Abstract

Background
Although myocardial ischemia is a consequence of abnormalities throughout the 
coronary vasculature, clinical decision-making using the fractional flow reserve 
(FFR) is governed by the extent of epicardial disease. We documented the impact of 
hyperemic microvascular resistance (HMR) on FFR and on the presence of reversible 
myocardial ischemia in patients with stable coronary artery disease (CAD).

Methods
We evaluated 299 coronary stenoses by intracoronary pressure and flow 
measurements to determine FFR and HMR. Myocardial perfusion scintigraphy was 
performed to identify reversible myocardial ischemia. High HMR was defined as 
HMR>1.9 mmHg/cm/s. The association between HMR and reversible ischemia was 
evaluated according to the presence or absence of an FFR-positive stenosis, and the 
association between FFR and reversible ischemia was evaluated according to the 
presence of high or low HMR.

Results
The odds ratio of high versus low HMR for reversible ischemia was 2.6 (95% confidence 
interval (CI): 1.5–4.4). This was evident only in the presence of a positive FFR, and 
amounted to 7.6 (95% CI: 3.2–18.1) when FFR<0.75, and 5.0 (95% CI: 2.5–10.3) when 
FFR≤0.8. The odds ratio of positive versus negative FFR was significantly higher when 
HMR was high compared with when HMR was low (p=0.01, and p=0.03 for the 0.75 
and 0.8 FFR cut-off, respectively). Notably, the optimal FFR cut-off value was 0.65 
when HMR was low, compared with 0.76 when HMR was high.

Conclusion
HMR is an important determinant of the optimal FFR cut-off value and of myocardial 
ischemia induced by FFR-positive stenoses in patients with stable CAD.
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Introduction

In the absence of non-invasive functional testing results, contemporary clinical 
decision-making regarding coronary stenoses of equivocal angiographic severity is 
based upon assessment of the fractional flow reserve (FFR), defined as the mean 
distal coronary to mean aortic pressure ratio during coronary vasodilation (1, 2). 
The primary aim of physiological stenosis evaluation by means of FFR is to identify 
the epicardial contribution to the impairment of myocardial perfusion. However, 
the functional consequences of coronary artery disease are determined not only 
by the extent of epicardial coronary narrowing, since alterations in the functional 
and mechanical properties of the coronary microvasculature may contribute to, or 
may even exclusively determine, the development of reversible myocardial ischemia 
(3–5). Moreover, such alterations may partly obscure coronary pressure-based 
assessment of epicardial coronary artery disease, as they are likely associated with 
altered hyperemic microvascular resistance (HMR) (6, 7). However, the magnitude 
of HMR cannot be identified by means of coronary pressure measurements, and the 
impact of the unaccounted magnitude of HMR on coronary pressure-based decision-
making in the cardiac catheterization laboratory has not yet been established.

We sought to evaluate the impact of the magnitude of hyperemic microvascular 
resistance for the presence, and FFR-guided identification, of reversible myocardial 
ischemia on non-invasive stress testing in patients with stable coronary artery 
disease.

Methods

Data source
We evaluated patients with stable coronary artery disease referred for intracoronary 
evaluation of at least one intermediate coronary artery stenosis (40–70% diameter 
stenosis at visual assessment). These patients were enrolled in a series of study 
protocols (8–11), and patient and procedural characteristics were entered into a 
dedicated database. We excluded patients with ostial stenoses, two or more stenoses 
in the same coronary artery, severe renal function impairment (sMDRD calculated 
glomerular filtration rate <30 mL/min/1.73m2), significant left main coronary artery 
stenosis, atrial fibrillation, recent myocardial infarction (<6 weeks prior to screening), 
prior coronary artery bypass graft surgery, or visible collateral development to the 
perfusion territory of interest. The institutional ethics committee approved the study 
procedures, and all patients gave written informed consent.

Myocardial perfusion scintigraphy
Myocardial perfusion scintigraphy (MPS) was performed prior to coronary angiography 
to document the presence of reversible perfusion defects using 99mTechnetium-
sestamibi  (MIBI) or 99mTechnetium-tetrofosmin  (Myoview), according to a two-day 
stress/rest protocol. Data acquisition and reconstruction were performed according 
to the procedure guideline for myocardial perfusion imaging of the Society of 
Nuclear Medicine (12). An expert panel of nuclear medicine physicians, blinded to 
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the angiographic data, evaluated the scintigraphic images. Stress and rest images 
were semi-quantitatively scored as normal or abnormal. Perfusion defects were 
classified as dubious, mild, moderate or severe. Improvement at rest of more than 
one grade was considered to be a “reversible” perfusion defect. Improvement of just 
one grade or no improvement was considered to be a “persistent” perfusion defect. 
The result was considered positive when a reversible perfusion defect was allocated 
to the perfusion territory of the coronary artery of interest.

Cardiac catheterization and hemodynamic measurements
Cardiac catheterization was performed within one week after MPS, during which 
angiographic images were obtained in a manner suitable for quantitative coronary 
angiography analysis (QCA). QCA was performed offline to determine percent 
diameter stenosis with the use of a validated automated contour detection 
algorithm (QCA-CMS version 3.32, MEDIS, Leiden, The Netherlands). Distal coronary 
pressure and blood flow velocity were assessed with sensor-equipped guide wires 
during basal conditions and maximal hyperemia, induced by an intracoronary bolus 
of adenosine (20–40 µg). Intracoronary pressure was measured distal to the target 
stenosis with a 0.014 inch pressure-monitoring guide wire (Volcano Corp., San 
Diego, USA). Coronary blood flow velocity measurements were performed directly 
after pressure measurements, using a Doppler-tipped guide wire (Volcano Corp., San 
Diego, USA). From the recorded data, FFR was calculated as the ratio between mean 
distal coronary and mean aortic pressure during maximum hyperemia, and HMR was 
calculated as the mean distal coronary pressure to mean distal flow velocity ratio 
during maximum hyperemia. Doppler flow velocity measurements were additionally 
performed in a reference coronary artery, defined as a coronary artery with less than 
30% epicardial narrowing. In the absence of significant epicardial disease in these 
reference vessels, reference vessel HMR was calculated as the mean aortic pressure 
to mean distal flow velocity ratio during maximum hyperemia.

Statistical analysis
In the absence of an adopted cut-off value or unequivocal normal range for HMR, 
the median HMR within the reference coronary arteries was used to distinguish high 
versus low HMR. At this cut-off value, we evaluated the association between HMR 
and the presence of reversible ischemia on MPS by means of 2x2 contingency tables, 
and differences were compared by means of the Chi square test. Subsequently, we 
evaluated the association between HMR and the presence of myocardial ischemia on 
MPS after stratification by FFR at the 0.75 cut-off value (13), as well as at the 0.8 cut-
off value (14). Effect modification of the presence of an FFR-positive coronary stenosis 
on the association between HMR and the presence of reversible ischemia on MPS was 
tested by means of a logistic regression model. Similarly, we evaluated the association 
between FFR and the presence of reversible ischemia on MPS at both the 0.75, and 
the 0.8 FFR cut-off value by means of 2x2 contingency tables, and differences were 
compared by means of the Chi square test. Subsequently, we evaluated the association 
between FFR and the presence of myocardial ischemia on MPS after stratification by 
HMR at the previously identified cut-off value, and effect modification of the presence 
of a high HMR on the association between FFR and the presence of reversible ischemia 
on MPS was tested by means of a logistic regression model.
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Finally, receiver-operating-characteristics (ROC) curves were constructed for FFR 
within the full study cohort, as well as within the high and low HMR groups. From 
these ROC-curves, we determined sensitivity and specificity of the clinically adopted 
0.75 and 0.8 cut-off values, as well as the area under the ROC-curve, and optimal FFR 
cut-off values in the overall cohort, as well as in the high and low HMR groups. The 
optimal FFR cut-off value was defined as the cut-off value yielding the highest sum of 
sensitivity and specificity.

Continuous variables were expressed as mean±standard deviation (SD), or median 
(interquartile range (IQR)), and comparison was performed using the Student’s t-test 
or Mann-Whitney U Test where appropriate. Categorical variables were presented as 
frequencies (percentage) and compared with the Chi square test. A two-sided alpha-
level of 0.05 was considered statistically significant.

Results

Patient population
The study population consisted of 232 patients, with a mean age of 60±10 years. The 
baseline clinical characteristics are presented in Table 1. Within these patients, 299 
coronary stenoses with a mean diameter stenosis of 55±11% were evaluated. The 
median FFR amounted to 0.80 (0.70–0.88), and median target vessel HMR amounted 
to 2.1 mmHg/cm/s (1.6–2.8 mmHg/cm/s). The angiographic characteristics are 
presented in Table 2. MPS was positive in 30% of cases (89 out of 299).

A reference coronary artery was evaluated in 178 out of 232 patients. The median 
reference vessel HMR amounted to 1.9 (1.5–2.5) mmHg/cm/s (Table 2), which was 
subsequently used to stratify patients in a high and low target vessel HMR group. The 
baseline clinical characteristics were balanced between patients with a high or low 
target vessel HMR (>1.9 and ≤1.9, respectively) (Table 3). Across the angiographic 
characteristics, mean diameter stenosis was slightly higher in the high HMR group, 
although not clinically pertinent (56±11% in the high HMR group versus 53±9% in the 
low HMR group; p=0.03; Table 3). Physiological stenosis severity by FFR did not differ 
between groups (median FFR 0.79 (0.69–0.88) in the high HMR group versus median 
FFR 0.81 (0.70–0.89) in the low HMR group; p=0.46).

HMR magnitude and myocardial ischemia in the presence or absence 
of significant epicardial disease by FFR
Overall, the diagnostic odds ratio of high versus low HMR for reversible ischemia on 
MPS was 2.6 (95% confidence interval (CI): 1.5–4.4; p=0.001) (Table 4: top panel). 
When stratified by FFR at the 0.75 cut-off value, the diagnostic odds ratio of high 
versus low HMR for reversible ischemia on MPS was 1.6 (95% CI: 0.7–3.8; p=0.25) 
when FFR≥0.75, in contrast with 7.6 (95% CI: 3.2–18.1; p<0.001) when FFR<0.75, 
significantly different between groups (p for interaction=0.01) (Table 4: middle 
panel). Equivalent results were observed when HMR was stratified by FFR at the 0.8 
cut-off value (Table 4: lower panel; p for interaction=0.03).
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Target vessels N=299

   Left anterior descending coronary artery  147 (49)

   Left circumflex coronary artery    71 (24)

   Right coronary artery    81 (27)

   Diameter stenosis (%) 54±11

   Reference vessel diameter (mm) 2.9±0.7

  Fractional flow reserve  0.80 (0.70–0.88)

Reference vessels     N=178

   Left anterior descending coronary artery    61 (20)

   Left circumflex coronary artery    98 (33)

   Right coronary artery  19 (6)

   Hyperemic microvascular resistance (mmHg/cm/s) 1.9 (1.5–2.5)

Table 2: Baseline angiographic characteristics.

Data is presented as mean±SD, median (IQR) or frequency (%).

Age (yrs) 60 ±10

Male sex 160 (69)

Coronary risk factors

   Cigarette smoking    67 (29)

   Hypertension    87 (38)

   Positive family history  105 (45)

   Hyperlipidemia  138 (60)

   Diabetes mellitus    35 (15)

   Prior myocardial infarction    87 (38)

   Prior coronary intervention    47 (20)

Medication at hospital admission

   Beta-blockers  169 (73)

   Nitrates  137 (59)

   Calcium antagonists  143 (65)

   ACE-inhibitors    49 (21)

   Lipid-lowering drugs  135 (58)

   Aspirin  208 (90)

Table 1: Baseline clinical characteristics (n=232).

Data is presented as mean±SD or frequency (%).
ACE, angiotensin-converting enzyme.
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Table 3: Clinical and angiographic characteristics according to a high or low hyperemic microvascular 
resistance.

Data is presented as mean±SD, median (IQR) or frequency (%).
ACE, angiotensin-converting enzyme; HMR, hyperemic microvascular resistance.

Low HMR
(≤1.9 mmHg/cm/s)

High HMR
(>1.9 mmHg/cm/s) p-value

N=232 n=89 n= 143

Clinical Characteristics

Demographics

   Age (yrs) 58 ±11 61 ±10 0.08

   Male sex 67 (75) 93 (65) 0.40

Coronary risk factors

   Cigarette smoking 32 (36)    35 (24) 0.13

   Hypertension 32 (36)    55 (38) 0.41

   Positive family history 36 (40)    70 (49) 0.07

   Hyperlipidemia 53 (60)    85 (59) 0.48

   Diabetes mellitus 16 (18)    19 (13) 0.47

   Prior myocardial infarction 32 (36)    55 (38) 0.41

   Prior coronary intervention 18 (20)    29 (20) 0.80

Medication at hospital admission

   Beta-blockers 67 (75)  102 (71) 0.77

   Nitrates 60 (67)   77 (54) 0.16

   Calcium antagonists 61 (69)    82 (57) 0.31

   ACE-inhibitors 19 (21)    30 (21) 0.85

   Lipid-lowering drugs 53 (60)   82 (57) 0.72

   Aspirin 85 (96) 123 (86) 0.37

Angiographic characteristics

Target lesions n=122     n=177

   Diameter stenosis (%) 53 ±9 56 ±11 0.03

   Reference vessel diameter (mm) 2.9 ±0.7 2.9 ±0.7 0.75

   Fractional flow reserve    0.79 (0.69–0.88)      0.81 (0.70–0.89) 0.46
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FFR and myocardial ischemia in the presence of high or low HMR
Overall, the diagnostic odds ratio of positive versus negative FFR for reversible 
ischemia on MPS was 6.3 (95% CI: 3.7–10.9; p<0.001) at the 0.75 cut-off (Table 5: 
top panel), and 4.6 (95% CI: 2.6–8.0; p<0.001) at the 0.8 cut-off value (Table 5: lower 
panel). In the presence of a high HMR, the diagnostic odds ratio of positive versus 
negative FFR at the 0.75 cut-off for reversible ischemia on MPS was 13.9 (95% CI: 
6.5–29.6; p<0.001), in contrast with 3.0 (95% CI: 1.2–7.6; p=0.02) when HMR was low, 
which was significantly different between groups (p for interaction=0.01). Notably, 
while the diagnostic odds ratio of positive versus negative FFR at the 0.8 cut-off for 
reversible ischemia on MPS was 8.1 (95% CI: 4.0–16.5; p<0.001) in the presence of a 
high HMR, the diagnostic odds ratio of positive versus negative FFR was 2.1 (95% CI: 
0.5–3.6; p=0.14) when HMR was low (p for interaction=0.03).

Reversible myocardial 
ischemia on MPS

Diagnostic odds 
ratio

95% confidence 
interval p-value

All lesions (n=299)

HMR>1.9 mmHg/cm/s 37% (66/177) 2.6 1.5–4.4
<0.001

HMR≤1.9 mmHg/cm/s 19% (23/122) - -

FFR 0.75 cut-off

FFR≥0.75 (n=193)

HMR>1.9 mmHg/cm/s 18% (22/119) 1.6 0.7–3.8
0.25

HMR≤1.9 mmHg/cm/s 12% (9/74) - -

FFR<0.75 (n=106)

HMR>1.9 mmHg/cm/s 76% (44/58) 7.6  3.2–18.1
<0.001

HMR≤1.9 mmHg/cm/s 29% (14/48) - -

FFR 0.8 cut-off

FFR>0.8 (n=144)

HMR>1.9 mmHg/cm/s 16% (14/90) 1.2 0.5–3.3
0.67

HMR≤1.9 mmHg/cm/s 13% (7/54) - -

FFR≤0.8 (n=155)

HMR>1.9 mmHg/cm/s 60% (52/87) 4.8 2.4–9.8
<0.001

HMR≤1.9 mmHg/cm/s 24% (16/68) - -

Table 4: Diagnostic odds ratio of the hyperemic microvascular resistance for reversible myocardial ischemia 
on myocardial perfusion scintigraphy, stratified by physiological stenosis classification by the fractional flow 
reserve.

FFR, fractional flow reserve; HMR, hyperemic microvascular resistance; MPS, myocardial perfusion 
scintigraphy.



147

Microvascular resistance and fractional flow reserve

8

Sensitivity and specificity of adopted FFR cut-offs in the presence of 
high or low HMR
Within the full study population, the 0.75 cut-off had a sensitivity and specificity of 
65%, and 77%, respectively, for the identification of reversible myocardial ischemia 
on MPS. The 0.8 cut-off had a sensitivity and specificity of 74%, and 61%, respectively. 
In the presence of a low HMR, the 0.75 cut-off had a sensitivity and specificity of 
61%, and 66%, which amounted to 70% and 50% at the 0.8 cut-off. In the presence 
of a high HMR, the 0.75 cut-off had a sensitivity of 67%, and a specificity of 87%, and 
the 0.8 cut-off value had a sensitivity of 76%, and a specificity of 72%.

Reversible myocardial 
ischemia on MPS

Diagnostic odds 
ratio

95% confidence 
interval p-value

FFR 0.75 cut-off

All lesions (n=299)

FFR<0.75   55% (58/106) 6.3 3.7–10.9
<0.001

FFR≥0.75   16% (31/193)

HMR≤1.9 mmHg/cm/s (n=122)

FFR<0.75  29% (14/48) 3.0 1.2–7.6
0.02

FFR≥0.75  12% (9/74)

HMR>1.9 mmHg/m/s (n=177)

FFR<0.75   76% (44/58) 13.9 6.5–29.6
<0.001

FFR≥0.75  18% (22/119)

FFR 0.80 cut-off

All lesions (n=299)

FFR≤0.8     44% (68/155) 4.6 2.6–8.0
<0.001

FFR>0.8     15% (21/144)

HMR≤1.9 mmHg/cm/s (n=122)

FFR≤0.8   24% (16/68) 2.1 0.5–3.6
0.14

FFR>0.8 13% (7/54)

HMR>1.9 mmHg/cm/s (n=177)

FFR≤0.8   60% (52/87) 8.1 4.0–16.5
<0.001

FFR>0.8   16% (14/90)

Table 5: Diagnostic odds ratio of the fractional flow reserve at the 0.75 and 0.8 cut-off value for reversible 
myocardial ischemia on myocardial perfusion scintigraphy, stratified by the hyperemic microvascular 
resistance.

FFR, fractional flow reserve; HMR, hyperemic microvascular resistance; MPS, myocardial perfusion 
scintigraphy.
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Optimal fractional flow reserve cut-off value by HMR magnitude
Overall, ROC curve analysis of FFR for reversible myocardial ischemia on MPS yielded 
an area-under-the-curve (AUC) for FFR of 0.77 (95% CI: 0.71–0.83), with an optimal 
cut-off value of 0.74 (sensitivity 64%, specificity 80%; Figure 1A). In the presence of 
a low HMR, ROC curve analysis of FFR for reversible ischemia yielded an AUC of 0.72 
(95% CI: 0.59–0.85), with an optimal cut-off value of 0.65 (sensitivity 52%, specificity 
90%; Figure 1B). In the presence of a high HMR, FFR yielded an AUC of 0.82 (95% 
CI: 0.75–0.89), with an optimal FFR cut-off value of 0.76 (sensitivity 70%, specificity 
86%; Figure 1C).

Discussion

The present study provides evidence for the complementary role of HMR in the 
identification of ischemia-inducing coronary stenoses, since a high HMR distal to a 
coronary stenosis deemed significant by FFR, either at its ischemic 0.75 or clinical 
0.8 cut-off value, contributed significantly to the occurrence of reversible myocardial 
ischemia. The diagnostic odds ratio of high versus low HMR for reversible ischemia on 
MPS was 7.6 (95% CI: 3.2–18.1; p<0.001) when FFR<0.75, and 5.0 (95% CI: 2.5–10.3; 
p<0.001) when FFR≤0.8. Finally, the discriminative value of FFR was higher when 
HMR was high (AUC 0.82), compared with when HMR was low (AUC 0.72), and the 
optimal FFR cut-off value to identify stenoses associated with reversible myocardial 
ischemia on MPS was distinctly lower when HMR was low (optimal FFR cut-off 0.65), 
compared with when HMR was high (optimal FFR cut-off 0.76).

The observations in the present study suggest that the magnitude of HMR is an 
important determinant of stenosis-related reversible myocardial ischemia, and that 
an unaccounted extent of microvascular involvement of coronary artery disease has 
pertinent consequences for clinical decision-making if based on coronary pressure 
measurements only.

Fractional flow reserve as a surrogate for non-invasively assessed 
reversible myocardial ischemia
Following the extensive validation against non-invasive stress testing for its potential 
to identify coronary stenoses responsible for reversible myocardial ischemia, FFR is 
now widely accepted as a surrogate for non-invasive stress testing (1, 2). In its relative 
short history, numerous validation studies have been performed, yielding optimal FFR 
cut-off values for non-invasively assessed reversible myocardial ischemia ranging from 
0.66 to 0.78 (15). The subsequent clinical adoption of a 0.8 FFR cut-off was governed 
by the finding that this cut-off value was associated with >90% specificity to exclude 
the presence of stenosis-induced myocardial ischemia, supposedly limiting the number 
of ischemia-inducing stenoses left untreated (16). Nonetheless, recent studies have 
indicated that a single FFR cut-off value may not provide optimal discrimination of 
functionally significant from non-significant coronary stenoses (17, 18), particularly at 
the contemporary 0.8 clinical cut-off (19). Remarkably, despite the fact that FFR-guided 
revascularization is well-known to improve clinical outcome compared with angiographic 
guidance (14), the pivotal FAME II study documented that 70% of FFR-positive stenoses 
(≤0.8), e.g. stenoses that are advocated to be revascularized in contemporary clinical 
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Figure 1: Plots for sensitivity and specificity of 
fractional flow reserve for reversible myocardial 
ischemia on myocardial perfusion scintigraphy, 
as calculated by means of receiver-operating-
characteristics analysis. (A) Within the full study 
cohort. (B) Within vessels with a low hyperemic 
microvascular resistance (≤1.9 mmHg/cm/s). 
(C) Within vessels with a high hyperemic 
microvascular resistance (>1.9 mmHg/cm/s).

A Full study cohort

B Hyperemic microvascular resistance ≤1.9 mmHg/cm/sec

C Hyperemic microvascular resistance >1.9 mmHg/cm/sec
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practice guidelines (1, 2), do not require revascularization in the first year after deferral 
of revascularization given optimal medical therapy is provided (20). Both the wide 
variety of optimal FFR cut-off values obtained in the FFR validation studies (15), as well 
as the limited predictive value of FFR-positivity for clinically indicated revascularization 
during the first year after deferral of revascularization (20) are important indications 
that there are additional factors besides FFR-identified physiological severity of the 
epicardial stenosis that contribute to the functional consequences of coronary artery 
disease.

Myocardial ischemia results not only from epicardial stenosis 
severity
Myocardial ischemia is a phenomenon that results from a combination of abnormalities 
throughout the coronary vasculature, which besides epicardial narrowing includes 
endothelial dysfunction, structural microcirculatory remodelling, and extravascular 
compression of the collapsible elements of the microcirculation (3, 5, 7). Intuitively, 
the impairment of myocardial perfusion results from accumulation of resistance 
to coronary blood flow from the coronary ostium to the distal microvasculature. 
Although the epicardial resistance constitutes the largest impairment to myocardial 
perfusion, it is the combination with abnormalities in the distal microvasculature 
that determines the occurrence of myocardial ischemia.

An important finding in the present study is that the optimal FFR cut-off value for the 
identification of stenosis-related reversible myocardial ischemia is distinctly lower 
when HMR is low compared with the situation where HMR is high (0.65 and 0.76, 
respectively). In other words, in the absence of microvascular abnormalities the 
coronary vasculature apparently has a larger vasodilator reserve capacity, resulting 
in lower FFR values before reversible myocardial ischemia occurs. Contrariwise, in 
the presence of microvascular abnormalities the vasodilator capacity of the coronary 
vasculature is already partly exhausted, and myocardial ischemia is already induced 
at higher FFR-values.

The existence of a wide variability of HMR between patients is well-recognized (6, 21), 
and both the optimal FFR cut-off value as well as the functional consequences of the 
coronary stenosis likely depend on the distribution of epicardial and microvascular 
resistance to coronary blood flow within a specific patient. Our observations 
therefore provide novel insight into the pertinence of microvascular disease for the 
functional consequences of obstructive coronary artery disease, and may at least 
indicate an important potential for improvement of physiologically-guided coronary 
revascularization in patients with stable coronary artery disease.

Implications for clinical practice
Although HMR-tailored FFR-guided revascularization may well advance stenosis 
selection for revascularization by more accurately depicting the ischemia-generating 
potential of the coronary vasculature under investigation, it must be borne in mind 
that FFR as an index is influenced by the magnitude of microvascular resistance 
(22). An increase in HMR leads to a relative increase in distal coronary pressure, and 
therefore leads to an increase in FFR. Hence, FFR directly depends on the magnitude 
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of HMR (23). As such, the optimal FFR cut-off value to determine the functional 
consequences of the coronary stenosis of interest is highly patient- and perfusion 
territory-dependent. This emphasizes the need for an index of stenosis severity that is 
more selective in the assessment of epicardial disease severity, with little interference 
of microvascular resistance. With such an index, more generally applicable cut-off 
values may be determined that are less dependent on the extent of microvascular 
disease within a particular patient and perfusion territory. Simultaneous assessment 
of pressure and flow velocity (24) may allow such selective interrogation of both 
epicardial and microvascular disease, and may thereby provide an even more 
accurate means for patient-tailored physiologically-guided revascularization.

Limitations
There is no adopted cut-off value or unequivocal normal range for HMR. Therefore, the 
median HMR within non-obstructed reference coronary arteries was used to define the 
high versus low HMR cut-point. This approach can be considered to provide an accurate 
estimation of normal HMR in a clinical population of patients with stable coronary 
artery disease.

The use of MPS as a gold standard for detection of reversible myocardial ischemia may 
be considered a limitation as to the detection of true myocardial ischemia. However, 
a true gold standard for myocardial ischemia is not available to date, and MPS is an 
adequate and well-validated non-invasive reference standard to identify reversible 
myocardial ischemia (22).

It is debated whether HMR should be corrected for the contribution of collateral flow 
to total myocardial blood flow, since its neglection may lead to an overestimation of 
true microvascular resistance by HMR (23). However, actual collateral flow cannot be 
measured in clinical practice, and a proposed correction by means of the coronary 
wedge pressure (25) is conceptually hampered since the magnitude of coronary wedge 
pressure is determined by the effects of venous pressure, heart rate and myocardial wall 
stress in addition to collateral flow (26). Moreover, collateral flow contribution is known 
to be negligible in the setting of stable coronary artery disease of intermediate severity 
(23), as applies to the present study, emphasizing the bias induced by coronary wedge-
pressure as an estimate of assumed collateral flow. Besides the conceptual plausibility 
of using HMR as a measure of actual microvascular resistance, our current observations 
that an increase in HMR is associated with an increment in myocardial ischemia on 
MPS, as well as that an increased HMR is associated with an increase in the optimal FFR 
cut-off value, invalidates the assumption that the observed increase in HMR reflects 
the neglection of collateral flow, and supports its interpretation as an increase in actual 
microvascular resistance (3, 5, 7, 23).

Finally, hyperemia was induced by means of an intracoronary bolus of adenosine in the 
present study. Although there is an on-going debate regarding the dose of adenosine 
needed to induce maximal hyperemia, the dose used in the present study has been 
extensively validated for its relationship with non-invasively assessed myocardial 
ischemia (22), is known to result in FFR-values equal to that induced by intravenous 
administration of adenosine (22), and has been shown to provide similar clinical benefits 
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of FFR in clinical populations compared with FFR derived from hyperemia induced by 
intravenous adenosine administration (27, 28).

Conclusion

Myocardial ischemia results not only from the extent of epicardial coronary 
narrowing, but from a combination with other abnormalities throughout the 
coronary vasculature. As such, not only the physiological epicardial lesion 
severity as assessed by FFR, but also the resistance introduced by the coronary 
microvasculature as assessed by HMR is of paramount importance for the functional 
consequences of coronary artery disease. As such, identification of the magnitude of 
HMR may improve stenosis selection for percutaneous coronary intervention, and 
has the potential to further improve outcomes of physiologically-guided coronary 
intervention. Therefore, combined pressure and flow assessment deserves further 
study to determine its role in clinical management of stable coronary artery disease.
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Physiological basis underlying clinical decision making for 
revascularization

Coronary artery disease (CAD) accounts for almost 2 million deaths per year 
within the EU. CAD is often characterized by focal narrowing of epicardial arteries, 
limiting coronary arterial flow and myocardial perfusion. As discussed in Chapter 2, 
revascularization therapy of CAD started approximately 50 years ago by open heart 
bypass surgery, later followed by catheter based balloon and stent dilatation of the 
stenosis denoted as percutaneous coronary intervention (PCI). Initially, coronary 
angiography was used to evaluate coronary lumen reduction as basis for treatment 
decision during PCI. Later, guide wires were equipped with a pressure sensor or a 
Doppler flow velocity probe at the tip allowing the determination of the hemodynamic 
effect of a stenosis. From those hemodynamic signals, clinical indices of functional 
stenosis severity were derived based on either flow velocity, such as the coronary 
flow velocity reserve (CFVR), or pressure, such as the fractional flow reserve (FFR). 
These indices improved the prediction of reversible ischemia and more recently it 
was demonstrated that FFR guided PCI improved clinical outcome compared to the 
use of angiography (1, 2). However, there is still room for improvement, since CFVR 
and FFR were shown to result in conflicting treatment advice in approximately 30% 
of patients (3). More recently, dual sensor-equipped guide wires were introduced, 
enabling the simultaneous assessment of coronary pressure and flow velocity. With 
the use of those simultaneously assessed hemodynamic signals, the stenosis pressure 
gradient-flow velocity (ΔP-v) relationship can be measured as illustrated in Chapters 
2, 3 and 6. Moreover, indices of the resistance to flow from a stenosis and that of the 
coronary microcirculation can be defined. The hyperemic stenosis resistance (HSR) 
index was shown to improve treatment decision in daily clinical practice compared 
to sole pressure- or flow velocity-derived functional indices of stenosis severity 
(4). The hyperemic microvascular resistance (HMR) index can be useful to identify 
coronary microvascular disease as discussed in Chapters 7 and 8. In addition to the 
invasive assessment of intracoronary hemodynamics to assess the epicardial and 
microvascular status of the diseased coronary bed, also non-invasive methods can 
be used for diagnostics purposes by the assessment of myocardial perfusion deficits, 
such as magnetic resonance imaging (MRI) or myocardial perfusion scintigraphy 
(MPS) as discussed in Chapter 2. Integration of all these techniques will in the end 
allow for a more personalized diagnosis and treatment planning. In this chapter, we 
will summarize the most important findings of this thesis, which can contribute to 
this improvement, and recommendations with respect to both future research and 
applicability of our findings into daily clinical practice will be discussed.

Clinical indices of functional stenosis severity not requiring 
maximal hyperemia

The assessment of functional coronary lesion severity using intracoronary 
physiological parameters such as CFVR, and the more widely used FFR, relies 
critically on the establishment of maximal hyperemia, usually obtained by an 
intracoronary dose of adenosine. Although to a smaller degree than FFR and CFVR, 
also HSR depends on the achievement of maximal hyperemia. However, adenosine 
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is not readily available in every catheterization laboratory, and presently there is 
no consensus on the intracoronary dose of adenosine that is required to obtain 
this maximal hyperemic condition (5). The use of a vasodilator free evaluation of 
stenosis severity may overcome these issues. Recently, the instantaneous wave free 
ratio (iFR), defined as the ratio of coronary distal to aortic pressure during a specific 
mid-diastolic, wave-free period, was introduced as such a drug free index to assess 
coronary lesion severity (6), as it was shown to correlate closely to FFR and yielded 
an excellent diagnostic performance. However, simulations work by Johnson et al. (7, 
8) as well as a study by van t Veer et al. (8) showed that iFR is a weak predictor of FFR 
and concluded that iFR is not useful for clinical decision making. Yet several patient 
studies are underway to validate its usefulness.

At the same time, we introduced the baseline stenosis resistance (BSR) index (Chapter 
5) as a vasodilator free index of functional stenosis severity. For BSR, discrimination 
of lesion severity is facilitated by high-fidelity measurements of both pressure and 
flow velocity, whereas iFR is based on sole pressure measurements. Both indices 
however do not require any vasodilation at all and are therefore relatively easy to 
obtain in daily clinical practice. We demonstrated that the diagnostic performance 
of BSR (area under the receiver operating characteristic curve (AUC) of 0.77) was 
as accurate as FFR and CFVR (AUC of 0.77 and 0.75, respectively) with the use of 
MPS outcome on reversible perfusion defects as gold standard. However, HSR was 
still superior (AUC of 0.81) to all other investigated parameters, highlighting the 
importance of reducing microvascular resistance of the coronary bed to accurately 
assess functional stenosis severity.

One of the reasons that BSR performs less than HSR may be to the result of relative 
measurement uncertainties due to the smaller values of flow velocity and pressure 
gradient at resting flow. This also holds for iFR. Another reason for the lower 
diagnostic performance of BSR may be that the slope of the pressure drop-flow 
velocity relationship of a specific stenosis depends on the non-linear part of the 
pressure drop due to acceleration losses, meaning the pressure drop-flow velocity 
relationship of different stenoses can cross at higher flow rates, i.e. a stenosis that is 
less severe at baseline flow can become more severe at hyperemia. Finally, partially 
compliant lesions (25–30% diameter stenosis) can collapse at higher flow rates (i.e. 
lower intra-stenotic pressure), which will be missed at resting flow.

An alternative method was developed in Chapter 6, requiring some but not full 
vasodilation. This method is based on the stenosis pressure gradient obtained, c.q. 
predicted at a fixed flow velocity of 30 cm/s (dPv30). With a best cut-off value of 21.2 
mmHg to define functionally significant lesions, dPv30 yielded an AUC of 0.96 with 
the use of FFR≤0.8 as gold standard, 0.94 with FFR<0.75 and 1.00 with HSR as gold 
standard, respectively. This method was validated using adenosine for vasodilation, 
however the (submaximal) hyperemic response to a vasodilatory agent other 
than adenosine can be used to assess dPv30. Importantly, the submaximal reactive 
hyperemic response as consequence of contrast medium injection used to visualise 
the interrogated artery provides sufficient increase in coronary flow velocity to 
determine dPv30.
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Since both BSR and dPv30 do not require the use of adenosine to induce maximal 
hyperemia, these indices can improve the adoption of functional lesion assessment 
in daily clinical practice in these situations.

Association between hyperemic microvascular resistance 
and myocardial ischemia

Evidence has been gathered that in addition to the extent of epicardial disease, 
coronary microvascular dysfunction importantly contributes to (9, 10), or may even be 
the sole origin of (11) reversible myocardial ischemia. Abnormalities in microvascular 
function are likely associated with alterations in hyperemic coronary microvascular 
resistance (12). Despite the increasing evidence that CAD not only results in the 
narrowing of epicardial vessels but also extends into the microcirculation (9, 10), 
there is controversy regarding the quantification of an elevated minimal microvascular 
resistance distal to a coronary artery stenosis.

This controversy relates to the possible role of the collateral circulation in the 
calculation of microvascular resistance. As discussed in Chapter 3, the hyperemic 
coronary pressure-flow relationship within the physiological pressure range is not 
proportional but incremental-linear. This means that this relation does not pass 
through its origin (i.e. pressure=0 at flow=0), but has a non-zero pressure intercept 
at a value higher than venous pressure (Pv). There are two paradigms for the 
incremental-linear nature of the pressure-flow relationship. The first paradigm is 
that resistance of the dilated coronary vascular bed is dependent on pressure and 
heart contraction since microvessels are distensible and compressible and hence 
requires that microvascular resistance at maximal vasodilation is quantified by HMR 
= (Pd-Pv)/v, where Pd represents the coronary distal pressure and v coronary flow 
velocity. This implies that HMR increases with decreasing intraluminal pressure, i.e. 
with increasing stenosis severity. There is ample physiological evidence to support 
this paradigm (13, 14). Direct observations demonstrate changes in diameter of 
resistance vessels with pressure (15) and heart contraction (16). The compression 
effect on HMR, also referred to as extravascular resistance, has been well documented 
by demonstrating that coronary arterial flow increases with cardiac arrest but 
maintenance of coronary pressure (17). The extravascular resistance is especially 
noticeable at the subendocardium as demonstrated by microsphere studies (18–20).
The second paradigm is that coronary resistance is constant and collateral flow is 
linearly increasing with decreasing Pd. The intercept with the pressure axis then 
reflects the maximal collateral flow (21). Based on that assumption hyperemic 
microvascular resistance is quantified by subtracting the coronary wedge pressure 
from intracoronary pressure, as is done for the index of microcirculatory resistance 
(IMR), calculated as (Pd-Pw)/v (22). The evidence presented for this paradigm is, 
however, lacking support from independent measurement of collateral flow.

It is clinically important to resolve this controversy since analysis with HMR leads to 
the conclusion that revascularization results in a decrease of hyperemic microvascular 
resistance (23, 24), while analysis accounting for an assumed collateral contribution 
with IMR lead to the conclusion that this is not the case. Importantly, clinically Pw is 



161

Discussion

9

used as a measure reflecting the presence of collateral flow, while Pw is commonly 
within a range where its value can be better explained by myocardial wall stress (25).
Both paradigms were extensively discussed in Chapter 3. A more pragmatic approach 
of this discussion has been performed in Chapter 7. The definition most likely to 
be correct is the one with the highest prognostic value for reversible myocardial 
ischemia for a given stenosis as detected by an independent method such as MPS. 
We showed a significantly higher risk for reversible myocardial ischemia for lesions 
associated with high compared to low HMR, especially in functionally significant 
lesions (HSR>0.8 mmHg/cm/s). In Chapter 7, no Pw was measured and hence IMR 
could not be determined. However, adjusting HMR for collateral flow according to a 
correlative formula presented in the literature (26) demonstrated a loss of predictive 
power for ischemia. The discriminative value for the presence of reversible myocardial 
ischemia, assessed by the area under the receiver-operating-characteristics curve 
(AUC), was significantly higher for minimal microvascular resistance uncorrected for 
collateral flow (AUC of 0.67) compared to that of minimal microvascular resistance 
after Pw-based correction for collateral flow (AUC of 0.55) (data not shown in 
Chapter 7). In case a higher HMR would be artificial and thus the result of neglecting 
collateral flow, the high predictive value for HMR would be quite unlikely. Hence, 
from these results we conclude that HMR allows for the identification of alterations 
in microvascular resistance that are associated with an increased risk of associated 
pathology and may be considered as a useful tool to quantify the functional status of 
the coronary microvasculature in clinical practice.

Since FFR is proposed as the index of choice for clinical decision making (27), it is 
important to know how this index is influenced by microvascular resistance. As 
demonstrated in Chapter 7, an increased risk for reversible myocardial ischemia 
was found for lesions associated with high compared to low HMR. Importantly, in 
chapter 8 it was shown that the optimal FFR cut-off value was distinctly lower when 
HMR was low (optimal FFR cut-off 0.65) compared with when HMR was high (optimal 
FFR cut-off 0.76). Currently, a fixed cut-off value of 0.8 is used in clinical practice to 
identify functionally significant lesions. These results, however, imply that HMR is 
an important determinant of treatment decision in patients with stable coronary 
artery disease. Revascularization of an epicardial stenosis in patients with a high 
HMR is likely beneficial at higher FFR values due to the effects of perfusion pressure 
on resistance of the distal coronary vasculature. Conversely, revascularization of 
coronary lesions in patients with a low HMR may likely be deferred to FFR-values well 
below currently adopted cut-off thresholds in order to avoid inadvertent treatment 
of functionally non-significant coronary stenoses.

The results of both Chapter 7 and 8 provide novel insights into the consequences 
of an unaccounted extent of microvascular involvement of coronary artery disease 
in the contemporary revascularization strategy adopted in clinical practice, which 
relies on a coronary pressure-only and in essence sole assessment of the epicardial 
contribution to flow limitation to the myocardium. As such, appraising the 
magnitude of minimal microvascular resistance may benefit proper lesion selection 
for percutaneous coronary intervention, and thereby further improve outcomes of 
physiologically-guided coronary intervention.
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Effect of axial measurement location on clinical indices

To avoid effects of disturbed flow on the assessment of hemodynamic signals, current 
practice guidelines recommend to position a sensor-equipped guide wire at least 2 
cm beyond the stenosis (28), but no upper limit is specified. However, in clinical 
practice the distance between the actual measurement location and the throat of 
the stenosis may vary substantially in order to find an optimal and stable blood 
flow velocity signal. For a good interpretation of clinical indices derived from such 
measurements, it is therefore relevant to know to what extent intracoronary pressure 
and velocity signals are affected by the axial measurement location at which they 
are obtained. This location dependency was studied in Chapter 4, and it was found 
that based on group means, flow velocity is not affected by axial location, either in 
reference or distal to a stenosis in diseased vessels. Importantly for functional lesion 
assessment and quantification of microvascular status of diseased vessels, indices of 
stenosis and microvascular resistance were also not affected by axial location.

Another important issue is the use of flow velocity as a surrogate for coronary flow, 
based on the assumption that a decrease in cross-sectional area of the coronary 
bed is matched by a reduction in perfusion territory, thereby rendering flow 
velocity to be rather constant throughout the epicardial coronary vascular tree. 
The data of Chapter 4 supported the Square model, implying that flow velocity 
is indeed independent of changes in lumen diameter across branches and thus, 
rather constant throughout the epicardial vascular bed. However, when considering 
individual patient data rather than group averaged data, an inter-patient variability 
on flow velocity was found for reference vessels, which points to the influence of a 
patient-specific vascular morphology that was more pronounced at proximal than at 
distal measurement locations. Hence, the use of a more distal location to obtain flow 
velocity measurements may further reduce inter-patient variability of flow velocity 
or flow velocity-derived indices. The data presented in the other chapters were 
acquired rather distally, since the experience at our institution is that more stable 
signals can be obtained at that location.

Use of multiscale modeling to improve insights into 
understanding coronary physiology

Multiscale modelling aims at integrating physiological and biophysical mechanisms 
in predictive models than can be used in personalization of diagnosis. Although this 
thesis did not aim to develop such models of the coronary circulation, this research 
provided information for validating multiscale modelling as discussed in Chapter 
2. Findings from either invasive or non-invasive studies can sometimes result in 
conflicting treatment recommendations, while integration of information gained by 
these modalities via multiscale modelling may provide comprehensive insights into 
reasons why these differences occur and generate a more complete picture of the 
coronary physiology in health and disease. A typical example is the integration of 
information gathered by FFR, HMR and MPS, which clearly can yield an improvement 
in diagnosis. Additionally, models enable the simulation of pathologies such as 
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epicardial narrowing or microvascular disease as well as investigation of physiological 
mechanisms such as the role of cardiac contraction or left ventricular pressure 
in the regional distribution of coronary flow (29, 30). Integration of individual 
pathologies by simulations may reveal the nature of mutual interactions under 
different conditions, and may therefore enhance differentiation and personalization 
for diagnostic purposes.

Recommendations for clinical practice and future research

This thesis recommends the combined assessment of intracoronary pressure and 
flow velocity in daily clinical practice enabling 1) the derivation of clinical indices 
of functional stenosis severity do not require maximal vasodilation of the coronary 
microcirculation and 2) the assessment of HMR for optimal decision making of 
revascularization therapy.

Future research should incorporate the simultaneous assessment of intracoronary 
pressure and flow (velocity) for improvement and validation of indices of functional 
stenosis severity such as BSR and dPv30. The latter index requires more extensive 
research in a larger patient cohort with non-invasive assessment of myocardial 
ischemia as a gold standard to validate its diagnostic and prognostic value. Future 
research work should also involve a comparison of the diagnostic accuracy of these 
two newly proposed indices with currently used (hyperemic) indices of functional 
lesion severity and other recently introduced indices to assess functional lesion 
severity not requiring maximal hyperemia, such as iFR.

Furthermore, combined measurements of intracoronary pressure and flow velocity 
can be used to advance the understanding of coronary (patho-) physiology in humans. 
Diagnostics and treatment decision stand to benefit from the development of 
models that integrate information obtained from invasive and non-invasive methods 
to assess myocardial perfusion and predict treatment outcomes. Such developments 
can yield further insights into the coronary physiology of patients who - in contrast 
to most large animal models - present with multiple risk factors, co-morbidities 
and medications. Ultimately, these developments bear great potential to lead to 
improved, personalized patient care.
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ρ density

µ viscosity

Aprox lumen area proximal of a stenosis

ACE angiotensin-converting enzyme

ANOVA analysis of variance

As lumen area within a stenosis

AUC area under the curve

bAPV baseline average peak flow velocity

BCV best cut-off value

BCW backward compression wave

BEW backward expansion wave

bΔP baseline pressure gradient across a stenosis

bPa baseline mean aortic pressure

bPd baseline mean distal pressure

BSR baseline stenosis resistance

c wave speed

CAD coronary artery disease

CBF coronary blood flow

CFR coronary flow reserve

CFRN coronary flow reserve in a normal vessel

CFRS coronary flow reserve in the presence of a stenosis

CFVR coronary flow velocity reserve

CFVR1 coronary flow velocity reserve at measurement location 1

CFVR2 coronary flow velocity reserve at measurement location 2

CI confidence interval

CMR cardiac magnetic resonance

COV coefficient of variance

CT computed tomography

D lumen diameter

Dprox lumen diameter proximal of a stenosis

dI net wave intensity

dI+ forward travelling wave

dI- backward travelling wave

dP change in local pressure

dPv stenosis pressure gradient at a standardized (mean) fow velocity

dPv30 stenosis pressure gradient at a fixed mean flow velocity of 30 cm/s

List of abbreviations

List of abbreviations
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dPv50 diastolic stenosis pressure gradient at a fixed flow velocity of 50 cm/s

DS diameter stenosis

Ds lumen diameter within a stenosis

dt change in time

DTF diastolic time fraction

dU change in flow velocity

ECG electrocardiography

FCW forward compression wave

FEW forward expansion wave

FFR fractional flow reserve

FFR1 fractional flow reserve at measurement location 1

FFR2 fractional flow reserve at measurement location 2

hAPV hyperemic average peak flow velocity

HMR hyperemic microvascular resistance

hΔP hyperemic pressure gradient across a stenosis

hPa hyperemic mean aortic pressure

hPd hyperemic mean distal pressure

HR heart rate

HSR hyperemic stenosis resistance

HSR1 hyperemic stenosis resistance at measurement location 1

HSR2 hyperemic stenosis resistance at measurement location 2

iFR instantaneous wave-free ratio

IMR thermodilution-derived index of microvascular resistance

IQR interquartile range

L length

LAD left anterior descending

LCX left circumflex

LM left main

LV left ventricle

MIBI methoxyisobutylisonitrile

MPS myocardial perfusion scintigraphy

MR microvascular resistance

MRI magnetic resonance imaging

MvO2 myocardial oxygen consumption

NPV negative predictive value

OR odds ratio

ΔP pressure gradient

Pprox pressure proximal of a stenosis

Pa aortic pressure

Pc coronary arterial pressure

List of abbreviations
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PCI percutaneous coronary intervention

Pd coronary distal pressure

PET positron emission tomography

PLV left ventricular pressure

PO2 oxygen pressure

PPV positive predictive value

Ps pressure within a stenosis

PTC pulse transmission coefficient

Pv venous pressure

ΔP-v relationship pressure gradient-flow velocity relationship

Pw wedge pressure

Q blood flow

Qc collateral blood flow

QCA quantitative coronary angiography

Qmyo total myocardial blood flow

Qs coronary flow distal to a stenosis

RCA right coronary artery

ROC receiver-operating-characteristic

SD standard deviation

sMDRD simplified modification of diet in renal disease

SPECT single photon emission computed tomography

SR stenosis resistance

TPG transmural perfusion gradient

v blood flow velocity

vprox blood flow velocity proximal of a stenosis

Velocity1 blood flow velocity at measurement location 1

Velocity2 blood flow velocity at measurement location 2

vs blood flow velocity within a stenosis

WIA wave intensity analysis

List of abbreviations
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The aim of the present thesis is to improve patient selection for percutaneous 
coronary intervention (PCI) by 1) proposing new clinical indices for the assessment 
of functional stenosis severity using combined measurements of intracoronary 
pressure and flow velocity, that do not require maximal vasodilation of the coronary 
vascular bed, and 2) by testing the hypothesis of collateral flow augmentation 
secondary to epicardial narrowing in relation to the presence of reversible ischemia 
and the potential contribution of increased minimal microvascular resistance to total 
myocardial ischemia.

Intracoronary pressure and flow velocity measurements obtained during cardiac 
catheterization form the basis of clinical indices of functional stenosis severity as 
well as for the determination of microvascular resistance. In addition to invasive 
hemodynamic measurements, diagnostics and treatment decision can be improved 
by non-invasive assessment of regional perfusion measurements. However, these 
different modalities in isolation often result in conflicting treatment recommendations. 
Chapter 2 reviews the role of the development of perfusion models of the heart 
used for the interpretation of underlying physiological mechanisms of coronary 
artery disease (CAD) on clinical decision making. Model development enables the 
integration of the information from these different modalities and can generate 
simulation frameworks, thereby providing better insights into the coronary 
physiology that may result in improved patient care. From this review we conclude 
that the developments in regional perfusion measurements are a major step forward 
in bringing physiology to the clinical arena since regional differences are induced 
by a stenosis. These regional differences are not only present between perfusion 
territories distal of obstructed and normal epicardial arteries but also within these 
territories, especially between subepicardial and subendocardial regions. Model 
developments allow the integration of all of these measurements at the epicardial 
level, from pressure and flow data, and regional information, provided by whole 
organ myocardial perfusion imaging. In addition to integrating data, simulation 
frameworks enable the simulation of individual entities such as coronary occlusion 
or microvascular disease as well as analysis of physiological mechanisms such as 
the role that contraction or ventricular pressure play on regional distribution of 
coronary flow. In chapter 3, a review is given on the basic characteristics of coronary 
hemodynamics as described by pressure-flow relations, coronary microvascular 
resistance and myocardial perfusion distribution in the normal and diseased heart. 
These basic characteristics are important to properly interpretate functional stenosis 
severity and resistances derived from these hemodynamic signals.

Current practice guidelines specify that sensor-equipped guide wires used to obtain 
hemodynamic signals for the derivation of clinical indices of functional stenosis 
severity should be positioned at least 2–3 cm beyond the lesion. However, for flow 
velocity measurements the branching and tapering vessels may form a problem 
when a decrease in cross-sectional area is not matched by a reduction in perfusion 
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territory, while pressure along a vessel is likely to decrease due to viscous losses. It 
can therefore be expected that choosing a more distal axial measurement location 
affects these hemodynamic signals. In chapter 4 we assess whether intracoronary 
pressure, flow velocity and derived indices of functional stenosis severity and 
microvascular resistance are affected by differences in axial measurement location 
distal to the lesion. We show that clinical indices of functional stenosis severity and 
microvascular resistance are not affected by measurement location. However, an 
inter-patient variability between flow velocities at different locations in reference 
vessels suggests a stronger influence of patient-specific vascular network morphology 
at proximal measurement locations. More distal locations are therefore advised for 
obtaining velocity or velocity-derived indices to assess epicardial obstructions.

The next two chapters are dedicated to overcome an important shortcoming in 
functional assessment of epicardial stenosis severity. Currently accepted clinical 
indices of functional stenosis severity critically depend on the achievement of maximal 
vasodilation, usually obtained by injecting adenosine. However, there is a current 
ongoing debate regarding the dosis of adenosine required to obtain this maximal 
hyperemia. Furthermore, adenosine is not readily available in every catheterization 
laboratory. Chapters 5 and 6 propose new indices that do not have this requirement. 
In chapter 5, the diagnostic performance of a new, vasodilator-free functional index of 
stenosis severity, the baseline stenosis resistance (BSR) index, obtained during resting 
conditions, is compared to that of the presently available indices against non-invasive 
assessment of reversible ischemia detected by myocardial perfusion scintigraphy 
(MPS). This study demonstrates that BSR is as accurate to predict reversible myocardial 
ischemia as the most frequently used index, i.e. fractional flow reserve (FFR). However, 
the accuracy of the hyperemic stenosis resistance (HSR), known to be less dependent 
on the achievement of maximal hyperemia compared to FFR, was still higher than 
the accuracy of BSR. Despite the promising result of BSR, this index is obtained at 
rest. In this circumstance, coronary blood flow is kept constant despite changes in 
perfusion pressure, which might complicate the assessment of BSR. Since the flow 
limiting properties of a stenosis become more prone at a higher degree of vasodilation, 
discrimination between functional significant and insignificant lesions may improve at 
higher flow rates. Therefore, in chapter 6, we propose another index of functional stenosis 
severity, the pressure gradient at a fixed flow velocity of 30 cm/s (dPv30), calculated 
from the curve fit of the stenosis pressure gradient-flow velocity (ΔP-v) relationship, 
which does not require the achievement of maximal hyperemia. Since contrast medium 
is known to induce submaximal reactive hyperemia, this study tests if adenosine and 
contrast medium result in similar ΔP-v relationships, allowing the derivation of dPv30 
by using contrast medium, thereby circumventing both the requirement of maximal 
hyperemia and the need of adenosine to functionally assess stenosis severity. Since 
MPS is not performed in this study, we define the diagnostic accuracy of dPv30 derived 
with adenosine and contrast medium against both FFR and HSR. This study shows that 
dPv30 obtained with adenosine has an excellent diagnostic performance against FFR and 
HSR. Additionally, we demonstrate that the adenosine and contrast medium obtained 
ΔP-v relationships are remarkably similar, and that dPv30 obtained during submaximal 
hyperemia induced by contrast medium results in an approximately similar diagnostic 
performance compared to dPv30obtained with adenosine.
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In the literature, controversial results have been reported on the influence of 
epicardial coronary artery disease on hyperemic microvascular resistance (HMR). 
This dispute is related to correction for collateral contribution to total myocardial flow 
in the calculation of HMR, and has become of interest since it relates to important 
assumptions underlying the model of the FFR. In chapter 7, we test the hypothesis 
of collateral flow augmentation secondary to epicardial narrowing by comparing the 
results of HSR and HMR in relation to the presence of reversible ischemia determined 
by MPS. This study shows an increased presence of reversible myocardial ischemia 
in patients with a high value of HMR in addition to a functionally significant stenosis, 
which supports the hypothesis that HMR does not require correction for collateral 
flow contribution. The finding of this chapter is not only important for fundamental 
reasons, but has also important consequences for adequate patient selection for PCI. 
Guidelines recommend hemodynamic-derived indices of functional stenosis severity 
as surrogate for non-invasive detection of myocardial ischemia to select patients 
for PCI. However, myocardial ischemia as detected by non-invasive techniques of 
myocardial perfusion are the result of flow limiting contributions of both epicardial 
narrowing and microvascular dysfunction, while hemodynamically derived clinical 
indices of functional stenosis severity only represent the epicardial contribution 
to myocardial ischemia. In chapter 8, the impact of the magnitude of HMR for the 
presence, and FFR-guided identification, of reversible myocardial ischemia on non-
invasive stress testing is evaluated. It shows that HMR is an important determinant 
of treatment decision, as revascularization of an epicardial stenosis in patients 
with a high HMR is likely beneficial at higher FFR values, while revascularization of 
coronary lesions in patients with a low HMR may likely be deferred to FFR-values 
well below currently adopted fixed cut-off of 0.8. The results of both chapter 7 and 8 
demonstrate the importance of incorporating microvascular dysfunction into patient 
selection for PCI, as it may affect the interpretation of clinical indices of functional 
stenosis severity as predictors of reversible myocardial ischemia, the target of 
revascularization therapy, which form the basis of treatment decisions.

In chapter 9 the results from the thesis are discussed based on their relevance 
to improvement of functional stenosis severity assessment and the contribution 
of microvascular resistance to myocardial ischemia, followed by an overview of 
recommendations and finally a future perspective is given.

In summary, this thesis recommends the combined assessment of intracoronary 
pressure and flow velocity in daily clinical practice enabling 1) the derivation of clinical 
indices of functional stenosis severity that do not require maximal vasodilation of the 
coronary microcirculation and 2) the assessment of HMR for optimal decision making 
of revascularization therapy. Additionally, diagnostics and treatment decision stand 
to benefit from the development of models that integrate information obtained 
from invasive and non-invasive methods to assess myocardial perfusion and predict 
treatment outcomes. Such developments can yield further insights into the coronary 
physiology of patients. Ultimately, these developments bear great potential to lead 
to improved, personalized patient care.

Summary



174



175

Dit proefschrift heeft als doel de patientenselectie voor percutane coronaire 
interventie (PCI) te verbeteren door middel van 1) het aanbieden van nieuwe 
klinische indices voor het bepalen van de functionele ernst van een stenose met 
behulp van gecombineerde metingen van intracoronaire druk en stroomsnelheid, 
welke niet afhankelijk zijn van het verkrijgen van maximale vaatverwijding van het 
coronaire vaatbed, en 2) het testen van de hypothese van collaterale verhoging 
van de bloedstroom secundair aan een epicardiale vernauwing in relatie tot de 
aanwezigheid van myocardiale ischemie en de potentiële bijdrage van een verhoogde 
minimale microvasculaire weerstand aan myocardiale ischemie.

Het meten van intracoronaire druk en stroomsnelheid tijdens hartkatheterisatie 
vormt de basis voor klinische indices voor het bepalen van de functionele ernst 
van stenoses alsmede voor het bepalen van de microvasculaire weerstand. Naast 
invasieve hemodynamische metingen kunnen ook non-invasieve bepalingen van 
de regionale perfusie de diagnostiek en behandelbeslissing verbeteren. Deze 
methoden resulteren echter op zichzelfstaand vaak in tegengestelde adviezen 
voor behandeling. In hoofdstuk 2 wordt een overzicht gegeven van de rol van het 
ontwikkelen van perfusiemodellen van het hart ten behoeve van het interpreteren 
van onderliggende fysiologische mechanismen van coronarie vaataandoeningen 
in het maken van klinische beslissingen. Het ontwikkelen van modellen maakt de 
integratie van informatie afkomstig van verschillende toepassingen mogelijk en 
kan een kader genereren voor simulaties, en daarmee het inzicht in de coronaire 
fysiologie verbeteren, wat een bijdrage kan leveren aan het verbeteren van de 
patiëntenzorg. Op basis van het gegeven overzicht in dit hoofdstuk concluderen we 
dat de ontwikkeling van regionale perfusie metingen een grote stap voorwaarts zijn 
in het het introduceren van fysiologie in de klinische arena aangezien een stenose 
regionale verschillen veroorzaakt. Deze regionale verschillen zijn niet alleen aanwezig 
tussen distaal van de vernauwing gelegen perfusiegebieden en normale epicardiale 
vaten maar tevens binnen deze gebieden, met name tussen subepicardiale en 
subendocardiale gebieden. Het ontwikkelen van modellen maakt de integratie van 
epicardiaal verkregen druk en stroomsnelheid data en regionale informatie geleverd 
door myocardiale perfusieafbeeldingen van het hele orgaan mogelijk. Naast het 
integreren van data maken simulatiekaders de simulatie van individuele entiteiten 
zoals coronaire occlusie of microvasculair lijden alsmede de analyse van fysiologische 
mechanismen zoals de rol van contractie of ventriculaire druk in regionale distributie 
van coronaire bloedstroom mogelijk. In hoofdstuk 3 wordt een overzicht gegeven van 
de basiseigenschappen van de coronaire hemodynamica zoals beschreven middels 
druk-bloedstroom relaties, coronaire microvasculaire weerstand en myocardiale 
perfusiedistributie in een normaal en een ziek hart. Deze basiseigenschappen zijn 
van belang voor een goede interpretatie van de functionele ernst van een stenose en 
weerstanden welke  worden afgeleid van hemodynamische signalen.
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De huidige behandelrichtlijnen specificeren dat voerdraden uitgevoerd met sensoren 
ten behoeve van het bepalen van hemodynamische signalen voor het afleiden van 
klinische indices voor de functionele ernst van een stenose minimaal 2–3 cm achter 
de lesie gepositioneerd moeten worden. Voor stroomsnelheidsmetingen vormen 
vertakkende en geleidelijk in diameter afnemende vaten wellicht een probleem 
indien een afname in de dwarsdoorsnede oppervlakte niet in verhouding staat tot 
de reductie in perfusiegebied, terwijl de druk in een vat wellicht af neemt als gevolg 
van visceuze verliezen. Er kan daarom verondersteld worden dat het kiezen van een 
meer distaal gelegen axiale meetlocatie van invloed is op deze hemodynamische 
signalen. In hoofdstuk 4 bepalen we of intracoronaire druk, stroomsnelheid en 
daarvan afgeleide indices voor de functionele ernst van stenoses en microvasculaire 
weerstand beïnvloed worden door verschillen in axiale meetlocatie distaal van de 
lesie. We tonen aan dat klinische indices voor de functionele ernst van een stenose 
en microvasculaire weerstand niet worden beïnvloed door de meetlocatie. Een 
inter-patiënt variabiliteit tussen bloedstroomsnelheden op verschillende locaties 
in referentievaten suggereert echter een sterkere invloed van patiënt-specifieke 
morfologie van het vasculaire netwerk op proximale meetlocaties.Het wordt 
daarom aangeraden een meer distale meetlocatie aan te houden voor het verkrijgen 
van de stroomsnelheid of daarvan af te leiden indices voor het evalueren van 
vaatvernauwingen.

De volgende twee hoofdstukken worden geweid aan het vinden van een oplossing 
voor een belangrijke tekortkoming in het bepalen van de functionele ernst van een 
epicardiale stenose. Huidige geaccepteerde klinische indices voor de functionele 
ernst van een stenose zijn zeer afhankelijk van het verkrijgen van maximale 
vasodilatie, welke meestal verkregen wordt door het inspuiten van adenosine. Er is 
momenteel echter een aanhoudend debat aangaande de benodigde dosis adenosine 
voor het verkrijgen van deze maximale hyperemie. Daarnaast is adenosine niet in elk 
hartkatheterisatielaboratium direct voor handen. Hoofdstuk 5 en 6 stellen nieuwe 
indices voor die dit niet als vereiste hebben. In hoofdstuk 5 wordt de diagnostische 
prestatie van een nieuwe, vasodilatie-vrije functionele index voor stenose ernst, de 
basale stenose weerstand (BSR), bepaald gedurende rustconditie, vergeleken met 
die van momenteel beschikbare indices in vergelijking tot de non-invasieve bepaling 
van reversibele ischemie met behulp van myocardiale perfusie scintigrafie (MPS). 
Deze studie toont aan dat BSR net zo accuraat is in het voorspellen van myocardiale 
ischemie als de meest frequent gebruikte index; de fractionele flow reserve (FFR). De 
accuraatheid van de hyperemische stenose weerstand (HSR), waarvan bekend is dat 
deze minder afhankelijk is van het verkrijgen van maximale hyperemie in vergelijking 
tot FFR, was echter nog steeds hoger dan de accuraatheid van BSR. Ondanks het 
veelbelovende resultaat van BSR, wordt deze index bepaald gedurende rust. In deze 
omstandigheid wordt de coronaire bloedstroom constant gehouden bij veranderingen 
in de perfusiedruk, wat de bepaling van BSR gecomplicereerd kan maken. Gezien 
het beperkende effect van een stenose op de bloedstroom ernstiger wordt bij een 
hogere mate van vasodilatie, kan het onderscheid tussen functioneel significante en 
insignificante lesies verbeteren bij een hogere bloedstroom. In hoofdstuk 6 wordt 
daarom een andere index voor de functionele ernst van een stenose voorgesteld, de 
drukgradiënt bij een vaste stroomsnelheid van 30 cm/s (dPv30), berekend met behulp 
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van de best passende curve van de stenosis drukgradiënt-stroomsnelheid (ΔP-v) 
relatie, waarvoor het verkrijgen van maximale hyperemie geen vereiste is. Omdat 
het bekend is dat contrast medium submaximale reactieve hyperemie veroorzaakt, 
test deze studie of contrast medium en adenosine resulteren in dezelfde ΔP-v relatie, 
wat de afleiding van dPv30 met gebruik van contrast medium toe staat, en daarmee 
een oplossing biedt voor zowel het vereiste om maximale hyperemie te verkrijgen 
als het gebruik van adenosine voor de bepaling van de functionele ernst van een 
stenose. Omdat in deze studie geen MPS wordt gebruikt, wordt de diagnostische 
accuraatheid van dPv30 op basis van contrast medium en adenosine tegen zowel FFR 
als HSR bepaald. Deze studie toont een excellente diagnostische prestatie van dPv30 
op basis van adenosine tegen FFR en HSR aan. Tevens tonen we aan dat de ΔP-v 
relatie op basis van adenosine en contrast medium opmerkelijk gelijkwaardig zijn, 
en dat dPv30 bepaald gedurende submaximale hyperemie verkregen met behulp 
van contrast medium resulteert in een bij benadering gelijkwaardige diagnostische 
prestatie vergeleken met dPv30 bepaald met adenosine.

Er zijn in de literatuur controversiële resultaten gerapporteerd omtrent de invloed 
van epicardiale coronaire vaataandoeningen op de hyperemische microvasculaire 
weerstand (HMR). Deze discussie is gerelateerd aan de correctie voor de collaterale 
bijdrage aan de totale myocardiale bloedstroom in de berekening van HMR, en is 
onder de aandacht gekomen aangezien het gerelateerd is aan belangrijke aannames 
onderliggend aan het FFR-model. In hoofdstuk 7 testen we de hypothese van 
collaterale verhoging van de bloedstroom secundair aan een epicardiale vernauwing 
door de resultaten van HSR en HMR in relatie tot de aanwezigheid van reversibele 
ischemie bepaald met MPS te vergelijken. In deze studie tonen we aan dat er een 
toename in de aanwezigheid van reversibele myocardiale ischemie in patiënten is die 
naast een functioneel significante stenose ook een hoge HMR waarde hebben, wat 
de hypothese dat HMR niet gecorrigeerd hoeft te worden voor collaterale bijdrage 
aan de bloedstroom ondersteunt.

De bevinding in hoofdstuk 7 is niet alleen van fundamenteel belang, maar heeft ook 
belangrijke gevolgen voor de adequate patiëntenselectie voor PCI. Behandelrichtlijnen 
bevelen hemodynamisch-afgeleide indices voor het bepalen van de functionele ernst 
van een stenosis aan als surrogaat voor de non-invasieve detectie van myocardiale 
ischemie voor het selecteren van patiënten voor PCI. Echter, myocardiale 
ischemie gedetecteerd met non-invasieve technieken voor myocardiale perfusie 
zijn het resultaat van bloedstroom limiterende bijdragen van zowel epicardiale 
vernauwingen als microvasculaire dysfunctie, terwijl hemodynamisch bepaalde 
klinische indices voor de funtionele ernst van een stenose alleen de epicardiale 
bijdrage aan myocardiale ischemie representeren. In hoofdstuk 8 wordt de impact 
van de hoogte van HMR op de aanwezigheid, en FFR-gebaseerde identificatie, van 
reversibele myocardiale ischemie op een non-invasieve stress-test geëvalueerd. 
Deze studie laat zien dat HMR een belangrijke determinant voor het maken van 
een behandelbeslissing is, gezien revascularisatie van een epicardiale stenose in 
patiënten met een hoge HMR nodig is bij hogere FFR waarden, terwijl revascularisatie 
van een epicardiale stenose in patiënten met een lage HMR waarschijnlijk afgewezen 
kan worden tot FFR waarden ver boven de huidige vaste cut-off waarde van 0.8. 
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De resultaten van zowel hoofdstuk 7 als 8 tonen het belang van het meenemen 
van microvasculaire dysfunctie in patiëntenselectie voor PCI aan, aangezien het de 
interpretatie van klinische indices voor het bepalen van de functionele ernst van 
een stenose als voorspeller voor reversibele myocardiale ischemie, het doel van 
revascularisatietherapie, kan beïnvloeden.

In hoofdstuk 9 worden de resultaten van dit proefschrift bediscussieerd, gebaseerd 
op hun relevantie voor het verbeteren van het bepalen van de functionele ernst 
van een stenose en de bijdrage van de microvasculaire weerstand aan myocardiale 
ischemie, gevolgd door een overzicht van aanbevelingen, en tot slot wordt een blik 
op de toekomst geworpen. Samengevat beveelt dit proefschrift het gecombineerd 
meten van intracoronaire druk en stroomsnelheid aan in de dagelijkse klinische 
praktijk, waarmee 1) klinische indices voor de functionele ernst van een stenose 
kunnen worden bepaald die niet afhankelijk zijn van het verkrijgen van maximale 
vasodilatie van de coronaire microcirculatie en 2) HMR kan worden bepaald voor een 
optimale behandelbeslissing omtrent revascularisatietherapie. Daarnaast kunnen 
diagnostiek en behandelbeslissingen baat hebben bij het ontwikkelen van modellen 
die informatie, verkregen middels invasieve en non-invasieve methoden voor het 
bepalen van myocardiale perfusie, integreren en de behandeluitkomst voorspellen. 
Zulke ontwikkelingen kunnen het inzicht in de coronaire fysiologie van patiënten 
verbeteren. Tot slot hebben deze ontwikkelingen de potentie om de patiëntenzorg 
te verbeteren en te personaliseren.
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Het afronden van dit project is niet altijd even makkelijk geweest, en de totstandkoming 
van dit boekje is niet alleen aan mijn eigen doorzettingsvermogen te danken, maar ook 
zeker aan familie, vrienden en collega’s. In dit hoofdstuk wil ik graag gebruik maken van 
de mogelijkheid een aantal mensen persoonlijk te bedanken.

Jos, we hebben samen heel wat uren achter jouw pc gezeten om nauwgezet door de 
data te gaan. Tussendoor kwam je vaak met verhalen over wat je mee had gemaakt op 
je boot, een van je grote passies. Maar ook een goede discussie over de interpretatie 
van de data ging je niet uit de weg. Je creativiteit bood hierbij vaak een oplossing. Als 
ik even niet meer wist hoe ik verder moest, had je vaak toch weer een idee, met als 
eindresultaat een aantal mooie publicaties in dit proefschrift.

Maria, jouw wetenschappelijke kennis is onontbeerlijk geweest voor dit proefschrift. Je 
kritische blik op de data en het schrijven van abstracts en papers hebben de artikelen in 
dit proefschrift absoluut naar een hoger niveau getild.

Jan, bedankt voor de vele pragmatische oplossingen die je telkens weer wist te vinden. 
De samenwerking met jou heb ik als zeer plezierig ervaren, welke vaak gepaard ging 
met een gezonde dosis humor. De metingen in het cathlab waren altijd een welkome 
onderbreking van de dagelijkse werkzaamheden.

Tim, hoe kan ik je bedanken…
Voor het slaan van de broodnodige brug tussen “beneden” en “boven” en je hulp bij het 
schrijven van menig artikel. Je enthousiasme en passie voor het vak heeft mij menigmaal 
de motivatie terug gegeven om door te gaan. Maar niet alleen dit enthousiasme heeft 
me geïnspireerd, zeker ook je vakinhoudelijke kennis; er is niemand die ik ken die meer 
in de literatuur zit dan jij. Ik ben er van overtuigd dat deze drive en je kennis op het 
gebied van de intracoronaire hemodynamica je tot een goede interventiecardioloog 
zullen maken. De eerste stap is hiertoe reeds gezet met het bemachtigen van een 
opleidingsplaats in het AMC, en als je het mij vraagt is die zeker verdiend.

Monique, vrijwel meteen na je intrek in ons “meidenkantoor” klikte het. Je humor, je 
kijk op het leven en het sportieve en ondernemende karakter waren eigenschappen 
waar ik mij goed in herkende. Wat mij betreft een vriendschap die we ook buiten het 
AMC voort zullen zetten. Daarnaast had je altijd tijd om even naar een abstract te kijken, 
even te sparren over data analyse, maar zeker ook om even bij te kletsen of te ventileren 
over de soms wonderlijke gebeurtenissen om ons heen. Last but not least, dank dat je 
de taak als paranimf op je wilde nemen.

Nazanine, thank you for being the sun in our room! Your positivism is inspiring, you 
always seem to look at the bright side, and I’ll miss your smile and giggling at the 
hallway☺. There is one specific statement of you I always kept in my mind: “one 
negative, two positive”. I’ll take that message home, because it certainly worked!

Dankwoord
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Cristina, as roommates we once made a joke: you’ll learn me Italian, I’ll learn you Dutch. 
I remember the yellow stickers with the Italian and Dutch word of specific items all 
around in our office. Unfortunately I did not put enough effort into it; the sentence 
“Ci vediamo a domain” (“I’ll see you tomorrow”) and the word “soridi” (“smile”) is all I 
remember... which is a pitty, I could certainly have benefit from it in Milan for my new 
job… Anyway, many thanks for always being welcome to discuss (work related) matters. 
I wish you all the luck with finalizing your thesis, I’m positive it will be good.

Pepijn, als digibeet ben je mijn ware held geweest. Volgens mij moest je er altijd erg om 
lachen als ik weer met een in jouw ogen simple ICT vraag aan kwam zetten. Dankzij mijn 
“inburgeringscursus smartphone” bij jou ben ik nu in ieder geval wel aan het mobiele 
internet verknocht☺. Maar je deur stond ook altijd open voor meer werkgerelateerde 
vragen, of om even bij te kletsen of mijn ei kwijt te kunnen, waarvoor ik je zeer dankbaar 
ben.

Jeroen, ik kan me onze eerste trip naar de States nog goed herinneren, ik was slechts 
een paar maanden in dienst en was samen met jou op weg naar de CSDS. Dat was zeker 
een geslaagde week, en ik kan me nog goed herinneren dat je vrijwel de gehele vlucht 
aan het werk was, ruim 15 uur lang. Je gaf aan dat je gedurende de vlucht eindelijk eens 
de tijd had rustig wat literatuur te lezen. “Wacht maar”, zei je,” hoe verder je komt, hoe 
meer je het gevoel hebt dat je eens lekker een dag zou willen besteden aan het lezen 
van literatuur omdat je daar nooit aan toe komt”. Nu kan ik dat zeker bevestigen. Je 
behoefte om altijd meer kennis te willen vergaren en je steeds weer te realiseren dat er 
nog zó veel is dat je níet weet, is een mooie inspiratiebron geweest.

Wim, je interesse voor de apparatuur die ik voor mijn metingen gebruikte heeft mij het 
werken in het cathlab vaak een stuk makkelijker gemaakt. Als jij was ingeroosterd voor 
een van mijn patiënten stond de apparatuur die we nodig hadden vaak al opgestart en 
ingesteld klaar. Dank voor je enthousiaste samenwerking.

Jetske, met name in de laatste jaren van mijn promotieonderzoek ben je mijn steun 
en toeverlaat geweest, en daarvoor heel veel dank. Ik kon je altijd bellen, al was het 
midden in de nacht, want als nachtmoeder zoals je jezelf vaak noemde was je vaak 
wakker op de meest vreemde tijden. Zelfs smsjes tussen 3 en 4 ‘s nachts, met peptalks 
of wijze adviezen. En die adviezen waren meer dan welkom. Ik ben trots op hoe je het 
allemaal doet, en uiteraard op mijn allermooiste nichtje! Nu zelfs een tweede neefje/
nichtje in aantocht, en toch nog tijd om mijn paranimf te kunnen zijn, daar ben ik je 
heel dankbaar voor. Hier dan het resultaat, ik ben blij dat je als zus zijnde zo’n grote 
betekenis hebt kunnen geven aan de mentale support en daarmee bij hebt kunnen 
dragen aan dit eindresultaat.

Pap en mam, last but certainly not least. Pap, het zit in ons karakter om te proberen 
overal een oplossing voor te vinden. Dit project heeft mij hierin menigmaal uit gedaagd, 
maar je ziet, het is uiteindelijk toch gelukt. Mam, je kon altijd een luisterend oor bieden 
of met mij sparren over dingen die er op het werk speelden, erg fijn, zeker gezien 
feedback van je moeder krijgen soms toch net iets beter werkt. Je wist vaak net dat ene 
goede idee aan te dragen dat voor mij een goede oplossing was. Pap, mam, dank voor 
jullie steun.

Dankwoord



183

Portfolio

PhD student:   Froukje Nolte
PhD period:   April 15th 2008 – April 1st 2013
PhD supervisor:  Jos Spaan, Jan Piek, Maria Siebes

1. PhD training Year Workload (ECTS)

General courses

  - The AMC World of Science 2008 1.00

  -  Expert Management of Medical Literature-Pub Med 2009 0.10

  - Basic Course Practical Biostatistics 2009 1.20

  - BROK 2009 1.10

  -  Expert Management of Medical Literature-Reference Manager Basic 2010 0.10

  - Project Management 2010 0.60

  - Career Development 2011 0.80

Specific courses
  - NHS PhD Training Course-Vascular Biology 2010 1.50

Seminars, workshops and master classes

  - NHS Science Day 2008 0.25

  -  Master Class Glycocalyx 2009 0.20

  - Cardiac Physiome Workshop Oxford 2011 1.00

  - Endnote Seminar 2009 0.25

Presentations

  - Colloquium 2009 0.25

  - Journal Club 2011 0.25

  - Department of Cardiology 2013 0.25

(Inter)national conferences

  -  CSDC, St. Louis, Missouri, USA 
Poster presentation

2008 1.00
0.50

  -  MBEC, Antwerp, Belgium 
Oral presentation

2008 0.50
0.50

  -  MIVAB, Biezenmortel, Netherlands 
Oral presentation

2009 0.50
0.50

  -  IFMBE, Budapest, Hungary 
Oral presentation

2011 1.20
0.50

  -  FASEB, San Diego, California, USA 
Poster presentation

2012 1.25
0.50

  - ESC, Munich, Germany 2012 1.25

  -  AHA, Los Angeles, California, USA 
Oral presentation

2012 1.25
0.50

Other
  - Journal clubs 2008−2013 1.30

Portfolio



184

2. Teaching Year Workload (ECTS)

Lecturing
  - Coronary hemodynamics 2008−2012 0.90

Supervising
  - Scientific Traineeship Medicine Student 2011 1.25

Other
  - Student demonstrations coronary physiology 2008−2012 0.10

Portfolio


