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CORONARY ARTERY DISEASE AND REVASCULARIZATION THERAPY 
 
Stable angina pectoris is a common and sometimes disabling disorder. The 

mortality rate in these patients ranges form 0.9% to 1.4% per annum, with an annual 
incidence of non-fatal myocardial infarction between 0.5% and 2.6%. (1-3) Within the 
population with stable angina, an individual’s prognosis can vary considerably depending 
on baseline clinical, functional and anatomical factors. This emphasizes the importance of 
careful risk stratification. Therefore diagnosis and assessment of angina pectoris involve 
clinical assessment, laboratory tests, and specific cardiac investigations. (4) Non-invasive 
testing can establish the likelihood of the presence of obstructive coronary disease with an 
acceptable degree of certainty and may be used to determine the need for coronary 
angiography for further risk stratification purposes. However, non-invasive testing does not 
allow assessment of suitability for revascularization. 

Coronary angiography generally is undertaken to establish a diagnosis and 
ascertain treatment options. Antiischemic agents, including beta-blockers, nitrates and 
calcium channel blockers, remain the mainstay in the prevention of angina. 
Revascularization via percutaneous coronary intervention (PCI) or coronary bypass surgery 
(CABG) are appropriate in specific cases or when medical treatment fails. The choice of the 
optimal therapy is not simple. A meta-analysis of randomised controlled trials found that 
PCI may lead to a greater reduction in angina compared with medical treatment, although 
the trials did not include enough patients for reliable estimates of the effect of PCI on 
infarction, death or subsequent revascularization. (5) However, PCI can be associated with 
a number of periprocedural complications, which can influence the long-term prognosis of 
the patient. (6-8) Compared to PCI, CABG is associated with reduced rates of major 
adverse cardiac events, mostly driven by reduced repeat revascularization. (9)  

In view of the potential PCI complications, adequate lesion assessment is 
mandatory. Only stenoses causing a large area of ischemia should be considered for 
revascularization or PCI and thus not every coronary stenosis needs to be revascularized. 
(10). It has been shown that after follow-up of 5 years, deferral of PCI in intermediate, 
hemodynamic not significant stenoses is safe. (11-13) Many patients have multivessel 
disease, and often intermediate stenoses (40% - 70% diameter stenosis) are found at 
coronary angiography. It is very difficult to assess the hemodynamic severity of a coronary 
stenosis based on visual assessment of the angiograms alone. (14-17) When using 
quantitative coronary angiography (QCA) to characterize a stenosis, a significant 
correlation between percentage diameter stenosis (DS) or minimal lumen diameter (MLD) 
and a physiologic index can be found, but the dispersion is large and this prohibits decision 
making in individual stenoses. (18-24) Furthermore, cross-sectional anatomic imaging 
obtained from histopathological specimens and intravascular ultrasound (IVUS) have 
highlighted the limitations of coronary angiography. Therefore, physiological assessment of 
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coronary stenoses in the catheterization laboratory often is needed and can facilitate timely 
and objective decision-making about therapy. 

 
PHYSIOLOGICAL ASSESSMENT OF CORONARY STENOSES IN THE 
CATHETERIZATION LABORATORY 

 
1. Coronary flow velocity reserve (CFVR) and coronary flow reserve (CFR) 

Flow velocity in coronary arteries can be measured using a thin (diameter 0.014”) 
Doppler-tipped guidewire, which is advanced into the distal part of the epicardial coronary 
artery. The piezo-electric transducer at the tip of this wire determines the velocity of red 
blood cells from the frequency shift (difference between transmitted and reflected 
frequency). The sample volume is positioned at 5 mm from the transducer and has a width 
of 2.25 mm due to divergent ultrasound so that a large part of the flow velocity profile is 
included in the sample volume. Doppler flow velocities are directly related to volumetric 
coronary flow if the coronary diameter remains constant: Q=v x CSA, where Q is coronary 
flow, v is mean blood flow velocity and CSA is the vessel cross-sectional area. In the 
catheterization laboratory maximal epicardial vasodilatation is realized by intracoronary 
administration of nitroglycerine. When using a Doppler wire to measure blood flow 
velocity, generally the peak instantaneous flow velocity data are used. These data are 
averaged over one heart cycle to determine the mean (peak instantaneous) blood flow 
velocity (over 1 heart cycle) at baseline or maximal hyperemia. It should be realized 
however that at any moment the mean blood flow velocity at a given location in the 
coronary circulation, is approximately half the peak instantaneous flow velocity, when the 
flow velocity profile is fully developed.  

The (absolute) coronary flow velocity reserve (CFVR) is defined as the ratio of 
mean hyperemic to mean baseline flow velocity. The peak instantaneous flow velocity data 
are used for this calculation. Maximal hyperemia is induced by intravenous or intracoronary 
administration of adenosine or intracoronary administration of papaverine. An example of a 
CFVR measurement is given in figure 1. 

In experimental animals, CFVR values relate closely to quantitative coronary 
angiographic measurements. As stenosis severity increases, hyperemic flow becomes 
attenuated and CFVR decreases. (25) Several clinical studies in patients have demonstrated 
that a CFVR <2.0, measured distal to a coronary stenosis, is the best cut-off value to 
discriminate significant (induction of myocardial ischemia) coronary stenoses. (26-28) In 
coronary arteries of young persons, normal CFVR generally exceeds 3. (29) 
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Figure 1. Flow velocity tracings at baseline (left) and at maximal hyperemia (right) in a patient with an 
intermediate coronary stenosis. Mean baseline flow is 12 cm/sec, mean peak flow velocity is 39 cm/sec. The 
coronary flow velocity reserve is 3.1. 

 
Coronary flow reserve (CFR) can be measured in the catheterization laboratory by 

a thermodilution technique and thermistors on the Radi pressure wire (PressureWire, Radi 
Medical Systems, Reading, MA). Therefore the mean transit time (Tmn) of a 3 cc saline 
bolus at room temperature, between the tip of the guiding catheter to the thermistor placed 
distally in the coronary artery, is determined. Coronary flow (Q) is the ratio of the bolus 

volume (V) divided by the transit time (Tmn): 
Tmn
V

Q = . Thermodilution CFR is defined 

as the ratio of hyperemic and baseline flow: CFRthermo = 
restTmnV
hypTmnV

)/(
)/(

= 
rest

hyp

Tmn

Tmn
. (30; 

31) When the coronary diameter remains constant (intracoronary nitroglycerine), CFR 
simply is the ratio of the Tmn at hyperemia and rest. In an animal model, thermodilution 
derived CFR correlated better with CFR as measured with an external probe than with 
Doppler CFVR. (32) 

Measurement of CF(V)R has a number of limitations. CF(V)R is a relative value 
that depends on 4 variables: baseline level of flow, perfusion pressure, cross sectional area 
of resistive vessels per unit volume of myocardium and extracoronary flow resistance. The 
baseline level of flow determines the possible further increase for any given level of 
perfusion pressure and vascular resistance. It is determined by the heart rate, ventricular 
wall tension and contractility. The higher the baseline level, the lower the absolute and 
relative increase that remains available. (figure 2A - C) The cross sectional area (CSA) of 
resistive vessels per unit volume of myocardium influences coronary flow conductance and 
hence the slope of the pressure flow curve at maximal hyperemia. The greater the CSA, the 
steeper the slope of the pressure flow curve. In the presence of maximal vasodilatation the 
vascular conductance of the myocardium can be reduced because the total number of 
resistive vessels per unit volume is decreased (e.g. left ventricular hypertrophy), the lumen 
of individual vessel is reduced (e.g. micro-angiopathy) or hypertrophy of myocardial cells 
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indirectly decreases the vascular CSA. Another limitation of CF(V)R measurements is that 
there is no clearly defined normal value. Finally, a pathologic CF(V)R value in a coronary 
artery with a stenosis can not discriminate whether the flow impediment is due to the 
stenosis resistance and/or elevated microvascular resistance. 

 
Figure 2. Coronary flow as function of coronary perfusion pressure in a normal ventricle. Under maximal 
hyperemia the pressure/flow relation is linear over a wide range of pressures. The slope of this relation is 
independent of the level of baseline flow. In the presence of coronary autoregulation, baseline flow (shaded area) 
remains constant over a wide range of coronary perfusion pressures. Figures A, B and C represent three different 
baseline situations; the dotted line represents baseline flow in situation A. In B baseline flow is lower and in C 
baseline flow is increased. For the three different situations, maximum flow is the same for a given perfusion 
pressure (horizontal dashed lines). For each perfusion pressure, the distance between the horizontal line and the 
maximal hyperemia slope represents the vasodilator reserve. The ratio of maximal and baseline flow is the 
coronary flow reserve. In the figure, arrows a and b represent the vasodilator reserve at a perfusion pressure of 
respectively 70 and 100 mm Hg. It can be seen that the coronary flow reserve depends on the level of baseline 
flow (A,B and C) and the perfusion pressure (a and b). 

 
2. Fractional flow reserve (FFR) 

The ratio of the maximum flow in a stenotic coronary artery (Qs) to the maximum 
flow in that same artery in the case this vessel were completely normal (Q), is called 
(myocardial) fractional flow reserve (FFR). (figure 3) In other words, FFR indicates the 
maximum flow in the presence of a stenosis as a fraction of its normal maximal flow value. 
For example an FFR value of 0.81 means that the maximal myocardial flow only is 81% of 
what it would be without stenosis. The FFR concept assumes that under maximum arterial 
vasodilatation, the resistance of the myocardium is minimal and constant across different 
myocardial vascular beds, and thus blood flow to the myocardium is proportional to the 
driving pressure. It has been shown that FFR can be derived from pressure data obtained at 

maximal hyperemia: FFR = 
PvPa
PvPd

−
−

, where Pa is mean proximal coronary pressure, Pv is 

mean central venous pressure and Pd is mean pressure distal to the stenosis. (33-35) 

Generally Pv is low and constant, and therefore usually is omitted; thus FFR =
a

d

P
P

.  
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Figure 3. Schematic representation of the FFR concept. Qs represents maximal hyperemic flow in a coronary 
artery in the presence of a stenosis. Q represents maximal hyperemic flow in the same coronary artery in the 
absence of a coronary stenosis (e.g. after obtaining an optimal percutaneous transluminal angioplasty result)  

 
 
The distal coronary pressure can be measured with a thin pressure guidewire 

(diameter 0.014”) with a pressure sensor located 3 cm proximal to the tip. This wire is 
advanced into the coronary artery so that the pressure sensor is located distal to the 
coronary stenosis. The proximal pressure is measured at the tip of the guiding catheter. An 
example of a FFR measurement is given in figure 4. 

 
 

 
Figure 4. Phasic and mean proximal (Pa) and distal pressure (Pd) recordings in an intermediate coronary stenosis 
at baseline and at maximum hyperemia induced by intracoronary administration of adenosine. FFR is calculated 
by the ratio of mean distal to mean proximal pressure at maximum hyperemia. 
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In contrast to CF(V)R, the FFR is independent of hemodynamic conditions, such 
as heart rate, blood pressure or contractility.(36)  

The normal value of FFR is 1.0; this underscores the fact that across normal 
coronary arteries, aortic pressure is transmitted completely (without pressure loss) to the 
distal coronary artery. A FFR value <0.75 has been found to reliably indicate a clinical 
significant stenosis. (35; 37-40)  

FFR takes into account the contribution of collateral flow to myocardial 
perfusion.(33; 41) This means that in the presence of a well developed collateral flow 
system, FFR values can be higher than the 0.75 cut-off value despite a very severe coronary 
stenosis. It also means that in such case one is not informed on the hemodynamic impact of 
the stenosis “an sich” but rather on the myocardial flow (sum of antegrade coronary and 
collateral flow). In this situation the FFR value is not truly “lesion specific”.  

When there are consecutive stenoses in a coronary artery, FFR measured of the 
proximal stenosis will be underestimated by the presence of a distal stenosis. It is possible 
but cumbersome to determine the individual contribution of each stenosis to the flow 
impediment with a pressure wire. (42; 43) To study the distribution of abnormalities along a 
diffusely diseased coronary artery, the pressure wire can be pulled back slowly from the 
most distal to a proximal stenosis. This manoeuvre is done during hyperemia induced by 
intravenous adenosine. Since the pressure sensor is very small, the location(s) causing a 
major pressure drop can be located with a high spatial resolution. 

FFR measurements also have a prognostic significance. In a study population of 
325 patients the five-year outcome after deferral of PCI of an intermediate coronary 
stenosis based on FFR � 0.75 value was excellent. In these patients the risk of cardiac death 
or myocardial infarction related to this stenosis was <1% per year. (12)  

It is a matter for discussion what is the correct pressure to implement at the exit of 
the flow system (Pv) to calculate FFR. Probably, the zero flow pressure is the best one from 
a theoretical point of view, but is very difficult to determine in patients. Therefore, 
generally right atrial pressure is used. If the right atrial pressure is clearly elevated, this 
should be accounted for when determining FFR. (44) Otherwise, the true flow impediment 
could be underestimated by the uncorrected FFR 

 
3. CF(V)R, FFR and the microcirculation 

Microvascular disease has an impact on CF(V)R and FFR measurements. 
Abnormalities in myocardial blood flow due to microvascular dysfunction can occur in 
numerous clinical settings. (45) These include smoking, hyperlipidemia, diabetes mellitus, 
arterial hypertension, obstructive and dilated cardiomyopathy, coronary artery disease, 
myocardial infarction and acute coronary syndromes. Microvascular dysfunction can be 
present uniformly or can be restricted to the perfusion territory of a coronary artery. 
Regional impairment of microvascular function can occur in patients with an acute 
myocardial infarction, post percutaneous coronary intervention, in myocardial regions 
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supplied by collateral flow, and after coronary artery bypass grafting. In a number of these 
settings, (partial) recovery of microvascular function will occur after treatment or during 
follow-up. (46-50) Microvascular function can be determined by assessing the hyperemic 
microvascular resistance (HMR). A wide variability in HMR was found in coronary arteries 
with intermediate lesions (40% to 70% diameter stenosis). (51) In this study HMR was 
defined as the ratio of the mean distal coronary pressure and mean coronary flow velocity 
during hyperemia. The variability in HMR explained why CFVR and FFR measurements 
gave discordant results (regarding the hemodynamic significance) in 27% of cases. In the 
coronary arteries with a CFVR < 2.0 and a FFR >0.75 the microvascular resistance was 
significantly higher compared to the group with a CFVR >2.0 and a FFR <0.75. (51) The 
fact that a FFR measurement may be influenced by microvascular disease is not necessarily 
a disadvantage. By definition, the FFR value always gives information to what extent 
maximal blood flow can be increased (by PCI or CABG), irrespective of a normal or 
increased microvascular resistance. However, FFR measurements cannot determine 
whether measurements are performed in a myocardial area with microvascular dysfunction. 

Assessment of CF(V)R and FFR by definition requires that measurements are 
performed when microvascular resistance is minimal and myocardial perfusion is maximal. 
If maximum hyperemia is not completely achieved, the severity of a stenosis will be 
underestimated by the FFR measurement (higher FFR value). In contrast, submaximal 
hyperemia will result in a lower CFVR value and thus leads to overestimation of the 
severity of a coronary stenosis. In the catheterization laboratory, usually adenosine (40 µg 
intracoronary bolus or 140 µg /kg/min intravenous infusion) or (rarely) 10-15 mg 
intracoronary papaverine is administered to induce hyperemia. (52) However, in patients 
with microvascular disease the addition of an alpha-blocking agent to adenosine induced a 
stronger hyperemic reaction, underscoring the fact that adenosine alone not always evokes 
maximal hyperemia. (53). When adding phentolamine to adenosine, a significant decrease 
of FFR was found; however the observed further decrease in microvascular resistance was 
small and did not affect clinical decision making in any patient. (54) The fact that addition 
of other drugs to adenosine can induce a stronger hyperemic response, makes it 
questionable what is the best way to evoke true maximal hyperemia, which is required for 
the assessment of CFVR and FFR. 
 
4. Combined pressure and flow velocity measurements  

The combination of flow and pressure measurements allow a more complete 
interrogation of the coronary circulation. It can give a more lesion specific assessment and 
also can give information on the microvascular function. Currently, 2 methods are used for 
the calculations. The first method combines simultaneous measurements of the phasic 
pressure and Doppler velocity distal to a stenosis. The second method uses distal pressure 
and thermodilution flow and has mainly been used to assess the microvascular resistance. 
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(55) The assessment of the microvascular resistance, using these methods will be discussed 
more in detail in chapter 4. 

Using the flow velocity and distal coronary pressure data, two indices have been 
developed to characterize the hemodynamic effect of a coronary stenosis: the hyperemic 
stenosis resistance and the instantaneous diastolic flow velocity – pressure gradient relation. 

 
a. the hyperemic stenosis resistance (HSR) 

Recently a single wire with both a pressure sensor and a piezo-electric crystal has 
become commercially available, allowing simultaneous pressure and flow velocity 
measurements. (56) The wire is advanced in the coronary artery, taking care that the 
sensors are located distal to the coronary stenosis. The proximal coronary pressure (Pa) is 
measured at the tip of the guiding catheter. By using the flow velocity, proximal and distal 
coronary pressure (Pd) recordings during hyperemic conditions, HSR can be calculated as 
∆P/v where ∆P represents the mean hyperemic pressure gradient (Pa - Pd) and v is the 
average peak velocity. If there is no stenosis, there is no pressure gradient and HSR = 0. A 
HSR value > 0.8 mm Hg.cm-1.s was the best cut-off value to discriminate significant and 
non-significant stenoses. (57) The diagnostic accuracy to detect hemodynamic significant 
stenoses was higher for the HSR, compared to the FFR and CFVR. Particularly in the 
lesions with discordant FFR and CFVR values, HSR better detected significant coronary 
stenoses.  

Although by definition HSR is dependent on flow velocity recordings, it is less 
sensitive to submaximal hyperemia or microvascular disease. If maximal flow is lower due 
to submaximal hyperemia or microvascular disease, the pressure gradient also will be 
smaller. Therefore, the effect on HSR will be small. However the relationship between 
pressure gradient and flow velocity is quadratic (figure 5 panel B). Therefore, with 
increasing flow velocity values, the pressure gradient will increase in a relatively greater 
amount. So, in the event of submaximal hyperemia or microvascular disease, HSR will be 
(slightly) lower compared to HSR measurements at maximal hyperemia. (58) 

 
b. the instantaneous diastolic flow velocity – pressure gradient (v-dp) relation 

Simultaneous flow velocity and pressure data distal to a coronary stenosis can also 
be used in another way to quantify the hemodynamic impact of a coronary stenosis. In his 
fundamental work, Gould and al. correlated the severity of experimentally induced 
coronary stenoses in dogs with the relation between the diastolic flow velocity and the 
transstenotic pressure gradient, more than 25 year ago.(59; 60) Only the mid diastolic phase 
of the heart cycle was investigated in order to eliminate the phases of coronary flow 
acceleration and deceleration in systole and early diastole and to avoid the effects of the 
compressive forces on the contracting ventricle. The instantaneous flow velocity and 
pressure gradient data were fitted using a second degree equation, which comes from basic 
hydraulic laws. (figure 5) 
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Figure 5 Relation between coronary flow velocity and pressure gradient due to a stenosis under resting conditions. 
Panel A shows the original pressure and velocity recordings. Panel B shows the relation between the pressure 
gradient and flow velocity for the entire heart cycle. The numbered points on the panel B correspond to numbers 
on panel A (in the hatched areas). Panel C displays the diastolic flow velocity – pressure gradient relation. 
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It was found that the a second degree equation approximates well the 
hemodynamic behaviour of the coronary stenosis: ∆P=fQ+sQ2 (61-63). In this equation the 
pressure gradient ∆P(mm Hg) is calculated in terms of stenosis flow (Q, ml/sec). The 
equation characterizes the principal modes of pressure loss. The first term accounts for 
frictional energy losses, generated by the layers of blood sliding over each other 

(Poiseuille’s law). This viscous friction energy loss (f) is determined by 2

8

sA
Lπµ

, where As 

is the stenotic segment minimal cross sectional area, µ is blood viscosity and L is stenosis 
length. Flow in a vessel can become nonlaminar with increases in coronary flow; i.e. the 
Reynolds number beomes larger than 2200 . At the entrance of the stenosis, so-called 
contraction losses occur, and at the exit of the stenosis the kinetic energy of the accelerated 
blood is lost to form eddies and localized turbulence, which are called expansion losses. 
Expansion losses are much larger than contraction losses and are described by 

2
11

2 �
�
�

�
�
�
�

�
−

ns AA
ρ

Q2, where ρ is blood density, and An is the reference segment cross 

sectional area. This pressure loss increases with the square of blood flow. Both the inertial 
and viscous pressure loss are inversely related to the stenotic area squared, which therefore 
is the single most important determinant of the pressure drop.  

Using the v-dp relation, Gould and al. discovered that with increasing degrees of 
stenosis severity, there f and s coefficient in the second degree equation also increased. 
They further observed that compensatory vasodilatation of the distal coronary bed 
maintains near normal resting flow for lesions between 60% and 85% diameter stenosis and 
that vasodilator reserve still is present when total coronary flow is reduced below normal by 
a stenosis (at baseline).(64) Furthermore, using the v-dp relation, a greater than expected 
pressure loss was observed due to dilatation of the coronary artery at increasing flow 
velocities. (65) This flow mediated vasodilation nowadays is prevented by the 
intracoronary administration of nitroglycerine, when assessing coronary stenoses in the 
catheterization laboratory.  

One of the attractive characteristics of this index is the fact that it describes a 
coronary stenosis irrespective of the presence of microvascular dysfunction. The use of the 
v-dp relation to characterize the hemodynamic significance of coronary stenoses in patients 
was not incorporated into clinical practice, since 25 years ago miniaturized pressure and 
Doppler wires were not available.  
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OUTLINE OF THE THESIS 
 
In this thesis, we assess the use of combined flow and pressure measurements in 

the assessment of coronary stenoses and the microcirculation. 
In the first part of the thesis, the v-dp relation to assess the hemodynamic 

significance of a coronary stenosis is studied. With the availability of miniaturized Doppler 
and pressure wires, it recently has become possible to study the v-dp relation in patients. 
The feasibility to determine the v-dp relation in patients is assessed in chapter 2. In chapter 
3, the diagnostic performance of the v-dp relation to detect hemodynamic significant 
stenoses is compared with the CFVR and FFR. Therefore, a new index is developed, that is 
derived from the v-dp relation: the dpv50, which is the pressure gradient at a flow velocity of 
50 cm/sec. We also assessed if there is a difference in dpv50 at maximal or submaximal 
hyperemia. In chapter 4 several additional characteristics of the v-dp relation are studied in 
an in vitro model. 

In the second part of the thesis, aspects of the microcirculation are analyzed. In 
chapter 5 the microvascular resistance is assessed in coronary arteries with a mild to severe 
stenosis. Therefore the hyperemic instantaneous distal pressure – flow velocity (dpv) slope 
during diastole is compared with another index of microvascular resistance, based on mean 
pressure and flow velocity measurements averaged over one cardiac cycle. In contrast to 
the latter index, the dpv slope characterizes the microcirculation without the confounding 
effect of cardiac contraction. Special attention is given to arteries with a severe stenosis in 
whom there are conflicting data on microcirculatory function in the literature. The 
microvascular resistance in viable myocardium after chronic myocardial infarction is 
studied in chapter 6, using positron emission tomography (PET) to measure myocardial 
blood flow and distal coronary pressure measurements. The influence of the microvascular 
function in chronic infarct areas on FFR measurements is discussed in chapter 7. 

In the conclusion, a summary of the results are provided and suggestions for future 
research are given. 
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ABSTRACT 
 

Objectives 
We assessed the feasibility and reproducibility of the instantaneous diastolic 

coronary flow velocity - pressure gradient relation to characterize different degrees of 
coronary stenoses. 
Background 

Assessment of the hemodynamic significance of coronary stenoses can be difficult. 
Using sensor-tipped guidewires, various physiologic indexes can be determined in the 
catheterization laboratory. Each of the current methods however has limitations. 
Methods 

After positioning a Doppler flow wire and a pressure wire distal of a coronary 
stenosis, the flow velocity signals and the proximal and distal pressure measurements were 
sampled simultaneously, at baseline and after intracoronary administration of adenosine. 
The instantaneous diastolic flow velocity and pressure gradient measurements of single 
cardiac cycles at baseline, at maximal and intermediate hyperemia were plotted. Data were 

fitted with a regression line using the equation: 20 SvkvP ++=∆ . Measurements were 
performed in 11 normal coronary arteries, 20 intermediate stenoses and in 7 severe stenoses 
before and after PTCA plus stenting. 
Results 

We found significant differences between normal coronary arteries, intermediate 
and severe stenoses. PTCA nearly normalized the highly abnormal flow - pressure gradient 
relation in the severe stenoses. A high degree of reproducibility was observed. In 3 percent 
of the measurements, analysis was not possible due to the occurrence of pressure drift or 
bad flow velocity signals. 
Conclusion 

It is feasible to assess the diastolic flow - pressure gradient relation over a wide 
range of stenoses. It characterizes the hemodynamics of epicardial coronary stenoses and 
allows discrimination between normal coronary arteries, intermediate and severe stenoses. 
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INTRODUCTION 
 
Presently several techniques are available in the catheterization laboratory to 

assess the physiological significance of coronary stenoses, including measurement of the 
coronary flow velocity reserve (CFVR)(1; 2), the instantaneous hyperemic flow versus 
pressure slope index(3-5) and the fractional flow reserve(6-8). Each of these methods, 
however, has limitations(6; 9).  

In his fundamental work, Gould correlated the severity of experimentally induced 
coronary stenoses in dogs with the relation between the flow velocity and the transstenotic 
pressure gradient (10). This quantitative description of a stenosis has, mainly for technical 
reasons, hardly been applied in the clinical setting. Thus, at this time only limited data are 
available on the instantaneous diastolic flow velocity - pressure gradient (v-dp) relation. 
The availability of miniaturized pressure sensors and Doppler guide wires now has made it 
feasible to perform this measurement in humans. 

Therefore, the aim of the present study was 1/ to assess the feasibility of measuring 
the v-dp relation over a wide range of coronary stenoses in patients 2/ to assess the 
reproducibility of these measurements and 3/ to study the acute effects of coronary 
angioplasty on the v-dp relation. 

 
METHODS 

 
Patient population 

The study population consisted of twenty-three patients scheduled for diagnostic 
cardiac catheterization or PTCA. Patients with coronary occlusion, diffuse multivessel 
disease, diabetes mellitus, left ventricular hypertrophy as assessed by echocardiography 
(wall thickness >11mm by M-mode), recent myocardial infarction (<4 weeks) or previous 
coronary artery bypass grafting were excluded. Infarct related coronary arteries were not 
studied. Anti-ischemic and antiplatelet medication were continued during catheterization as 
clinically indicated. 

Oral informed consent was obtained in each patient. The study was approved by 
the institutional review and ethical committee and the procedures followed were in 
accordance with institutional guidelines. 

 
Cardiac catheterization procedure 

Measurements were made in the left descending or circumflex artery only. A 
guiding catheter was advanced up to the left main stem. After administration of 0.2 mg 
isosorbide dinitrate, control angiograms were made. First, the sensor of the pressure wire 
(Wavewire, Endosonics, Rancho Cordova, CA or Radi pressure wire, Radi Medical 
Systems, Uppsala, Sweden) was advanced close to the tip of the guiding catheter. If a 
pressure difference was found, the level of the pressure transducer of the guiding catheter 
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was adjusted until equalization was obtained. Then the pressure wire was advanced to the 
distal part of the artery or distal of the epicardial stenosis. Subsequently, the Doppler guide 
wire (Cardiometrics Inc, Mountain View CA) was advanced distally of the stenosis with the 
Doppler crystal near the pressure sensor. Hyperemia was induced by intracoronary 
administration of 20 to 40 �g adenosine. 

 
Instantaneous measurement of flow velocity and pressure gradient 

The pressure measured at the tip of the guiding catheter (aortic pressure), the distal 
coronary pressure measured by the pressure wire, the instantaneous coronary flow velocity 
and the ECG were transferred to a data acquisition unit (Cardiodynamics, Zoetermeer, The 
Netherlands), connected to a personal computer. Digital recording (sample frequency 100 
Hz) was started before administration of adenosine and ended at complete disappearance of 
hyperemia. Coronary stenting was performed in all patients who underwent PTCA; in these 
patients the measurements were done before PTCA and repeated after an optimal 
angiographic result had been obtained. Neither the flow velocity nor the pressure 
measurements in these patients were used to do additional balloon inflations after stent 
implantation.  

Duplicate measurements were obtained in each coronary artery. The data of the 
first measurement were used for data analysis; the data of the second measurement were 
solely used to assess the reproducibility. 

 
Quantitative angiographic measurements 

Quantitative coronary angiography (QCA) was performed off-line using the CAAS 
II system (CAAS System; Pie Medical Data, Maastricht, The Netherlands). The percent 
diameter stenosis and minimal lumen diameter were measured in a standard manner. In this 
study, we defined a coronary artery without any visible angiographic abnormality as 
normal. Severe stenoses were defined as coronary lesions with unequivocal proof of 
ischemia by non-invasive testing. All patients with a severe stenosis were scheduled for 
PTCA. Any angiographic narrowing with undefined or unclear hemodynamic significance 
was defined as an intermediate stenosis. 

 
Data analysis 

After completion of all recordings, the digital data were further processed. A 
correction was made for the time delay between the two pressure measurement systems. 
The mean delay of the electronic signal was 22 � � 12 milliseconds. Out of each hyperemic 
response to adenosine, three single cardiac cycles were chosen for analysis: one cycle at 
baseline, one cycle at maximal hyperemia (maximal flow velocity), and one cycle with flow 
velocities intermediate to maximum and baseline. An example is given in figure 1.  
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Figure 1. From top to bottom: ECG, proximal coronary pressure (prox p), distal coronary pressure (dist p) and 
coronary flow velocity at baseline condition (left), maximal hyperemia (middle) and intermediate hyperemia 
(right) in a patient with an intermediate coronary stenosis. During hyperemia, higher flow velocities and higher 
pressure gradients are observed compared to baseline condition and intermediate hyperemia. The arrows delineate 
the mid-diastolic data, used to construct the flow velocity - pressure gradient relationship. 

 
 
Of these three cardiac cycles the flow velocity values from mid-diastole to atrial 

contraction were plotted against the instantaneous pressure gradient (aortic pressure minus 
distal coronary pressure). These data were fitted using a quadratic equation: 

20 SvkvP ++=∆ , where P∆  is the pressure gradient in mm Hg, v is coronary flow 
velocity in cm/s, k (mmHg.s/cm) is the coefficient of pressure loss due to viscous friction, 
and S (mmHg s2/cm2) is the coefficient of pressure loss due to flow separation or localized 
turbulence. 

The coefficients k and S with their standard deviation were determined using the 
least squares curve-fitting algorithm in the SPSS 9.0 software package for Windows (SPSS 
Inc. Arlington, Virginia). An example is given in figure 2. 



Chapter 2 

32 

 
Figure 2. Example of the v-dp relation in a patient with an intermediate coronary stenosis. Measurements at 
baseline (open circles), maximal hyperemia (open squares) and intermediate hyperemia (solid triangles) are 

displayed. The solid line shows the regression line, according to the formula 
20 SvkvP ++=∆  

 
 

Statistical analysis 
Continuous variables are presented as mean value ��1 SD and compared using the 

Student t test. A p-value <0.05 was considered significant. The variables in severe stenoses 
and post stenting were compared using the paired t test. 

In order to assess the interobserver variability, a second person independently 
fitted the data. To assess the reproducibility of two measurements in one coronary artery the 
calculated coefficients k and S from the first measurement were compared to those of the 
second measurement. When they were found to be within two standard deviations, we 
concluded there was no statistical difference. In order to quantify the degree of agreement 
between two measurements in one coronary artery or between two observers for the same 
measurement, we first determined the highest and lowest common flow velocity of both 
measurements. In this common flow range, the area delineated by the highest and lowest 2 
SD pressure gradient of the first and second measurement was calculated. The overlapping 
part of both areas was defined as the common flow velocity - pressure gradient area. The 
degree of agreement was defined as the ratio of the common area divided by the averaged 
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flow velocity - pressure gradient area of the first and second measurement. A graphical 
example is given in figure 3. 

 
 

 
Figure 3. Two consecutive v-dp measurements in an intermediate coronary stenosis. The upper and lower 2 SD 
curve is shown for both measurements. After determining the common part of flow velocities, the common area 
between the 95% confidence intervals of both measurements is determined. 

 
 

RESULTS 
 

Patient characteristics 
The study population included 23 patients (Table 1). In most patients, 

measurements were performed in two coronary arteries. Eleven angiographic normal 
coronaries (two LAD - nine LCX) were studied. In 20 coronary arteries with an 
intermediate stenosis (four left main - seven LAD - one diagonal - six LCX - one 
intermediate branch - one marginal branch), the mean diameter stenosis was 33±8%. 
Balloon angioplasty and stent implantation decreased the diameter stenosis in seven 
severely narrowed arteries (6 LAD - 1 LCX) from 70±8% to 5±4%. 
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TABLE 1. Clinical characteristics of 23 study patients 

Features n % 

Age, y, mean±SD 64±8  

Sex, Male/Female 14/9  

History of myocardial infarction 7 30 

Previous PTCA 3 13 

Cardiovascular risk factors   

Hypertension 6 26 

History of smoking 11 48 

Hypercholesterolemia 9 39 

Medication   

ß-blockers 16 70 

Nitrates 15 65 

Ca-blockers 13 57 

Left ventricular ejection fraction  54±6 

% Diameter stenosis   

Normal artery 11  

Intermediate stenosis 20 33±8 

Severe stenosis 7 74±8 

Stenosis poststenting 7 5±4 

LVEF = left ventricular ejection fraction; MI = myocardial infarction; PTCA = percutaneous transluminal 
angioplasty 

 
 

Instantaneous flow velocity - pressure gradient relation feasibility 
In one patient, it was not possible to cross a severe lesion with the two wires; this 

patient was excluded from the study. None of the patients had angina pectoris after 
introduction of the wires. On a total of 90 measurements (two measurements in 45 coronary 
arteries), 3 were unsuitable for analysis. In 2 measurements pressure drift occurred and in 
one measurement the digital flow signals were not analyzable. 

 
Hemodynamic data 

The maximal diastolic flow velocities in the normal coronaries and in the 
intermediate, severe and post stenting stenoses were respectively 73±26 cm/s, 67±17 cm/s, 
26±15 cm/s and 93±27 cm/s as shown in Table 2.  
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TABLE 2. Characteristics of the instantaneous flow velocity - pressure gradient 
relation 

 k S Max 
diast 

flow vel 
(cm/s) 

Max diast 
peak grad 
(mmHg) 

Degree of 
agreement 

(%) 

normal artery 0.032±0.018†‡ 0.00030±0.00049* 76±26 6±3†‡ 88±8†§ 
int stenosis 0.15±0.11� 0.0021±0.0014� 67±17�¶ 19±9� 75±9 
severe stenosis 2.67±1.58†† 0.0014±0.010†† 26±15†† 63±14†† 77±13 
post stenting 0.11±0.06** 0.00096±0.00066# 93±27** 17±10** 77±7 

Values are presented as mean± SD. k and S are the coefficients according to the equation: 20 SvkvP ++=∆  
* p<0.005 vs intermediate stenosis †p<0.001 vs intermediate stenosis, ‡p<0.05 vs post stenting, §p<0.01 vs post 
stenting, �p<0.001 vs severe stenosis, ¶p<0.05 vs post stenting, #p<0.01 vs severe stenosis, **p<0.01 vs severe 
stenosis, ††p<0.0001 vs normal artery 
Max diast flow vel = maximal diastolic flow velocity; Max diast peak grad = maximal diastolic peak gradient int 
stenosis = intermediate stenosis 

 
 
Severe stenoses had a significantly lower maximal diastolic flow velocity 

compared to the other three groups. The maximal diastolic pressure gradients in these 
vessels were 6±3 mm Hg, 19±9 mm Hg, 63±14 mm Hg and 17±10 mm Hg, respectively. 
The maximal diastolic pressure gradient was highly significantly different between normal  

arteries and intermediate stenoses, between intermediate and severe stenoses and 
between severe and post stenting stenoses. The post stenting gradient was significantly 
higher than in normal arteries, but not significantly lower than in intermediate stenoses. 

Significant differences in the k and S coefficients were found between normal 
arteries and intermediate, between intermediate and severe, and between severe and post 
stenting stenoses. Between post stenting and intermediate stenoses, these coefficients were 
not statistically different. The k coefficient, but not the S coefficient was significantly lower 
in normal arteries compared to post stenting stenoses. The mean v-dp relations (±� 1 SD) in 
normal coronary arteries, intermediate and severe stenoses are displayed in Figure 4a; the 
immediate effect of PTCA and stenting is displayed in Figure 4b. 
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Figure 4a. Mean regression lines (thick lines) with one standard deviation (thin lines) for all v-dp measurements 
in normal coronary arteries, arteries with an intermediate stenosis (dashed lines) and with a severe stenosis. 

 
Figure 4b. Mean regression lines (thick lines) with one standard deviation (thin lines) for all severe stenoses 
before PTCA and after PTCA and stenting 
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Reproducibility 
The mean degree of agreement between two independent observers for repeated 

curve fitting of the same data was 91±4% for all measurements. 
In 3 of 45 coronary arteries, no good second measurement was obtained. In 29 of 

42 coronary arteries (69%), both the k and S coefficient of the first measurement was within 
2 standard deviations of the second measurement. In 10 measurements (24%) one 
coefficient and in 3 measurements (7%) both coefficients were significantly different 
between the two measurements. No significant difference for both coefficients was found in 
7 of 9 (77%) normal coronary arteries, in 12 of 19 (63%) intermediate stenoses and in 5 of 
7 (71%) severe or post stenting stenoses. 

The mean degree of agreement (overlapping area) was 78±10% for duplicate 
measurements. In the normal coronary arteries, the intermediate, severe and post stenting 
stenoses, the percentage overlapping area between two measurements was 88±8%, 75±9%, 
77±13% and 77±7% (Table2). The overlapping area was significantly larger for the normal 
arteries. There was no significant difference between the other groups. 

The degree of agreement for measurements without significantly different k and S 
coefficients was 81±9% and the degree of agreement of measurements with one or two 
significantly different coefficients was 75±10%. This difference was not significant. 

 
DISCUSSION 

 
We assessed the feasibility and reproducibility of instantaneous diastolic flow 

velocity - pressure gradient relation over a wide range of coronary stenoses. Significant 
differences in this relation were found between normal coronary arteries, intermediate and 
severe coronary stenoses. Immediately after PTCA and stenting a dramatic improvement 
was found compared to the measurements before PTCA, with near normalization of the v-
dp relation. The fluid dynamic coefficients of the flow velocity-pressure gradient relations 
in these patients were similar to the experimental coefficients previously reported, thereby 
demonstrating the universality of the basic concepts demonstrated initially in experimental 
animals. 

 
The instantaneous flow velocity - pressure gradient relation 

More than 25 years ago, Gould described the hemodynamic properties of coronary 
stenoses in dogs by the instantaneous and simultaneous assessment of the flow velocity and 
pressure gradient changes during the mid-diastolic part of the cardiac cycle in baseline and 
maximal hyperemic conditions(10). Only the mid-diastolic part of the heart cycle was 
analyzed since at this interval the compressive forces of the contracting ventricle are 
minimal and coronary flow is exclusively related to the severity of the epicardial lesion, the 
microcirculatory resistance and the driving pressure. Thus, this combined measurement 
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provides a comprehensive description of the fluid dynamics across the stenotic epicardial 
lesion. 

Until present, two reports on the v-dp relation in humans have been published(11; 
12). The authors normalized the transstenotic pressure gradient to the proximal pressure. 
No single equation was used to describe the regression line; also equations not crossing the 
zero intercept were used, which seems not logical from a physiological point of view. No 
data on the reproducibility were given.  

 
Interpretation 

As shown in Figure 4a, overlap was found between the mean v-dp in normal 
arteries and intermediate lesions. Intravascular ultrasound studies have demonstrated that a 
considerable amount of atherosclerosis can be present in coronary arteries without any clue 
in the angiogram(13; 14). At high flow velocities this obstruction can generate a pressure 
gradient. On the other hand, it is known that the hemodynamic impact of intermediate 
stenoses (as defined by QCA) is difficult to predict(15; 16). Those factors may explain the 
partial overlap of normal coronary arteries and intermediate stenoses. 

In this study, the mean post stenting v-dp relation and k coefficient overlap with 
the lower range of the intermediate stenoses and the higher range of the normal coronary 
arteries. The angiographic post stenting result closely approached normal coronary arteries. 
Here also, most likely the residual amount of atherosclerosis at the non-treated segments 
accounts for the hemodynamic alterations at higher flow velocities. 

 
Methodological considerations 

It is essential to find the most intense spectral flow velocity tracing with the 
Doppler wire, in order to avoid underestimation of maximal distal flow velocities. In some 
measurements, we did not maintain a good flow velocity signal during hyperemia. After 
repositioning or reshaping the angle of the tip of the flow wire, this always could be 
corrected. A few times we noticed cross-talk between the Doppler flow wire and the Radi 
pressure wire resulting in noise; this could be helped by positioning the Doppler crystal of 
the flow wire distal of the tip of the pressure wire. Pressure drift occurred a few times. By 
regularly comparing the pressure measured by the wire and guiding catheter, drift could 
early be detected. 

In order to validate this method, we assessed the reproducibility of repetitive 
measurements. In 69% of the measurements, the k and S coefficients were not different 
between both measurements. Sometimes we noticed that despite a close resemblance of the 
regression lines, the coefficients were statistically different. Therefore we assessed the 
degree of agreement between the two flow velocity - pressure gradient areas. Even in case 
of difference of both coefficients, we found that the degree of agreement was not worse 
compared to measurements with no difference in the k or S coefficient.  
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Limitations 
Three percent of all measurements were unsuitable for analysis due to bad flow 

tracking or unnoticed pressure drift. Nevertheless in all coronary arteries at least one good 
measurement was obtained. 

At this time, the assessment of the instantaneous flow velocity - pressure gradient 
relation requires the use of two separate guide wires. The flow velocity - pressure gradient 
relation certainly is affected by the obstructive effect of the two wires (each 0.1 mm2), 
especially in severe lesions. The degree of overestimation needs to be established in an 
experimental setting. In clinical practice however, questions usually arise about the 
hemodynamic impact of intermediate lesions. For the intermediate lesions in this study, the 
cross-sectional area of both guide wires made up less than 10% of the minimal luminal 
cross-sectional area and therefore probably overestimated the hemodynamic effect only 
slightly. A combined 0.014 inch pressure and Doppler flow wire which will be available 
soon will reduce this problem.  

This study did not address the correlation of the v-dp relation with other estimates 
of myocardial ischemia. Further work has to be done to determine the cut-off points 
between significant and non significant stenoses using this index.  

Although one can speculate that this index is independent of hemodynamic 
conditions, this has to be established. 

 
Clinical implication 

The v-dp relation has the potential to become a new standard to determine the 
hemodynamic characteristics of an epicardial stenosis, since it contains all parameters 
affecting the significance. This might prove to be an advantage compared to the current 
available techniques at the catheterization laboratory. The major concern in interpreting the 
CFVR or relative CFVR (rCFVR) and the FFR is the impact of the microcirculatory flow 
resistance. CFVR is not lesion specific and rCFVR is only applicable if the 
microcirculatory resistance is uniform and if a suitable reference vessel is available. In case 
of severe microcirculatory flow impairment, the FFR will underestimate the significance of 
an epicardial stenosis(17). 

At this time, due to the complex instrumentation and the need for laborious post 
measurement analysis, the v-dp index is not yet ready for general implementation in the 
catheterization laboratory. Improvements in wire technology, signal processing and 
automatization of analysis have to be awaited. 
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ABSTRACT 
 

Objectives 
We derived from the v-dp relation a new index, dpv50 (pressure gradient at flow 

velocity of 50 cm/sec) and compared the diagnostic performance of dpv50, CFVR and FFR. 
Background 

To evaluate the hemodynamic impact of coronary stenoses, the fractional (FFR) or 
coronary flow velocity reserve (CFVR) usually are measured. The combined measurement 
of instantaneous flow velocity and pressure gradient (v-dp relation) is rarely used in 
humans. 
Methods 

Prior to coronary angiography patients underwent non-invasive stress testing. In all 
coronary vessels with an intermediate or severe stenosis, the flow velocity, aortic and distal 
coronary pressure were measured simultaneously with a Doppler and pressure guide wire 
after induction of hyperemia. After regression analysis of all middiastolic flow velocity and 
pressure gradient data, the dpv50 was calculated.  
Results 

Using the results of non-invasive stress testing, the dpv50 cut-off value was 
established at 22.4 mm Hg. In 77 patients, 124 coronary vessels with a mean 39±19% 
diameter stenosis were analyzed. In 43 stenoses ischemia was detected. We found a 
sensitivity, specificity and accuracy of 56%, 86% and 76% for CFVR, 77%, 99% and 91% 
for FFR and 95%, 95% and 95% for dpv50. To establish that dpv50 is not dependent on 
maximal hyperemia, dpv50 was recalculated after omission of the highest quartile of flow 
velocity data, showing a difference of 3%.  
Conclusion 

We found that dpv50 provided the highest sensitivity and accuracy compared to 
FFR and CFVR in the assessment of coronary stenoses. In contrast to CFVR and FFR 
assessment of dpv50 is not dependent on maximal hyperemia. 
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INTRODUCTION 
 
The fractional flow reserve (FFR) and coronary flow velocity reserve (CFVR) are 

indices used during catheterization to assess the hemodynamic effect of a coronary stenosis. 
The FFR is considered to be a specific index of the epicardial stenosis severity and is 
defined as the ratio of mean distal (Pd) to proximal (Pprox) coronary pressure at maximal 
hyperemia.(1) The CFVR is the ratio of mean maximal hyperemic to baseline coronary 
flow velocity and is measured with a Doppler guide wire. The CFVR accounts both for the 
epicardial and microvascular resistance but does not allow discrimination between these 
two.(2) A good agreement with non-invasive stress tests has been shown for these indices at 
cut-off values varying between 1.7-2.0 for CFVR and 0.75 for FFR.(3-7)  

The combination of both flow velocity and pressure measurements, and more 
specifically the diastolic flow velocity - pressure gradient (v-dp) relation gives a 
comprehensive description of the coronary stenosis severity as has been shown in animal 
experiments by Gould.(8) Recently, we reported on the feasibility and reproducibility of the 
v-dp relation in humans and found distinct v-dp relations in normal arteries, versus 
intermediate and severe coronary stenoses.(9) Derived from the v-dp relation, we propose a 
new index, the dpv50; this is the instantaneous pressure gradient at a mid-diastolic coronary 
flow velocity of 50 cm/sec.  

The aim of the present study is to compare the diagnostic performance of the dpv50 

with the CFVR and FFR in the assessment of the coronary stenosis severity.  
 

METHODS 
 

Patients  
The study population consisted of patients with stable angina pectoris (Canadian 

Cardiovascular Society class I through III) scheduled to undergo coronary angiography. 
Prior to coronary angiography, patients underwent non-invasive ischemia detection either 
by dobutamine stress echocardiography or by stress technetium-99m sestamibi single 
photon emission computed tomography (SPECT). Furthermore a mild to severe stenosis in 
the proximal part of at least one major coronary artery had to be found at coronary 
angiography. Exclusion criteria were previous coronary artery bypass grafting, multiple 
consecutive stenoses in a coronary artery, a very tight stenosis prohibiting simultaneous 
passage of a Doppler and pressure wire, aneurysmatic morphology or coronary occlusion. 
Anti-ischemic medication was continued during catheterization as clinically indicated. The 
study was approved by the institutional review and ethical committee and the procedures 
were in accordance with institutional guidelines. Written informed consent was obtained 
from all patients. 
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Myocardial perfusion scintigraphy 
SPECT was performed according to a two day stress/rest protocol. Exercise or 

adenosine were used for the stress images. Technetium-99m labeled sestamibi was injected 
at maximal exercise or after IV infusion of adenosine (0.14 mg/kg per minute). SPECT was 
performed using a two-headed gamma camera equipped with low-energy high-resolution 
collimators. Acquisition was performed using a 360 degree circular orbit. The scintigraphic 
images were analyzed using a 13 segment model.(10) Stress and rest segments were semi 
quantitatively scored as normal (grade 0) or having a mild, moderate or severe (grade 3) 
perfusion defect. Perfusion defects were allocated to the territory of a coronary artery. 
Defects located in the anterior and anteroseptal region were allocated to the left anterior 
descending coronary artery (LAD); defects in the posterolateral wall to the left circumflex 
coronary artery (LCx) and inferior and basal inferoseptal defects to the right coronary artery 
(RCA). Apical defects were considered to be located in the LAD region, unless the defect 
extended to the posterolateral (LCx) or inferior (RCA) wall. Reversible perfusion defects 
were present when the rest perfusion score improved one grade or more and were 
considered as positive for the presence of ischemia. Segments with irreversible perfusion 
defects or normal perfusion were considered negative for the presence of ischemia. The 
MIBI scintigrams were scored by 2 experienced cardiologists; in case of disagreement, a 
majority decision was achieved by a third cardiologist. 

 
Dobutamine stress echocardiography 

An intravenous infusion of dobutamine was started at a rate of 10 µg/kg per 
minute and was increased by 10 µg/kg per minute every three minutes until either wall 
motion abnormalities were observed or a maximal rate of 40 µg/kg per minute was reached. 
In patients who did not reach 90 percent of their age-adjusted maximal heart rate and who 
had no objective signs of ischemia, 0.25 mg of atropine was given every minute up to a 
maximum of 1.0 mg while the dobutamine infusion was continued. End-points for stopping 
the infusion were the same as mentioned in the guidelines.(11) Two dimensional 
echocardiography was performed obtaining parasternal long and short-axis views and 
apical four- and two-chamber views. Imaging was performed throughout the study and 
during recovery until resolution of new wall motion abnormalities. On-line digital images 
in quad screen format were analyzed for the presence, extent, severity and location of 
segmental wall motion abnormalities. Myocardial contractile function was graded as 
normal, hypokinetic, akinetic or dyskinetic in each segment. A dobutamine stress 
echocardiogram was considered positive when new or worsening stress-induced wall 
motion abnormalities were observed. The standard algorithm was used to assign ventricular 
segments to coronary territories: LAD (basal and midanteroseptal segments, basal, mid and 
apical anterior segments, mid and apical septal and apical lateral segments); LCx (basal and 
mid lateral segments, basal and midposterior segments); RCA (basal, mid- and apical 
inferior segments and basal septal segments).(12) The dobutamine stress echocardiograms 
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were scored by 2 experienced cardiologists; in case of disagreement, a majority decision 
was achieved by a third cardiologist. 

 
Cardiac catheterization procedure 

All patients received 5.000 IU heparin at the beginning of the procedure. After 
intracoronary (IC) administration of 0.2 mg nitroglycerine, coronary angiography of the left 
and right coronary artery was performed according to standard procedures. At least two, 
preferably orthogonal views were obtained displaying each coronary lesion with minimal 
foreshortening and no vessel overlap. Quantitative coronary angiography (QCA) was 
performed off-line using the CAAS II system (CAAS System; Pie Medical Data, 
Maastricht, The Netherlands). Percentage diameter stenosis and minimal lumen diameter 
were measured in a standard manner. 

 
FFR, CFVR and simultaneous flow velocity and pressure measurements 

First, the sensor of the pressure wire (Wavewire, Volcano Therapeutics Inc or Radi 
pressure wire, Radi Medical Systems, Uppsala, Sweden) was advanced close to the tip of 
the guiding catheter. If a pressure difference was found, the measurement of the pressure 
wire was electronically adjusted to obtain equalization of pressures. Then the pressure wire 
was advanced distal to the coronary stenosis. The FFR was calculated as the ratio of Pd and 
Pprox at maximal hyperemia, induced by IC administration of 40 µg adenosine. 
Subsequently, the Doppler guide wire (Flowire, Volcano Therapeutics Inc) was advanced 
distal to the stenosis with the Doppler crystal near the sensor of the pressure wire. The 
Doppler wire was manipulated until an optimal and stable flow velocity signal was 
obtained. Hyperemia was induced again. Finally the pressure wire was withdrawn and the 
CFVR was measured with the Doppler wire as the ratio of mean maximal hyperemic to 
baseline flow velocity, averaged over 2 heart beats. 

 
Assessment of the v-dp relation and dpv50 

The pressure measured at the tip of the guiding catheter (aortic pressure), the distal 
coronary pressure measured by the pressure wire, the instantaneous coronary flow velocity 
and the ECG were recorded on a data acquisition unit (Cardiodynamics, Zoetermeer, The 
Netherlands), connected to a personal computer. Data acquisition (sample frequency 100 
Hz) was started before administration of adenosine to disappearance of the hyperemic 
response (figure 1).  
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Figure 1. Simultaneous, instantaneous and mean aortic, distal coronary pressure and flow velocity recordings 
before and after intracoronary administration of adenosine (indicated by arrow). During a 4-fold increase in the 
mean coronary flow velocity, a mean pressure gradient of 13 mm Hg is recorded. For each cardiac cycle after 
adenosine administration, the middiastolic time window is indicated.  

 
 
The v-dp relation and dpv50 were determined after the following 3 steps. First the 

instantaneous flow velocity values from mid-diastole to atrial activation and from peak 
hyperemia to return of baseline condition (on average 20 to 30 cardiac cycles) were plotted 
against the instantaneous pressure gradient data (aortic minus distal coronary pressure). 
Secondly, the v-dp relation was calculated; all data were fitted using a quadratic equation: 
�p = 0+kv+Sv2, where �p is the pressure gradient in mm Hg, v is the coronary flow 
velocity in cm/s, k (mm Hg.s/cm) the coefficient of pressure loss due to viscous friction, 
and S (mm Hg.s2/cm2) the coefficient of pressure loss due to flow separation or localized 
turbulence.(13) The k and S coefficients were determined using the least squares 
curve-fitting algorithm in the SPSS 9.0 for Windows software package (SPSS Inc. 
Arlington, Virginia). In the search for the single instantaneous flow velocity value yielding 
the highest diagnostic accuracy for all patients and all measurements, we assessed the flow 
velocities from 10 cm/sec to 150 cm/sec, with incremental steps of 10 cm/sec. The highest 
accuracy was found at a flow velocity of 50 cm/sec. Thirdly, based on the k and S 
coefficients, the pressure gradient at a flow velocity of 50 cm/sec, the dpv50, was calculated. 
An example is given in figure 2. 
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Figure 2a. Flow velocity - pressure gradient relation of coronary stenoses A and B. For both coronary arteries, all 
middiastolic data are shown of all cardiac cycles after administration of adenosine. 

 

 
Figure 2b. The regression line, representing the v-dp relation for both stenoses is displayed. The pressure gradient 
at a flow velocity of 50 cm/sec (dpv50) of stenosis A is 56 mm Hg and of stenosis B is 9 mm Hg. 
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Diagnostic performance of FFR, CFVR and dpv50  
Using the results of the non-invasive stress tests (absence or presence of ischemia 

during myocardial perfusion scintigraphy or dobutamine stress echocardiography) and ROC 
analysis, the cut-off value for the dpv50 to discriminate hemodynamic significant and 
insignificant stenoses was established at 22.4 mm Hg. To assess and compare the diagnostic 
performance of the 3 indices, the sensitivity, specificity and accuracy were determined 
based on the results of the non-invasive stress tests. For FFR and CFVR the generally 
recommended cut-off values (FFR 0.75 and CFVR 2.0) were used. We also determined the 
cut-off values for FFR and CFVR based on this study population. 

 
dpv50 and submaximal hyperemia 

To investigate the influence of submaximal hyperemia on the assessment of the 
dpv50, the following procedure was undertaken. As described in the section on the 
assessment the dpv50, all middiastolic flow velocity and corresponding pressure gradient 
data were plotted. We determined the range of instantaneous flow velocity values for each 
individual measurement, with the lowest flow velocity value representing 0% and the 
highest value representing 100% of the range. Then, all data with a flow velocity higher 
than 75% of the maximal flow velocity were disregarded. The dpv50 was again determined 
after regression analysis of the remaining data. 

 
Statistical analysis 

Continuous variables are presented as mean value ± SD. Sensitivity was defined as 
the number of true positive tests divided by the total number of myocardial territories with 
ischemia by non-invasive stress testing. Specificity was defined as the number of true 
negative tests divided by the total number of myocardial territories without ischemia by 
non-invasive stress testing. Accuracy was defined as the total number of true positive and 
true negative tests divided by the total number of myocardial territories. The McNemar test 
was used to compare the sensitivity, specificity and accuracy of FFR, CFVR and dpv50. A 
value of p<0.05 was considered statistically significant. 

 
RESULTS 

 
Patient characteristics  

The study included 77 patients (51 male, 26 female, mean age 60±10 years). 
Patients demographics and medication are given in table 1. Four patients had chronic atrial 
fibrillation. A history of myocardial infarction was present in 44% of patients. 
Hypertension was present in 40% of patients, diabetes mellitus in 29%, smoking in 45% 
and hypercholesterolemia in 52%. 
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TABLE 1. Patient demographics (n=77) 

Age, y 60±10 

Sex, M/F 51/26 

Atrial fibrillation 4 (5) 

History of myocardial infarction 34 (44) 

Coronary risk factors  

Hypertension 31 (40) 

Diabetes mellitus 22 (29) 

History of smoking 35 (45) 

Hypercholesterolemia 40 (52) 

Medication  

Acetylsalicylic acid 70 (91) 

Beta-blockers 65 (84) 

Nitrates 36 (47) 

Calcium-antagonists 27 (35) 

ACE-inhibitors 30 (39) 

Diuretics 12 (16) 

Oral anticoagulants 13 (17) 

Lipid lowering drugs  52 (68) 

Values in parenthesis indicate percentages 
 
 
Results of non-invasive stress testing, quantitative coronary angiographic and 
hemodynamic data 

Successful measurements were performed in 124 coronary vessels. In 37 patients 
one stenosis, in 33 patients a stenosis in 2 coronary vessels and in 7 patients stenoses in 3 
coronary vessels were assessed. Measurements were performed 64 times in the LAD, 39 
times in the LCx and 21 times in the RCA. In 20 patients a stenosis in an infarct related 
artery was analyzed. Dobutamine stress echocardiography was performed in 28 (36%) 
patients. New wall motion abnormalities during dobutamine infusion were found 15 times 
in the LAD perfusion territory, once in the LCx and 3 times in the RCA perfusion territory. 
In these patients 41 (24 LAD, 11 LCx and 6 RCA) coronary arteries were analyzed. MIBI 
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scintigraphy was performed in 49 (64%) patients. Reversible perfusion defects were found 
18 times in the LAD perfusion territory, 2 times in the LCx and 4 times in the RCA 
territory. In these patients 83 (40 LAD, 28 LCx and 15 RCA) coronary arteries were 
evaluated. Compared to patients who underwent stress echocardiography, diabetes mellitus 
was significantly more present in patients who underwent MIBI scintigraphy; other patient 
characteristics did not differ between the two groups (data not shown). 

The quantitative coronary angiographic and hemodynamic data are displayed in 
table 2. Results are given for all measurements; furthermore a distinction is made between 
stenoses with corresponding abnormal and normal noninvasive stress test. The coronary 
stenoses with abnormal stress tests had a smaller minimal luminal diameter and higher 
percentage diameter stenosis, a lower FFR and CFVR, and a higher dpv50. All these 
differences were statistically significant. 

 
TABLE 2. Quantitative coronary angiographic and hemodynamic data  

 
All stenoses 

(n=124) 
Ischemia pos 

(n=43) 
Ischemia neg 

(n=81) 
p value 

QCA      

Ref diameter, mm 2.89±0.55 2.97±0.68 2.85±0.46 NS 

MLD, mm 1.76±0.55 1.33±0.51 1.98±0.49 <0.0001 

DS, % 39±19 55±13 30±16 <0.0001 

FFR 0.85±0.12 0.72±0.10 0.92±0.06 <0.0001 

hPao (mm Hg) 97±17 97±20 97±16 NS 

hPd (mm Hg) 81±20 68±20 88±16 <0.0001 

CFVR 2.6±0.8 2.1±0.6 2.9±0.8 <0.0001 

bAPV (cm/sec) 17±8 16±9 18±7 NS 

hAPV (cm/sec) 43±18 34±21 48±13 <0.001 

Max flow vel (cm/sec) 63±27 47±29 72±21 <0.0001 

dpv50 (mm Hg) 27±31 59±31 10±10 <0.0001 

QCA indicates quantitative coronary angiography; MLD, minimal luminal diameter; DS, percentage diameter 
stenosis; FFR, fractional flow reserve; hPao, aortic pressure at hyperemia; hPd, hyperemic distal coronary 
pressure; CFVR, coronary flow velocity reserve; bAPV, baseline average peak velocity; hAPV, hyperemic 
average peak velocity; max flow vel, maximal instantaneous mid-diastolic flow velocity; dpv50, pressure gradient 
at instantaneous flow velocity of 50 cm/sec; ischemia positive and negative indicate the results of the non-invasive 
stress test 
p value: comparison between measurements in stenoses with a positive or negative noninvasive stress test result; 
NS indicates not significant 
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Diagnostic performance of dpv50, FFR and CFVR 
As shown in table 3, the sensitivity of dpv50 (95%) was significantly higher than 

FFR (77%) and CFVR (56%). The specificity of dpv50 (95%) was comparable to FFR 
(99%). The accuracy of dpv50 (95%) and FFR (91%) were significantly higher than CFVR 
(76%). In this study population the best cut-off value for CFVR and FFR was found at 1.9 
and 0.75. For a CFVR of 1.9, the sensitivity, specificity and accuracy respectively were 
53%, 91% and 78%. 

 
 

TABLE 3. Diagnostic performance of and dpv50, FFR and CFVR 

 dpv50 FFR CFVR 

sensitivity 95%*† 77%‡ 56% 

specificity 95% 99%§ 86% 

accuracy 95%a 91%b 76% 

FFR, fractional flow reserve; CFVR, coronary flow velocity reserve 
* p<0.05 dpv50 versus FFR, † p<0.0001 dpv50 versus CFVR, ‡ p<0.05 FFR versus CFVR, § p<0.01 FFR versus 
CFVR, a p<0.0001 dpv50 versus CFVR, b p<0.001 FFR versus CFVR 

 
 
As described in the methods, we also assessed the dpv50 after omitting the upper 

quartile highest instantaneous flow velocity data. We found a 3% difference between the 
dpv50 based on all data compared to the dpv50 based on the submaximal measurements. This 
resulted in one additional false positive result, decreasing the specificity of the dpv50 from 
95% to 94%. 

The relation between FFR or CFVR and dpv50 for all measurements is graphically 
represented in figure 3a and 3b. The cut-off values for the three indices are displayed. The 
data in the lower right and upper left quadrant represent concordant data. In the upper right 
quadrant of figure 3a, discordant measurements (normal FFR and abnormal dpv50) can be 
found; there were no measurements with an abnormal FFR and normal dpv50 (lower left 
quadrant). Overall, concordance between dpv50 and FFR was found in 90% of all 
measurements. From figure 3b it can be appreciated there were more discordant results 
between CFVR and dpv50 (upper right and lower left quadrant). For the dpv50 and CFVR, 
concordant results were found in 76% of all measurements. 
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Figure 3a Scatter plot of FFR and dpv50 data together with the cut-off values 

 
Figure 3b Scatter plot of CFVR and dpv50 data together with the cut-off values 
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DISCUSSION 
 
In the present study we compared the diagnostic performance of two commonly 

used invasive indices, the CFVR and FFR with a new index, the dpv50, to detect 
hemodynamic significant coronary stenoses. We found that the dpv50 yielded the highest 
accuracy. Compared to the FFR, the dpv50 had a significant higher sensitivity and a similar 
specificity and accuracy. Furthermore, the dpv50 had a significant higher sensitivity and 
accuracy compared to the CFVR. We also demonstrated that maximum hyperemia is not 
required to reliably assess the dpv50. 

 
The diastolic flow velocity - pressure gradient relation and dpv50 to assess the 
hemodynamic effect of coronary stenoses 

Fluid dynamics of coronary artery stenoses are complex.(14) The pioneering work 
of Gould and Young has demonstrated that the relation between pressure gradient and flow 
velocity in stenoses can be described by �P= 0+kv+Sv2.(8; 15-17) We have previously 
shown the feasibility to measure the diastolic coronary flow velocity - pressure gradient 
relation in humans in a reproducible way.(9)  

To compare the v-dp relation of a stenosis with the FFR or CFVR, it has to be 
described by a single index. For this purpose the use of the k and S coefficients, which are 
both required to adequately describe the non-linear v-dp relation, is not adequate. Therefore 
we defined a new index, which is directly derived from the v-dp relation. In the search for 
the single instantaneous flow velocity value yielding the highest diagnostic accuracy for all 
patients and all measurements, we assessed the flow velocities from 10 cm/sec to 150 
cm/sec, with incremental steps of 10 cm/sec. From 30 cm/sec to 80 cm/sec we found an 
identical sensitivity of 95%. The specificity ranged from 93% to 95% for the flow velocities 
from 30 to 60 cm/sec. This indicates that within the flow velocity range of 30 to 60 cm/sec, 
the corresponding instantaneous pressure gradient most reliably characterizes the 
hemodynamic significance of a stenosis. Within this range, the highest accuracy was found 
at a flow velocity of 50 cm/sec; therefore this value was chosen to use in the present study. 

The dpv50 of a coronary stenosis is calculated after regression analysis, using the k 
and S coefficients. This has three advantages. First, as can be seen in figure 2, we found 
scattering of the data, due to noise in the flow velocity (despite a sharply defined flow 
velocity contour) and pressure data. By using all data instead of averaging only the data 
with a flow velocity of 50 cm/sec, a more reliable assessment of the dpv50 is obtained. 
Secondly, in 43 of the 124 measurements, a peak instantaneous middiastolic coronary flow 
velocity lower than 50 cm/sec was recorded; 13 of these stenoses did not cause ischemia. In 
these measurements the dpv50 could only be assessed after regression analysis and 
extrapolation. Therefore in most hemodynamic insignificant and in some hemodynamic 
significant stenoses, the dpv50 is a physiologic measure. Thirdly, it can be postulated that 
missing the data at the highest flow velocities will not dramatically alter the course of the 
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regression line and that maximal hyperemia thus is not a prerequisite to reliably assess the 
dpv50. To test the latter we omitted for each stenosis the data in the upper quartile of the 
flow velocities and then reassessed the dpv50. A difference of 3% was found between the 
dpv50 based on the complete and incomplete data, resulting in 1 measurement to be 
reclassified from true negative to false positive. In contrast, assessment of CFVR and FFR 
by definition requires achievement of maximal hyperemia. In this study we always gave 40 
�g adenosine IC; it has been shown that this dose evokes an equipotent hyperemic response 
as IV adenosine.(18) In the literature it has been suggested that for technical and 
pharmacokinetic reasons, IC administration of adenosine may induce only submaximal 
hyperemia, resulting in underestimation of a coronary stenosis when FFR and 
overestimation when CFVR is used.(18-21) Furthermore it remains uncertain whether 
adenosine can elicit maximal hyperemia. It has been shown that the addition of �1- and 
�2-adrenergic blocking agents to adenosine induces a stronger hyperemic stimulus after 
PCI, in patients with coronary atherosclerosis and in normal humans.(22-25) Coronary 
occlusion also can induce a stronger hyperemic response than adenosine.(26)  

 
Spatial resolution of dpv50 

In this study we took care to determine the dpv50 distal to the most distal stenosis 
visible at angiography. However, flow velocity and coronary pressure can be measured 
simultaneously at any location in a coronary artery. If flow and pressure data are obtained 
at the same spot, the dpv50 gives information on the epicardial resistance from the coronary 
ostium to the location where measurements are obtained. By the virtue not to be dependent 
on maximal hyperemia the dpv50 of a coronary segment thus can be assessed irrespective of 
any additional epicardial or microcirculatory resistance distal to the point of measurement. 
Therefore, in case of diffuse atherosclerosis or serial epicardial stenoses, by determining the 
dpv50 at different spots, the location with the largest resistance can be identified. 

 
Study limitations 

In six measurements it was not possible to obtain optimal Doppler flow velocity 
recordings and in these cases no reliable v-dp relation could be computed. The cut-off value 
of the dpv50 in this study is derived from measurements with 2 wires through a coronary 
stenosis, probably increasing its severity. Very recently, a single 0.014” wire (ComboWire, 
Volcano therapeutics Inc, Rancho Cordova, California) allowing combined flow velocity 
and pressure measurements has become available for clinical use. The diagnostic 
performance of the dpv50 was assessed based on the cut-off value established in the same 
study population; this might lead to a bias toward better test results. To properly determine 
the accuracy of the dpv50 in the assessment of coronary stenoses, a prospective study is 
needed to establish the predictive value of this cut-off value. It can be assumed on 
theoretical grounds that the v-dp relation and dpv50 are independent of hemodynamic 
conditions (heart rate, aortic pressure, contractility). (27)This has not been thoroughly 
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evaluated yet. However, in patients with atrial fibrillation we found that the data of each 
cardiac cycle fitted the same v-dp curve, despite widely varying cardiac cycles lengths and 
aortic pressure. To further investigate the effect of heart rate and changes of preload on the 
dpv50, measurements at different pacing rates should be done. Measurements in a 
poststenotic aneurysmatic part of a coronary artery modify the v-dp relation. Therefore we 
always have measured in the distal, normally sized part of the coronary artery. Coronary 
arteries with a very diffuse, ectatic appearance were excluded from this study. At the 
present time computation of the dpv50 has to be done off-line. 

In conclusion, we found a very high sensitivity and specificity for the dpv50 in the 
assessment of the hemodynamic significance of coronary stenoses. In contrast to the CFVR 
and FFR, calculation of the dpv50 is not critically dependent on the induction of maximal 
hyperemia.  
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Three fundamental advances in our knowledge underlie the rapidly evolving long-
term treatment of coronary artery disease (CAD), summarized briefly here for perspective 
on the paper by Marques and colleagues (1) in this issue of American Journal of 
Physiology-Heart and Circulatory Physiology, on quantifying severity of coronary artery 
stenoses by their pressure-flow velocity relation.  

The first of these advances identified sudden plaque rupture and thrombosis as the 
cause of most acute coronary syndromes associated with inflammation and wall stress of 
lipid-rich plaques with thin fibrous caps. Consequently, in randomized trials, 
revascularization procedures in chronic stable CAD do not decrease coronary events or 
improve long-term survival. (2-4) Deferring revascularization based on physiological 
severity of coronary artery stenosis quantified by coronary flow reserve (CFR) or fractional 
flow reserve (FFR) improves management of CAD by reducing unnecessary procedures 
with better outcomes than routine revascularization based on visual stenosis severity on 
coronary arteriograms. (5-7) Revascularization procedures may be appropriate for acute 
coronary syndromes or refractory symptoms due to myocardial ischemia but, even with 
advanced surgical techniques and coated stents, have not improved survival in chronic 
stable CAD. (2-4). However, based on well-documented visual overestimates of stenosis 
severity, economic incentives, and the well-meaning urge to “do something now” by 
patients and physicians, these procedures are substantially overutilized without objective 
measures of ischemia or severity (8), particularly in view of comparable outcomes with 
deferring revascularization based on objective physiological severity. (5-7)  

The second of the major advances was stabilization or regression of coronary 
atherosclerosis by intense pharmacological and/or lifestyle changes that improve coronary 
blood flow, reduce atherosclerotic burden, and decrease coronary events by over 90% 
compared with less intensively treated control subjects. (9; 10) Whereas statin monotherapy 
reduces coronary events and mortality by 30–50% compared with untreated controls, it 
does not adequately address the risks of low HDL and/or high triglycerides. Multidrug 
and/or intense combined pharmacological and lifestyle treatment further improve outcomes 
more than after revascularization procedures with parallel improvement in myocardial 
perfusion.  

The third major advance integrated the anatomic, pressure, and blood flow 
characteristics of the entire coronary artery tree that explain fundamental coronary artery 
branching structure, the interacting effects of single or multiple stenosis, and/or diffuse 
atherosclerosis as the basis for precisely quantifying disease severity in clinically relevant 
terms, both invasively and non invasively. (11-13).  

CFR was the first physiological measure of stenosis severity. (14-18) Relative 
CFR is the basis of non invasive stress perfusion imaging. Absolute CFR is the basis of 
flow velocity measurements using intracoronary Doppler wires or arterial thermodilution 
catheters during maximum flow after intracoronary adenosine. Absolute or relative CFR is 
also measured by positron emission tomography (PET) perfusion imaging after intravenous 
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adenosine or dipyridamole. Arteriographic stenosis flow reserve is a calculated flow reserve 
based on precise integrated stenosis dimensions objectively measured by automated 
arteriographic analysis using fluid dynamic equations.  

Coronary FFR is relative flow reserve determined from pressure wire recordings 
across a single stenosis at maximum flow after intracoronary adenosine. (19) FFR is readily 
obtained during routine coronary arteriography, is reproducible, and, at a threshold of 0.75 
(normal FFR being 1.0), correlates well with exertional ischemia. It serves as a guide for 
deferring revascularization procedures with better outcomes than visual estimates of 
severity as the basis for these procedures. (5-7) However, FFR is not valid for multiple 
stenoses or diffuse disease. (19) Neither FFR nor CFR indicates stenosis severity if small 
vessel disease or diffuse coronary atherosclerosis limits the flow response to 
pharmacological agents or exercise as commonly occurs in CAD.  

These three advances suggest that revascularization procedures are indicated at 
coronary arteriography only for stenoses that are physiologically severe enough to cause 
refractory ischemia by objective measurements since visual assessment of severity is 
grossly inadequate for moderate stenosis of intermediate severity. Stenoses not meeting 
preestablished thresholds of severity should not be instrumented but treated with intensive 
lifestyle and pharmacological agents for optimal outcomes. After appropriate noninvasive 
testing and/or a trial of medical treatment, the question then becomes, What is the best 
measure of physiological severity of a stenosis at coronary arteriography–automated 
quantitative arteriographic analysis, CFR, FFR, or dpv50?  

 
Current paper  

In this study (1), 77 patients with CAD were studied with dobutamine stress 
echocardiography (echo), dipyridamole single-photon-emission computed tomography 
(SPECT) perfusion imaging, quantitative coronary arteriography, and diastolic pressure 
gradient-flow velocity measurements across stenoses during hyperemia following 
intracoronary adenosine. The diastolic pressure gradient-flow velocity curves were best fit 
to a quadratic equation for determining its viscous and separation coefficients. Based on 
this best-fit quadratic equation, the pressure gradient at a standardized 50 cm/s flow 
velocity (dpv50) was calculated as a single comprehensive number quantifying stenosis 
severity derived from the entire pressure gradient-flow velocity relation. The units of dpv50 
are millimeters of mercury at 50 cm/s.  

The strength of dpv50 is its directly measured pressure-flow velocity relation used 
to calculate the stenosis pressure gradient at a projected or assumed 50 cm/s flow velocity 
even if that flow velocity could never be achieved in that patient due to small vessel or 
diffuse disease. Therefore, it does not depend on maximal CFR, thereby making it 
independent of small vessel disease or poor response to adenosine.  

The sensitivity and specificity for threshold levels of dpv50, FFR, and coronary 
flow velocity reserve (CFVR) determined at coronary arteriography were then compared 
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for identifying stenosis severity sufficient to cause myocardial ischemia on prior stress echo 
or perfusion imaging. The threshold value of dpv50 that best differentiated a stenosis 
causing ischemia from one that did not was 22.4 mmHg, analogous to the FFR threshold of 
0.75 for FFR and 1.9 for relative CFVR.  

For their respective thresholds, dpv50 had higher sensitivity and specificity than 
FFR or CFVR for identifying stenosis severe enough to cause ischemia by stress echo of 
perfusion imaging compared with those stenoses that did not cause ischemia. In essence, 
the dpv50 measured at coronary arteriography is equivalent to a stress test for identifying 
ischemia independently of or despite coronary small vessel disease associated with 
atherosclerosis. The difference between calculated and directly measured dpv50 might be a 
measure of small vessel disease as well. The dpv50 is therefore the next conceptual step 
after CFR and FFR for assessing physiological severity of stenosis at coronary 
arteriography as a guide to revascularization procedures.  

 
Limitations 

Although contributing a valuable concept, the study by Marques and colleagues 
(1) is not optimal in some respects. The stress echo and perfusion data used for determining 
the threshold value of dpv50 at 22.4 mmHg were then also used in the same group of 
patients to calculate the diagnostic sensitivity and specificity of dpv50 compared with FFR 
and CFVR. Therefore, by definition, the dpv50 would likely have optimal sensitivity and 
specificity for predicting stress echo and perfusion abnormalities, since the dpv50 threshold 
itself was originally defined based on this same stress echo and perfusion data.  

The threshold values for FFR and CFVR were initially assumed from the literature 
rather than being predefined by the same stress echo and perfusion data. This assumption 
potentially biased the study making dpv50 more sensitive and specific than FFR and 
CFVR. To counter this potential bias, the authors also determined new threshold values of 
CFVR and FFR from the same stress echo and perfusion imaging data in the same patients 
so that all the thresholds for dpv50, CFVR, and FFR were determined in the same way from 
the same stress echo and perfusion imaging data for optimal sensitivity and specificity for 
each of the severity measures. With this “balanced bias,” dpv50 still best differentiated 
stenoses causing ischemia from those that did not. A better scientific design would enroll 
another group of patients for comparative sensitivity and specificity, separately and 
independently from the initial group of 77 patients used to determine the threshold values 
of dpv50, CFVR, and FFR. In addition, all of the patients should have had all studies. 
Stress echo and SPECT perfusion imaging are both limited by suboptimal sensitivity and/or 
specificity. Although the sensitivity and specificity of dpv50 in this population were 
impressive, such binomial classification of the continuous spectrum of CAD depends 
largely on the population selected, the choice of thresholds, and the definition of a positive 
result, i.e., “disease.”  
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Determining dpv50 for routine clinical application requires a small flexible 
guidewire that records both pressure and flow velocity by Doppler. Very small size is 
important to avoid further compromising the narrowed lumen of a stenotic segment by the 
wire passed through the stenosis to record distal pressure and flow velocity. In addition, 
Doppler signals vary with the angle of incidence to blood flow that is not always 
controllable. Finally, the Doppler wire measures primarily peak flow velocity, not average 
cross-sectional flow velocity, where the velocity profile may change with time, range of 
flow velocities, and location along length of an artery. A wide-field Doppler wire that 
recorded true mean cross-sectional flow velocity might improve the reproducibility of flow 
velocity recording to be comparable to the excellent reproducibility of pressure recordings 
by current pressure wires. 

 
The next step 

Validating the clinical usefulness of dpv50 requires a series of clinical studies like 
those published for FFR demonstrating diagnostic accuracy in a separate group of patients 
using the threshold values derived in the current paper. Just as that done for FFR, it would 
be important to demonstrate improved outcomes in randomized trials of deferring 
revascularization procedures based on the threshold of dpv50.  

As reported in this paper, dpv50 is applicable only to a single segmental stenosis, 
as is true for CFR and FFR. None of these measurements account for or quantify multiple 
stenoses in series or in parallel, or for diffuse disease throughout the entire branching 
coronary artery tree. We have shown that multiple stenoses and/or diffuse narrowing 
throughout the coronary artery tree have tremendous interactions. (11-13) Consequently, 
the pressure-flow (or flow velocity) characteristics integrated throughout the entire 
coronary artery tree are markedly different from and cannot be determined by the pressure-
flow characteristics of single isolated stenosis.  

This more comprehensive analysis would require a slow pull-back recording of 
pressure and flow velocity from the distal to proximal segments of each major coronary 
artery after intravenous adenosine or dipyridamole with a dpv50 determined for each 
increment of each coronary artery. The resulting comprehensive pressure-flow velocity map 
would provide a precise physiological measure of every stenosis, in series or in parallel, of 
diffuse disease and their interactions. Pull-back pressure along the length of a coronary 
artery after intracoronary adenosine has demonstrated this principle for identifying diffuse 
CAD in the absence of significant arteriographic segmental stenosis. (20)  

Interestingly, the fundamental concepts for determining stenosis severity by 
physiological pressure-flow relations, by quantitative arteriographic analysis of the whole 
coronary artery tree, by intracoronary echo, and by perfusion imaging using PET are 
simultaneously evolving toward the comprehensive integrated analysis of the entire 
branching coronary arterial tree as affected by diffuse and multisegmental disease.  
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Why bother? First, the comprehensive analysis of the entire coronary artery tree 
relating function, anatomy, and vascular physiology is good science and worth the 
intellectual investment. Second, such analysis identifies which stenoses need 
revascularization or not for better patient outcomes and lower cost. Such comprehensive 
analysis could in principle predict the physiological effects of opening a stenosis before the 
procedure was done to assess the residual pressure flow effects of remaining diffuse or 
other segmental disease.  

 
CONCLUSIONS  

 
In this era of randomized trials, evidenced-based medicine and well-documented 

quantitative alternatives, visually assessing percent diameter stenosis on coronary 
arteriograms remains, astonishingly, the single dominant determinant of subsequent 
procedures, enormous costs, lack of survival benefit, and proven gross inadequacy for 
determining stenosis severity or for identifying early diffuse coronary atherosclerosis 
causing most sudden coronary events.  

The paper by Marques and colleagues (1) is a significant step toward a more 
rational basis for revascularization procedures based on physiological severity of 
narrowing—the dpv50. The pressure gradient at a flow velocity of 50 cm/s calculated from 
pressure gradient-flow velocity curves obtained with a pressure-Doppler wire at coronary 
arteriography is valid for quantifying severity of stenosis even in the presence of small 
vessel disease or submaximal flow response to adenosine, an advantage over CFR and FFR.  

Determination of dpv50 is the next logical step on the way to the complete 
integrated anaysis of the entire branching coronary artery tree for interacting diffuse and 
multisegmental stenoses by pressure-flow velocity recording along the length of each major 
coronary artery, by precise anatomic-fluid dynamic analysis of the entire coronary 
arteriographic tree, by intracoronary echo, or by noninvasive PET perfusion imaging.  
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ABSTRACT 
 
Objectives 

The flow velocity-pressure gradient (v-dp) relation is clinically used to assess 
coronary stenoses. This in vitro study aimed to investigate the ability to determine the 
impact of each individual stenosis in the setting of two consecutive stenoses, the effect of 
variable stenosis reference diameters and the impact of one or two wires in a stenosis, on 
the v-dp relation.  
Methods  

The model consisted of a reservoir and different sized tubes and stenoses. Pressure 
gradient and flow velocity were assessed with a pressure and a Doppler wire. By plotting 
flow velocity and pressure gradient on a X-Y plot, the v-dp relation was determined.  
Results  

The v-dp relation of a proximal stenosis was not influenced by a distal stenosis. 
The diameter of the segment where flow velocity was measured, influenced the v-dp 
relation. This could be corrected by substituting flow velocity by volume flow. The 
presence of one or two wires in a stenosis made the v-dp relation substantially steeper.  
Conclusions  

The v-dp relation can be used to determine the significance of each individual 
stenosis in arteries with consecutive stenoses, provided that the distance between the 
stenoses is large enough. The diameter of the segment where flow velocity is measured and 
the presence of one or two wires substantially affect the v-dp relation. 
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INTRODUCTION 
 

The physiological assessment of coronary stenoses is clinically important. In the 
catheterization laboratory, most commonly the fractional flow reserve (FFR) and coronary 
flow velocity reserve (CFVR) are determined, using a pressure wire or a Doppler wire 
respectively.(1; 2) The combined measurement of coronary pressure and flow velocity 
determines the flow impediment caused by a coronary stenosis, independent of the state of 
microcirculation. Both the hyperemic stenosis resistance (HSR) and dpv50, which is derived 
from the diastolic flow velocity–pressure gradient (v-dp) relation, were found to determine 
the hemodynamic significance of a coronary stenosis with a high accuracy.(3-6)  

Patients frequently have multiple stenoses in the same coronary artery. Compared 
to a single stenosis, multiple consecutive stenoses result in a greater reduction of maximal 
flow. (7-9) Physiological assessment of the severity of an individual stenosis in the 
presence of consecutive stenoses using FFR or CFVR, is hampered by the fluid dynamic 
interaction between the stenoses. In an in vitro model and in a dog model it has been shown 
that the stenosis resistance of two consecutive stenoses equals the sum of each individual 
stenosis resistance, provided that the distance between the stenoses is large enough.(10; 11) 
The diameter of a coronary artery distal to a stenosis may be pathologically wide or narrow 
(poststenotic dilatation or diffuse arteriosclerosis). As a consequence, flow velocity 
measured in such segment will be lower or higher. It is not known how this affects the v-dp 
relation. In patients, assessment of the v-dp relation has been done with two wires in a 
coronary stenosis, resulting in an additional flow impediment.(5) It is unknown to what 
extent the presence of one or two sensor wires affects the v-dp relation of a stenosis. 

The purpose of the present study was to study some characteristics of the v-dp 
relation using a pressure and Doppler flow wire that are routinely used in clinical practice. 
More specifically the following v-dp relation characteristics were investigated: a/ the ability 
of the v-dp relation to determine the hemodynamic impact of each individual stenosis in the 
setting of two consecutive stenoses, b/ the effect on the v-dp relation of variable reference 
diameters of the same stenosis and c/ the effect of one or two wires in a stenosis. We used 
an in vitro model to study these effects. 

 
MATERIALS AND METHODS 

 
The in vitro model 

The model (figure 1) consisted of an open Perspex (reservoir) tube with a height of 
160 cm and an inner diameter of 3 cm. Two centimetres above the bottom of the tube, an 
exit was made allowing, by virtue of an Y-connector, for reservoir pressure measurement 
and introduction of sensor wires (a). At the same level at the other site of the reservoir, a 
horizontal Perspex tube (b) was connected. At this point, elastic non-compliant tubes (d) 
with different inner diameters (5 or 7 mm) could be connected. A proximal stenosis (d) was 
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connected at 25 cm from the reservoir. In case a single stenosis was to be evaluated, 6 cm 
of tube (e) was connected distal to the stenosis. In case of two consecutive stenoses, 6 cm 
tube was interposed (e) and a piece of 6 cm tube (E) was connected to the distal stenosis (f). 
After placing a clamp on the elastic tube, the reservoir was filled. Before removing the 
clamp, recording of flow velocity and pressure data (see below) was started. The fluid, a 
40% aqueous glycerol solution, was collected and reused. Cornstarch was added to allow 
for flow velocity measurements with the Doppler wire. The viscosity of this solution was 
determined with an Ostwald viscosimeter. At 20 °C, a viscosity of 0.046 poise was found 
(blood = 0.035 poise)  

 
 

 
Figure 1. Schematic representation of the model (not in scale). a is the Y-connector to introduce wires and to 
measure reservoir pressure; b horizontal Perspex tube; c elastic non compliant tube; d proximal stenosis; e 6 cm 
elastic tube; f distal stenosis. * indicates site of flow velocity measurement and ↑↑↑↑ (1-3) locations of pressure 
measurement with pressure wire 

 
 
 
Four different non-compliant Perspex stenoses were studied. Three had a reference 

(inner) diameter of 5 mm, a stenosis length of 20 mm and a minimal lumen diameter of 
1.49mm (stenosis A), 2.5mm (stenosis B) and 3.52mm (stenosis C), resulting in a 70%, 
50% and 30% diameter stenosis respectively. The fourth stenosis (stenosis D) had a 
reference diameter of 7mm at one side and 5 mm at the other site, a stenosis length of 20 
mm and a minimal lumen diameter of 2.5 mm. 



Characteristics of the v-dp relation 

73 

Flow velocity and pressure measurements 
The pressure in the reservoir at the level of the stenosis was measured with a fluid 

filled pressure system. Flow velocity (v) was measured with a Doppler guide wire (Volcano 
Corporation, Rancho Cordova, CA, USA) and the Jometrics Flomap. To determine the 
pressure gradient, pressure was measured proximal and distal to a stenosis with the 
BrightWire II (Volcano Corporation, Rancho Cordova, CA, USA) and the ComboMap 
(Volcano Therapeutics, Rancho Cordova, CA, USA). Both the Doppler and pressure wire 
have a diameter of 0.2 mm (0.014 inch). Flow velocity recordings always were performed 
with the wire positioned 5 cm proximal to the (first) stenosis (asterisk in figure 1). To 
determine the pressure gradient (dp), pressure measurements always were performed 2 cm 
proximal to the first or second stenosis (first and second vertical arrow in figure 1) and 4 
cm distal to the first or second (second and third vertical arrow) stenosis.  

 
Different settings 

The v-dp relation of the single stenoses A, B and C was determined in 3 settings: 
without wire, with 1 and with 2 wires in the stenosis. In the setting without wire in the 
stenosis, distal pressure was measured by retrograde introduction of the pressure wire with 
the sensor positioned 4 cm distal to the stenosis. In the setting of 1 wire in the stenosis, 
proximal pressure was recorded with 1 idle wire in the stenosis. In the setting of 2 wires in 
the stenosis, proximal pressure was recorded with 2 idle wires and distal pressure with 1 
idle wire in the stenosis. 

To study the v-dp relation of the proximal stenosis in the presence of a distal 
stenosis, the setting of 1 wire in the stenoses was used. Stenoses A, B or C were combined 
with 1 of the remaining 2 (6 possible combinations). In each of these 6 combinations, first 
the v-dp relation of the proximal stenosis alone was assessed (using the pressure recordings 
at location 1 and 2). Afterwards, the v-dp relation of the stenoses in series was determined 
(using pressure recordings at location 1 and 3).  

The effect of variable reference diameters of the same stenosis was studied using 
stenoses B and D. These stenoses both had a minimal internal diameter of 2.5 mm and a 
length of 20 mm. Stenosis B had a proximal and distal reference diameter of 5 mm; stenosis 
D had a reference diameter of 7 mm at one site and 5 mm at another site. Using stenosis D, 
first flow velocity measurements were performed in the 5 mm elastic tube (item C in figure 
1); the distal tube (item E) had a diameter of 7 mm. Then stenosis D was reversed, resulting 
in a 7 mm proximal segment (location of flow velocity measurement) which was connected 
to a 7 mm wide elastic tube (item C) at the proximal site and a 5 mm wide tube to the distal 
segment. 

 
Calculation of the v-dp relation 

Reservoir pressure, pressure wire data and flow velocity measurements were 
sampled at 100 Hertz and recorded on a computer. Before starting a measurement, it was 
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verified that pressure in the reservoir was equal to pressure measured with the pressure 
wire. All measurements were performed twice to assess variability. 

The pressure gradient was the difference between proximal (location 1) and distal 
pressure (location 2 or 3). Since proximal and distal pressure were not measured 
simultaneously, first they were plotted in relation to reservoir pressure. The flow velocity 
data also were related to reservoir pressure. For each reservoir pressure value, thus the 
corresponding flow velocity value and proximal and distal pressure data were known. Thus 
the instantaneous pressure gradient could be related to the instantaneous flow velocity. 
These data were plotted with flow velocity on the X-axis and pressure gradient on the Y-

axis. The v-dp relation was fitted using a second degree equation: ∆ p = av + bv2.(8) The v-
dp relation of stenoses A, B and C with one wire in the stenosis is displayed in figure 2. 

The mathematical sum of the v-dp relation of two single stenoses was compared to 
the v-dp relation of both stenoses in series. To obtain the mathematical sum of two (single) 
v-dp relations, for each (common) flow velocity value the corresponding pressure gradients 
were summed. 

For stenoses B and D, not only the v-dp relation but also the volume flow - 
pressure gradient relation was determined. Therefore peak flow velocity was multiplied 
with 0.5 to get mean flow velocity. Volume flow was obtained by multiplying mean flow 
velocity with the area of the reference segment. 
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Figure 2. v-dp relation of stenoses A, B and C with 1 wire in stenosis. The mathematical equation is displayed 

 
 
 

Statistical analysis 
To quantify the difference between two v-dp relations, for each flow velocity value 

(within the common flow velocity range of the two v-dp relations) the ratio of the pressure 
gradient difference and the mean pressure gradient was determined. The average of this 
ratio was calculated. 

 
RESULTS 

 
A variation of 5% and 1% was found for duplicate flow velocity and pressure 

measurements respectively. 
In figure 3, the v-dp relation of single stenosis A, B or C (full line) was compared 

to the v-dp relation of the same stenosis in the presence of a distal stenosis (dashed line). 
For the sake of clarity, different scales on the X- and Y-axes were used in figures 3a-c. It 
can be appreciated that the dashed regression lines hardly differ from the full lines. The 
mean difference between the full and dashed lines ranged from 0% to 6%.  
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Figure 3a-c. v-dp relation of single stenosis A, B or C (full line) and stenosis A, B or C being proximal to one of 
the other two stenoses (dashed lines). Different scales are used. 
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The mathematical sum of the v-dp relation of single stenoses (short dashes) was 
compared to the (measured) v-dp relation of the same stenoses in series (long dashes), as is 
illustrated in figure 4 for stenoses B and C. The combination of stenoses A and B, and A 
and C also was assessed. The mean difference between the serial and summed v-dp 
relations for these three combinations ranged from 1 to 5%. 

 
 

 
Figure 4. v-dp relation of single stenoses B and C with one wire (solid line); v-dp relation of stenoses B and C in 
series (long dashes); mathematical sum of the v-dp relation of single stenoses B and C (short dashes) 

 
 
The effect on the v-dp relation of variable reference diameters of the same stenosis 

is demonstrated in figure 5a. When flow velocity was measured in the 5 mm reference 
segment of stenoses B and D (full line and short dashes), the v-dp relations were close 
together. However when flow velocity was measured in the 7 mm wide reference segment 
of (reversed) stenosis D (long dashes), the v-dp relation became steeper. When flow 
velocity was substituted by volume flow, the volume flow-dp relations for the 3 different 
situations nearly were identical (figure 5b). The mean difference between the volume flow-
dp relation of stenosis B and D was 10%, and between B and reversed D was 5%. 
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Figure 5a. v-dp relation of single stenoses B and D (identical minimal lumen diameters and length but variable 
proximal and distal reference diameters); v-dp relation of stenosis B (full line); v-dp relation of stenosis D with 
flow velocity measured in 5 mm reference segment (long dashes); v-dp relation of (reversed) stenosis D with flow 
velocity measured in 7 mm reference segment (short dashes) 

 
Figure 5b. volume flow–pressure gradient relation for the same stenoses 
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The effect on the v-dp relation of 1 or 2 wires in a stenosis is shown in figure 6a-c. 
After introduction of 1 wire in a stenosis, the v-dp relation was 55%, 32% and 30% steeper 
in stenoses A, B and C respectively. Compared to the situation without wire, the presence 
of 2 wires made a difference of 137%, 83% and 71% for stenoses A, B and C respectively. 

 

 

 
Figure 6a-c. v-dp relation of single stenoses A, B or C without (full line), with one wire (short dashes) and with 
2 wires (long dashes) in the stenosis 
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DISCUSSION 
 
The present in vitro study showed that for consecutive stenoses, the v-dp relation 

of the proximal stenosis is not influenced by a distal stenosis, as illustrated in figure 3. This 
finding was further confirmed by the fact that the v-dp relation of 2 consecutive stenoses 
equalled the mathematical sum of the v-dp relations of each individual stenosis. This 
implicates that for consecutive stenoses the v-dp relation of a distal stenosis can be 
calculated as the difference between the v-dp relation of the serial stenoses and proximal 
stenosis. These findings are in agreement with a study in a dog model. The resistances of 
coronary stenoses in series, measured with an electromagnetic flow meter and a pressure 
transducer, were shown to be additive.(10; 11) This is in contrast with FFR measurements 
in serial stenoses. The interaction between the 2 stenoses is such that FFR of each lesion 
separately can not be calculated by the equation for isolated stenoses. For serial stenoses a 
more complex equation, which takes into account the pressure between the 2 stenoses and 
the wedge pressure, can be used to determine the true FFR of each lesion separately.(13; 
14)  

Normally the diameter of coronary arteries gradually declines in proportion to the 
myocardial mass to be perfused. Therefore mean coronary flow velocity is the same 
throughout the epicardial coronary system and thus the site where flow velocity is measured 
has no impact on the v-dp relation.(15) Some patients have aneurysmatic coronary arteries 
or a poststenotic dilatation. When flow was measured in a wide segment, flow velocities 
were lower and the v-dp relation became steeper, as demonstrated in figure 5. When flow 
velocity was substituted by volume flow however, the vessel diameter where flow velocity 
was measured no longer mattered. The diameter of the site where distal pressure was 
measured, also had a small effect on the v-dp relation (difference between full line and line 
with small dashes in figure 5a and 5b). 

The changes in hemodynamic conditions, coronary flow and fractional flow 
reserve measurements due to the presence of a wire in a stenosis have been described using 
computational models. (16; 17) The presence of one or two wires in a stenosis had a 
substantial effect on the v-dp relation. This effect not only was marked in a severe stenosis 
(A) but also in intermediate and mild stenoses (B and C). According to fluid dynamic 
principles, an inverse relation exists between the degree of flow impediment due to the 
presence of 1 or 2 wires (cross sectional area 0.12 mm2), and the minimal luminal diameter 
of the vessel. This implies that in severe stenoses, the degree of flow impediment is larger 
than in intermediate stenoses. As has been previously reported, we also found that the 
percentage overestimation for the same stenosis was little influenced by the flow velocity 
rate.(18) The clinical implication of an increased coronary resistance due to the presence of 
1 or 2 wires is only relevant for intermediate stenoses. Physiologic measurements in severe 
stenoses (stenosis A) rarely are needed for decision making; hemodynamic indices (with 1 
or 2 wires) always will be found to be very pathologic. In mild stenoses (stenosis C), the 
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presence of 1 or 2 wires only induced a minor absolute increase in pressure gradient for a 
given flow velocity. For example the pressure gradient at a flow velocity of 50 cm/sec 
(dpv50) in stenosis C increased 1 mm Hg with 1 wire and 2 mm Hg with the presence of 2 
wires. The dpv50 remained well below the established cut-off value (22.4 mm Hg) to detect 
hemodynamic stenoses.(6) For intermediate stenoses (stenosis B), the dpv50 with one wire 
was below the cut-off value; the introduction of a second wire however resulted in a 
pathologic dpv50 value. These findings are in agreement with a clinical study in intermediate 
stenoses that showed that the presence of 2 wires is associated with overestimation of the 
hemodynamic effect of a coronary stenosis severity and had a negative influence on 
decision making.(19) 

With this in vitro model the human coronary situation in diastole was partially 
simulated. Measurements were performed with sensor wires routinely used in patients. A 
40% aqueous glycerol solution was used, with a viscosity similar to blood. Due to the 
addition of cornstarch however, viscosity was found to rise with 31%. Viscosity has a linear 
relation with pressure gradient when flow is laminar (Poiseuille’s law). Furthermore, 
viscosity is inversely related to the Reynolds number. Laminar flow occurs at low Reynolds 
numbers. To correct the v-dp relations of the present study to a condition with the viscosity 

of blood (0.035 poise), the a coefficient in the equation ∆ p = av + bv2, should be multiplied 
by a factor 0.76 (0.035/0.046). The higher than physiologic viscosity however does has no 
impact on the conclusions of the present study. Since coronary flow in mid diastole is 
characterized by a gradually declining flow velocity without acceleration or deceleration, 
we simulated diastolic coronary flow in the model by the emptying of a reservoir. The 
distal pressure in the model was the atmospheric pressure. This feature has no impact on the 
findings of the present study since the v-dp relation is independent of distal resistance. In 
contrast to clinical practice, in the present study flow velocity always was measured 
proximal to the first stenosis. Since there are no side branches in the model, this has no 
consequences. 

 
Limitations.  

When the distance between 2 lesions is greater than 6 times the vessel diameter, 
they generally behave independently. However, when the distance between 2 stenoses is 
very short or a proximal stenosis is closely followed by a very severe distal stenosis, the 
pressure drop over the first stenosis is smaller. In this setting (all) indices based on pressure 
gradients, including the v-dp relation, will underestimate the hemodynamic significance of 
the proximal stenosis.(10) In the present model, the distance between the 2 stenoses was 6 
cm (12 times vessel diameter). The interaction between stenoses with a shorter distance was 
not studied. 
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CONCLUSIONS 
 
In the setting of consecutive stenoses, the v-dp relation can be used to determine 

the hemodynamic impact of each individual stenosis, provided the distance between the 
stenoses is large enough. If the diameter of the site where flow velocity is measured is 
abnormally wide, it is better to use volume flow instead of flow velocity to assess the 
hemodynamic impact of a stenosis. The presence of one or two wires in a stenosis 
substantially affects the v-dp relation. 
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ABSTRACT 
 

Objectives 
The present study compared the inverse diastolic distal coronary pressure flow 

velocity relation (inv dpv slope) in coronary arteries with a mild and severe stenosis, in 
infarct and non infarct related arteries (IRA) and before and after percutaneous coronary 
intervention (PCI). Although controversial, the inv dpv slope is considered to be an index 
of microvascular resistance. The hyperemic microvascular resistance index (HMRI) also 
was determined in the same subsets. 
Background 

The effect of a severe stenosis on the microvascular resistance (MR) has not 
conclusively been determined. In the literature conflicting data have been reported. There 
are only very limited data on the inv dpv slope in patients with coronary artery disease.  
Methods 

In 133 coronary arteries with a stenosis, flow velocity and distal pressure were 
measured simultaneously with a Doppler and pressure wire, respectively. Hyperemia was 
induced by intracoronary administration of adenosine. The HMRI was defined as the ratio 
of mean distal coronary pressure and flow velocity averaged over an entire cardiac cycle. 
To determine the inv dpv slope, first the flow velocity and pressure data during diastole and 
at maximal hyperemia were recorded, to establish the diastolic distal coronary pressure 
flow velocity (dpv) relation. Using linear regression analysis, the slope of the dpv relation 
was calculated. The inverse of this slope was used as a measure of microvascular 
resistance. 
Results 

Using the inv dpv slope no significant difference was found between severe or 
mild stenoses, before and after PCI or between infarct and non infarct related arteries. In 
contrast, a significant difference in HMRI was found between mild and severe stenoses. 
After successful PCI, HMRI no longer was increased.  
Conclusion 

We found no effect of a previous infarction, a severe stenosis or PCI on the inv 
dpv slope. In contrast, HMRI was significantly increased in severe stenoses. The effect of 
neglecting the right atrial pressure and collateral flow in the HMRI measurements could 
explain the different results.  
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INTRODUCTION 
 
While numerous invasive and non-invasive methods are available to investigate 

the hemodynamic significance of epicardial coronary arteries, it is difficult to quantify 
microvascular function and microvascular resistance, especially in patients with obstructive 
coronary artery disease. To assess microcirculatory function in these patients it is 
mandatory to use pressure measurements distal of a coronary stenosis, instead of aortic 
pressure. 

In the literature two different MR indices have been used to assess the effect of a 
severe coronary stenosis on microvascular resistance (MR) and conflicting results have 
been reported. Some studies have found that the hyperemic MR was increased in the 
presence of a severe coronary stenosis using the hyperemic microvascular resistance index 
(HMRI). (1-3) Immediately after successful percutaneous coronary intervention the HMRI 
was comparable to a reference coronary artery. (4) Recently, a second index of MR was 
introduced that takes into account the amount of collateral flow. (5) Using this index, 
minimal MR did not change with increasing epicardial stenosis severity. (6; 7) Both these 
indices used distal coronary pressure and flow measurements averaged over an entire 
cardiac cycle. 

The simultaneous measurement of phasic flow velocity and pressure allows the 
determination of the instantaneous diastolic pressure – flow relation and its slope. Using the 
aortic pressure, this slope has been used to assess the severity of coronary stenoses. (8) 
When distal coronary pressure measurements instead of aortic pressure are included, the 
instantaneous diastolic distal coronary pressure - flow velocity (dpv) slope can be 
determined. A number of authors have used this slope in animal experiments as a measure 
of microvascular conductance and the inverse (inv) of the dpv slope can be considered as a 
measure of MR. (9-13) However, the interpretation of the physiological significance of the 
dpv slope and the use of the dpv slope as measure of microvascular conductance has been 
and still is a matter of controversy.(14; 15) A major difference between MR indices based 
on mean pressure and flow measurements averaged over an entire cardiac cycle and the inv 
dpv slope is that the influence of ventricular contraction and systolic myocardial flow is 
excluded in the latter.  

The present study aimed to compare inv dpv slope as a measure of microvascular 
function in coronary arteries with mild and severe stenoses and in infarct and non infarct 
related arteries. In these subsets, the HMRI also was determined and compared. 

 
METHODS 

 
Study population 

Patients with stable angina pectoris, who were scheduled to undergo a diagnostic 
catheterization procedure or a percutaneous coronary intervention (PCI) were eligible. To 
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be included a single mild to severe stenosis in at least one coronary artery had to be present. 
Exclusion criteria were a history of coronary artery bypass grafting, multiple consecutive 
stenoses in a coronary artery, a very tight stenosis prohibiting simultaneous passage of a 
Doppler and pressure wire and coronary occlusion. Anti-ischemic medication was 
continued during catheterization. In many patients, the intracoronary measurements also 
were used to determine the pressure gradient – flow velocity relation to assess the 
hemodynamic significance of the epicardial stenosis. (16; 17) In the other patients, there 
was a clinical indication to assess the hemodynamic significance of one or more coronary 
stenoses. The Medical Ethics Committee of our institution approved the study protocol.  

 
Intracoronary flow velocity and pressure measurements 

The procedure how intracoronary measurements were performed has previously 
been described. (16) In brief, cardiac catheterization and coronary angiography were 
performed following routine procedures. Throughout the procedure, nitroglycerine was 
administered every 30 minutes. A pressure (Wavewire, Volcano Therapeutics Inc or Radi 
pressure wire, Radi Medical Systems, Uppsala, Sweden) and a Doppler wire (Flowire, 
Volcano Therapeutics Inc) were advanced distal to the coronary stenosis. Care was taken to 
obtain an optimal and stable flow velocity signal. Hyperemia was induced by intracoronary 
administration of 40 µg adenosine. The distal pressure measured by the pressure wire, the 
instantaneous coronary flow velocity data and the ECG were recorded on a data acquisition 
unit, connected to a personal computer. The data were acquired with a sample frequency of 
100 Hertz starting just before administration of adenosine until disappearance of the 
hyperemic response. 

 
Calculation of the HMRI and inv dpv slope  

The HMRI was defined as the ratio of mean distal coronary pressure and mean 
peak blood flow velocity averaged over an entire cardiac cycle at maximal hyperemia. To 
determine the dpv slope, the instantaneous peak coronary flow velocity and distal pressure 
data of three consecutive cardiac cycles at maximal hyperemia were displayed in an X-Y 
scatter plot. The diastolic intervals to be analyzed were selected from the maximal diastolic 
velocity point to the atrial contraction. Linear regression was used to calculate the mean 
dpv slope of the three diastolic curves. An example is given in figure 1. The extrapolated 
intercept of the dpv slope also was determined. Afterwards the inv dpv slope was 
calculated. 

In a number of measurements, due to insufficient quality of the instantaneous flow 
velocity data, a wide variation in middiastolic data between the three consecutive cardiac 
cycles was observed. All measurements in which the mean dpv slope over 3 heart beats had 
a correlation coefficient R2 <0.5 were discarded. 
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Figure 1. Calculation of the dpv slope during hyperemia. Distal coronary pressure and flow velocity of 3 heart 
beats are displayed. The slope of the diastolic phase (dpv slope) was determined using linear regression analysis 
and is represented by the full line and slope (angle a). The extrapolated dpv slope intercept with the x-axis is 
indicated by the arrow. The inv dpv slope is represented by angle b. 

 
Severe stenosis  

Three different hemodynamic criteria were used to define a severe coronary 
stenosis: dpv50>22.4 mm Hg, FFR <0.75, CFVR < 2.0. (17) Each of these criteria were 
individually applied to all measurements; the 3 different groups of severe stenoses only had 
a partial overlap. For each of the three individual criteria, the HMRI and inv dpv slope data 
were dichotomized and the MR data were analyzed. The stenoses that were scheduled to 
undergo elective PCI, based on positive non-invasive stress tests, were also defined as a 
severe stenosis. For these stenoses a paired comparison was made between the pre- and 
postPCI measurements. Finally, the HMRI and inv dvp slope data in infarct related 
coronary arteries was compared to the non infarct related arteries. 

 
Statistical analysis 

Data are expressed as mean and standard deviation. Continuous data were 
compared using the Student's t-test for unpaired data or the Wilcoxon signed ranks test for 
the paired pre and post PCI measurements. The correlation between HMRI and dpv slope 
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was assessed using the Spearman test. Data analysis was performed using the SPSS 12.0 
software package. Statistical difference was defined as p<0.05 

 
RESULTS 

 
The baseline characteristics of the study population are given in table 1. A history 

of myocardial infarction was present in 36% of the patients. Seven patients had a poor left 
ventricular ejection fraction (<30%). Intracoronary measurements were performed in 133 
coronary arteries, of which 23 were infarct related. In 14 patients, paired pre- and postPCI 
measurements were performed.  

 
TABLE 1. Patient demographics and angiographic data (n=72) 

Age, y 61±9 

Sex, M/F 45/27 

History of myocardial infarction 26 (36) 

Coronary risk factors  

Hypertension 32 (44) 

Diabetes mellitus 21 (29) 

History of smoking 36 (50) 

Hypercholesterolemia 39 (54) 

Medication  

Acetylsalicylic acid 67 (93) 

Beta-blockers 59 (82) 

Nitrates 34 (47) 

Calcium-antagonists 27 (38) 

ACE-inhibitors 27 (38) 

Diuretics 12 (17) 

Oral anticoagulants 11 (15) 

Lipid lowering drugs  46 (64) 
  Diameter stenosis (%) 32%±20% 

LAD/LCX/RCA (n) 63/48/22 

ira/non-ira (n) 23/110 

paired pre- and post PCI measurements (n) 14 
Values in parenthesis indicate percentages 
LAD is left anterior descending artery, LCX is left circumflex artery, RCA is right coronary artery, PCI is 
percutaneous coronary intervention 
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The hemodynamic measurements are displayed in table 2. A significant difference 
in HMRI was found between coronary stenoses with a dp v50 larger or smaller than 22.4 mm 
Hg, a CFVR larger or smaller than 2.0 and the stenoses before and after PCI. For none of 
these criteria a significant difference in inv dpv slope was found. The mean dpv slope for 
the groups dichotomized by the dpv50 criterion and the pre- and postPCI is represented in 
figure 2. The apparent (statistically insignificant) difference in the pre- and postPCI results 
of the inv dpv slope was largely due to one extreme value in the prePCI group. The mean 
inv dpv slope after omission of this single data for the prePCI group was 0.77. Compared to 
non infarct related coronary arteries, MR in the ira was no statistically different. The 
extrapolated dpv slope intercept was not different, except for the group with an FFR < 0.75.  

 

 
 
 

TABLE 2. Hemodynamic measurements 

 n inv dpv 
slope HMRI dpv50 FFR CFVR dpv 

intercept 
all measurements 133 0.76±0.33 2.09±0.69 17±20 0.87±0.09 2.8±0.8 30±14 
        
dpv50<22.4 mm Hg 102 0.75±0.30 1.99±0.60* 8±6¶ 0.91±0.06¶ 2.9±0.7* 31±14 
dpv50>22.4 mm Hg  31 0.77±0.43 2.42±0.87 34±10 0.75±0.08 2.4±0.7 26±13 
        
FFR>0.75 116 0.75±0.30 2.07±0.64 12±13¶ 0.90±0.06¶ 2.9±0.7* 31±14* 
FFR<0.75 17 0.77±0.53 2.21±0.98 53±27 0.68±0.05 2.3±0.6 22±10 
        
CFVR>2.0 113 0.76±0.31 2.04±0.63† 15±18* 0.88±0.09† 3.0±0.7¶ 30±13 
CFVR<2.0 20 0.75±0.48 2.44±0.97 30±31 0.82±0.12 1.7±0.2 30±15 
        
Post PCI 14 0.70±0.17 2.06±0.64† 10±8‡ 0.91±0.05‡ 2.9±1.0† 33±16 
Pre PCI 14 0.89±0.58 2.79±1.01 53±28 0.75±0.09 2.2±0.6 27±14 
        
ira 23 0.85±0.46 2.30±0.81 23±25 0.86±0.10 2.9±0.9 29±11 
non-ira 110 0.74±0.30 2.05±0.66 16±19 0.85±0.09 2.8±0.7 30±14 

Values are mean±SD. FFR indicates fractional flow reserve, CFVR indicates coronary flow reserve, PCI indicates 
percutaneous coronary intervention, ira indicates infarct related coronary artery; dpv intercept is the extrapolated 
intercept of the dpv slope with the X-axis (as shown in figure 1) 
Statistical significances are given between the groups who were dichotomized following the criterion in the first 
column* p<0.005; ¶ p<0.0001; † p<0.05; ‡ p<0.001 
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Figure 2. Mean inv dpv slopes for the groups dichotomized by the dpv50 criterion and pre and post PCI. There was 
no statistically significant difference between the inv dpv slope and extrapolated intercept pressure for the two 
groups. 

 
Linear regression analysis demonstrated a moderate relationship between HMRI 

and the inv dpv slope (r=0.54, p<0.001) as can been seen in figure 3. 
 

 
Figure 3. Correlation between HMRI and inv dpv slope. The regression line is depicted. 
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DISCUSSION 
 

In the present study we found that when the coronary microcirculation is 
characterized by the instantaneous diastolic distal coronary pressure flow velocity relation 
(inv dpv slope) at maximal hyperemia, no difference is found in mild or severe coronary 
stenoses, before or after PCI and between infarct and non infarct related arteries. The x-axis 
intercept of this relation was not different in the subgroups except for the measurements in 
coronary stenoses with an FFR <0.75. In contrast, by using the ratio of the mean distal 
coronary pressure and flow velocity (HMRI) the influence of cardiac contraction and 
systolic myocardial flow was included in the assessment of MR, and for 3 of the 4 criteria 
used to define a severe stenosis a significantly increased HMRI was found. Immediately 
after PCI, HMRI values became comparable to coronary arteries with a mild stenosis. There 
was a significant but moderate relation between HMRI and the inv dpv slope.  

 
The aortic pressure flow velocity slope as measure of coronary conductance.  

The hyperemic diastolic (aorta) pressure - flow velocity slope is an index of 
coronary conductance. It has been established that the slope of this relation is not dependent 
on heart rate, ventricular contractility, aortic pressure and volume loading. (18; 19) This 
slope can be used to determine the hemodynamic significance of coronary stenoses. (8; 20) 
However in the presence of microvascular dysfunction, this index can not determine the site 
of flow impediment. In the absence of a coronary stenosis, this index has been used to 
assess microvascular function. (21) 

 
Interpretation of the dpv slope  

Diastolic coronary pressure-flow relations during hyperemia are essentially linear 
at perfusion pressures > 40 mm Hg but are appreciably curved at lower pressures (figure 4). 
(22) Diastolic flow stops at a coronary pressure far above right atrial pressure in the 
presence of autoregulation but during maximal hyperemia the zero flow pressure (zfp) is 
only a few mm Hg higher than central venous and left ventricular end diastolic pressure 
(figure 4). The physiological significance and interpretation of the zfp is a matter of debate. 
There are two conflicting hypotheses to explain this phenomenon: 1/ coronary flow stops 
because of a Starling resistor effect in the resistance vessels (10; 23) and 2/ coronary flow 
ceases because of the compliance effect of the intramyocardial vessels. The intramyocardial 
pump model is explained by the fact that the intramyocardial blood volume and blood 
pressure change more slowly than arterial pressure due to large time constants for charging 
and discharging the intramyocardial compliance. In this instance, blood flow ceases when 
arterial pressure becomes equal to intramyocardial blood pressure. (14) The present study 
was not purposed to choose between these two models. 
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Figure 4. Instantaneous hyperemic pressure flow velocity relation during diastole. Above 40 mm Hg the relation 
is linear and below 40 mm Hg it becomes curved (solid line). Arrow 1 indicates mean venous pressure which is a 
few mm Hg lower than the zero flow pressure (zfp) (arrow 2). Arrow 3 indicates the extrapolated intercept of the 
dpv slope with the x-axis; this is considerably higher than the zfp. The shaded area indicates the area with a 
pressure below 40 mm Hg; all diastolic pressure measurements in the present study were above this limit. 

 
In the present study we found that the dpv slope in coronary arteries with mild and 

severe stenoses was not different. There also was no difference in infarct and non infarct 
related coronary arteries. Our interpretation is that there no difference in the function of the 
microcirculation in the different subsets of measurements. In contrast, the HMRI was 
increased in the coronary arteries with a severe stenosis and returned to reference values 
after PCI. This is in accordance with other studies in the literature.(4; 24) A factor 
contributing to this discrepancy is the fact that the amount of collateral flow is not 
accounted for in the HMRI, in contrast to the dpv relation.(25) When collateral flow is 
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present, myocardial flow is the sum of coronary and collateral flow. The presence of a 
certain amount of collateral flow is more likely in the presence of a severe stenosis. The 
Doppler wire only assesses coronary flow. Therefore myocardial flow is underestimated 
and the HMRI will overestimate the MR. In another study in patients after chronic 
myocardial infarction, MR was determined using distal coronary pressure measurements 
and position emission tomography (PET) myocardial blood flow data. (26) The PET 
technique allows for measurement of myocardial blood flow and thus incorporates 
collateral flow. Despite the presence of moderate stenoses in the infarct related artery, MR 
in the infarct area was found to be comparable to a reference area. The right atrial pressure 
usually is neglected in the assessment of HMRI. The error when not accounting for the 
right atrial pressure is small when mean distal coronary pressure is high, as is the case in 
coronary arteries with a mild stenosis. In coronary arteries with a severe stenosis, mean 
distal coronary pressure is low and omitting the right atrial pressure can lead to a substantial 
overestimation of microvascular resistance. This is a second factor to explain the 
discrepancy with the dpv slope. 

In the literature there is one study using the dpv slope as measure of MR in 
patients with a coronary stenosis. (27) In the coronary arteries without stenosis, the dpv 
slope was lower in patients with one or multiple coronary risk factors. Similar to the present 
study, no difference between infarct and non infarct related arteries was found. In patients 
with a very severe stenosis, a very steep dpv slope was observed, suggesting a very low 
MR; however these measurements were performed at a distal coronary pressure far below 
40 mm Hg. In the present study the mean hyperemic distal coronary pressure was 83 mm 
Hg. In all measurements, the instantaneous diastolic pressure recordings always were 
higher than 40 mm Hg (non shaded area in figure 4). This justifies the use of a linear 
regression analysis to assess the dpv slope. 

 
The dpv relation also could be used to calculate the mean diastolic microvascular 

resistance, defined as the ratio of mean distal coronary pressure (Pd) minus central venous 

pressure (Pv) and flow velocity (v) averaged over the diastole: 
v

PvPd
dMR

−= . 

However, because of the curvilinear diastolic pressure-flow relationship, dMR is pressure 
dependent as is illustrated in figure 4. When the dMR is calculated at a mean distal 
coronary pressure of 75 mm (dot -dashed line) or at a pressure of 40 mm Hg (long dashes), 
it can be seen that the slope of two lines is different.  

 
The IMR as index of microvascular resistance.  

The IMR is a measure of microvascular resistance that is based on mean distal 
coronary pressure and flow averaged over an entire cardiac cycle and thus incorporate the 
effect of ventricular contraction on MR. As explained above, a limitation of this approach is 
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that this resistance is pressure dependent, as has been demonstrated in animal experiments. 
(8; 28) By using a Radi pressure wire (Pressure Wire-4, Radi Medical Systems) it is 
possible to calculate the mean transit time (Tmn) of room temperature saline, injected in a 
coronary artery. Modified software allows the pressure sensor on the wire to act also as a 
distal thermistor, while the shaft of the wire serves as a proximal thermistor. In this manner, 
the Tmn of saline injected in a coronary artery can be derived from a coronary 
thermodilution curve. The inverse of the hyperemic Tmn has been shown to correlate with 
absolute coronary flow.(29) Using this technique, a novel index of microcirculatory 
resistance (IMR) has been proposed. (5) IMR is defined as the mean distal coronary 
pressure (Pd) divided by the inverse of Tmn at peak hyperemia, or more simply, distal 
pressure multiplied by Tmn: IMR = Pd*Tmn. To account for the presence of collateral 
flow, the coronary wedge pressure was incorporated into the calculation of IMR: 

)(
)(

**
PwPa
PwPd

TmnPaIMR
−
−= , where Pa is aortic pressure and Pw is coronary wedge 

pressure. (7) By omitting this correction for the presence of collateral flow, IMR appeared 
to be higher in the presence of a severe coronary stenosis. However, when collateral flow 
was accounted for, IMR was not increased in the presence of a severe coronary stenosis. (6) 
Also, the use of the wedge pressure as measure of collateral flow, has been put into 
question. (15) The concept of IMR has limitations. The pressure sensor should be 
positioned at the same distance from the ostium of the coronary artery during subsequent 
measurements and in all patients, because the pressure position strongly influences the 
measurement of the Tmn. When the sensor is more distal, the Tmn increases. Because the 
vascular volume itself is unknown, IMR is a relative index and only can be used to measure 
changes in MR, within one patient and one myocardial territory. It is unknown so far 
whether there are distinct normal and pathological values. 

 
Limitations 

The determination of the dpv slope requires optimal and stable flow velocity 
signals. About 15% of our measurements were discarded due to insufficient quality (as 
determined previously) of the flow velocity signals. This is in accordance with a previous 
study. (19) The fact that in the present study the dpv intercept of the FFR < 0.75 subset was 
found to be statistically lower (which is difficult to understand from a physiological point 
of view) possibly also reflects the difficulty to reliably determine the dpv slope.  

In this study we used 2 wires in a stenosis to measure simultaneously pressure and 
flow velocity and analysis of the dpv slope was performed off-line. Nowadays a single wire 
is available making it possible to measure pressure and flow velocity simultaneously with 
less obstruction in the stenosis. 

The slope of dpv relation is dependent on the rate of the decrease of coronary 
pressure (the lower the pressure decay rate, the steeper the dpv slope).(30) This is attributed 
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to the occurrence of coronary capacitance. (31) In the present study, it is not possible to 
correct for this phenomenon. Since we found no difference in dpv slope between the 
different subgroups, we estimate that the degree of overestimation of the dpv slope was 
similar for all groups. 

A disadvantage of all three above discussed indices is that one is not informed on 
the flow per unit of myocardial mass. This makes comparison between patients difficult, 
certainly in the presence of left ventricular hypertrophy or a prior myocardial infarction. 
Positron emission tomography (PET) together with appropriate tracers enables accurate 
quantitative regional measurements of myocardial blood flow expressed per unit volume of 
tissue. Another advantage of PET is that collateral blood flow is properly accounted for. 
The combination of PET flow data and distal coronary and right atrial pressure 
measurements therefore might overcome some of the above mentioned limitations and 
become a promising alternative approach in the assessment of MR. (26)  

 
CONCLUSION 
 

In the present study, we found no effect of a severe stenosis on the instantaneous 
diastolic distal coronary pressure flow velocity relation. Although controversial, in our 
opinion the dpv relation is a measure of microvascular conductance. A modest correlation 
was found between HMRI and the inv dpv slope, but this relation is very complex. As 
explained in the discussion this probably is due to a number of physiological differences 
between these indices and also some methodological limitations.  
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ABSTRACT 
 

Objectives  
The present study compared in patients with chronic myocardial infarction, 

microvascular resistance (MR) of viable myocardium in infarct areas with reference areas.  
Methods  

In 27 patients, MR (ratio distal coronary pressure and flow) of reference and viable 
infarct areas was calculated at baseline and during hyperemia. H2

15O PET was used to 
provide myocardial blood flow measurements. In infarct regions, H2

15O PET solely 
measures flow in viable myocardium, excluding flow in scar tissue. Distal coronary 
pressure was measured with a pressure wire in the infarct related and reference artery.  
Results 

The average time between PET study and infarction was 3.3±4.4 years. Mean 
hyperemic distal coronary pressure was significantly lower in the infarct related artery. MR 
varied considerably between patients, and was significantly higher in infarct areas at 
baseline (135±38 versus 118±29 mmHg.ml.min.ml-1; p<0.05), but not during hyperemia 
(39±18 versus 35±11 mmHg.ml.min.ml-1). The correlation between MR in infarct and 
reference areas was significant.  
Conclusion 

To determine MR, distal coronary pressure measurements should be used. 
Hyperemic MR in viable, chronically infarcted myocardium is not higher compared to the 
reference area. This supports the application of the established fractional flow reserve cut-
off value in the setting of chronic myocardial infarction. 
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INTRODUCTION 
 
Recently, there has been an increasing interest in the assessment of myocardial 

microvascular function. Impairment of microvascular function has been demonstrated in 
absence of coronary artery disease (CAD) and myocardial disease, in the presence of 
myocardial disease, in the presence of obstructive CAD and due to coronary intervention. 
(1-5) Within the context of acute and subacute myocardial infarction (MI), several 
diagnostic strategies have evolved to study microcirculatory function, including myocardial 
contrast echocardiography, nuclear scintigraphy, magnetic resonance imaging, positron 
emission tomography (PET), TIMI frame counting, TIMI myocardial perfusion grading and 
Doppler flow wire studies. These techniques provide (semi-)quantitative information on 
coronary or myocardial blood flow (MBF) and it is implicitly assumed that these flow 
measurements are inversely proportional to microvascular resistance in the infarcted 
myocardium. (6-17) However, none of above mentioned flow measurements corrects for 
epicardial resistance and therefore provide information on total (epicardial plus 
microcirculatory) vascular resistance only. 

To specifically study microcirculatory function in patients with obstructive 
coronary artery disease (CAD), microvascular resistance has to be determined. This can be 
realized by combining distal coronary pressure and myocardial flow measurements. 
Microvascular resistance can then be calculated as the ratio of distal coronary pressure and 
regional flow. Data on microvascular resistance are available only in patients without MI or 
in the subacute phase of MI. (18-22) To the best of our knowledge microvascular resistance 
data in patients with chronic MI are absent. 

H2
15O PET is a technique that provides quantitative information on regional blood 

flow in the myocardium. (23) In infarct regions, H2
15O PET measures flow in viable 

myocardium only; perfusion of scar tissue is not included in H2
15O PET data. (24) Since 

H2
15O PET data provide flow measurements per ml (viable) myocardium, the smaller 

amount of viable myocardium within an infarct region can be accounted for, when 
comparing flow measurements in infarct and reference areas.  

The aim of the present study was to compare microvascular resistance in chronic 
MI areas with a reference myocardial area, using a pressure wire to measure distal coronary 
pressure and H2

15O PET to measure MBF.  
 

METHODS 
 

Study population 
The study population consisted of 27 patients. Patients were included if they had 

stable angina pectoris, no signs of heart failure, documented single MI (a more than 
threefold increase over the normal value for serum creatine kinase) more than 2 months 
before the study and at least one normal non infarct related artery (non IRA) at 
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angiography. Patients with previous coronary artery bypass grafting were excluded. In all 
patients recent information was available on the extent and localization of the infarct area 
by echocardiography and/or MIBI perfusion scintigraphy. In 22 patients the PET study and 
coronary pressure measurements were performed on the same day; in the other 5 patients 
the interval between these two procedures was less than one week. All cardiac medication 
was continued during both studies, except for diuretics, which were stopped prior to 
angiography and pressure measurement. In all patients written informed consent was 
obtained, and the study was approved by the medical ethics committee of the VU 
University Medical Centre. 

 
Positron emission tomography 

All scans were performed in 2D mode, using an ECAT EXACT HR+ 
(Siemens/CTI, Knoxville, Tenn., USA). Subjects were monitored with a single lead 
electrocardiogram; blood pressure was measured every 3 minutes. After a transmission 
scan, 1100 MBq of H2

15O was injected intravenously as a bolus and a dynamic scan was 
acquired as previously described. (25) Following this baseline study, hyperemia was 
induced by IV infusion of adenosine (140 µg/kg/min) and a second H2

15O scan was 
performed. Subsequently, blood pool imaging was performed using C15O. Emission data 
were corrected for physical decay of 15O, dead time, scatter, randoms and photon 
attenuation. Reconstruction of the H2

15O emission sinograms was performed using filtered 
back projection (FBP) with a Hanning filter at 0.5 of the Nyquist frequency. Transmission 
and C15O sinograms were iteratively reconstructed using ordered subset expectation 
maximization (OSEM, CTI version 7.1.1; 2 iterations, 16 subsets), followed by 5 mm 
Gaussian postsmoothing to ensure identical resolution of FBP and OSEM reconstructed 
images. 

 
PET data analysis 

Anatomical tissue fraction (ATF) images were generated by subtracting the blood 
pool from the transmission images. Transaxial ATF images of the left ventricle were 
reoriented according to the anatomic axis of the heart and displayed as short-axis slices. 
The same reslicing parameters were applied to the dynamic H2

15O images. Regions of 
interest (ROIs) were defined manually on the ATF images at the basal, midventricular and 
apical level. Each basal and midventricular slice was divided in six equidistant sectors 
starting from the posterior insertion of the right ventricular free wall into the left ventricle. 
Corresponding ROIs from a variable number of slices were grouped in each patient to 
generate thirteen volumes of interest (6 basal, 6 midventricular and 1 apical). Additional 
ROIs were defined in the left and right ventricular chamber. This latter set of ROIs was 
projected onto the dynamic H2

15O images, to generate image derived input functions. Using 
the standard single tissue compartment model, together with these input functions, MBF 
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(ml/min/ml of perfusable tissue) was determined, including intrinsic corrections for spill-
over from both left and right ventricles.(26) 

 
Pressure measurement 

After intracoronary administration of 0.2 mg isosorbide dinitrate, angiograms of 
the IRA and reference coronary artery were made in 2 orthogonal views. Quantitative 
coronary angiography (QCA) of the IRA and reference coronary artery was performed 
off-line using the CAAS II system (CAAS System; Pie Medical Data, Maastricht, The 
Netherlands). The sensor of the pressure wire (WaveWire, Volcano Therapeutics, Rancho 
Cordoba, CA) was advanced to the tip of the guiding catheter. At this point, it was verified 
that both pressure measurements were identical. Then the pressure wire was positioned 
distal into the IRA. Hyperemia was induced by intracoronary administration of 40 µg 
adenosine and proximal and distal pressures at maximal hyperemia were recorded. Next, 
the pressure wire was advanced distally in a contralateral reference coronary artery with 
normal appearance at angiography. Again, hyperemia was induced and proximal and distal 
pressures were measured. 

 
Calculation of microvascular resistance  

A 13 segment model was used for echocardiography, MIBI scintigraphy and PET. 
Segments with wall motion abnormalities (WMA) at echocardiography and/or baseline 
perfusion defects at MIBI SPECT were defined as infarct area. The reference myocardial 
area was defined as segments within the perfusion area of an angiographically normal 
coronary artery, without WMA or perfusion defects. Both in the infarct and reference 
segments MBF was determined. Microvascular resistance was defined as the ratio of mean 
distal coronary pressure with MBF. Microvascular resistance was calculated in the IRA and 
reference coronary artery, at baseline and at maximal hyperemia. 

 
Statistics 

All data are presented as mean ± SD. The paired sample t-test was used to compare 
measurements in infarct and reference areas. A value of p < 0.05 was considered 
significant. 

 
RESULTS 

 
Clinical characteristics of the patients are summarized in table 1. Most patients had 

a q wave MI and the infarction was predominantly located in the anterior wall. The left 
ventricular ejection fraction was considerably impaired. The mean diameter stenosis and 
hyperemic distal coronary pressure in the IRA differed significantly from the reference 
coronary artery. Mean blood pressure and rate pressure product at hyperemia were not 
significantly different between PET study and cardiac catheterization. 
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TABLE 1. Clinical characteristics, angiographic and hemodynamic data (n=27) 

Age (yrs) 56±9 

Sex, M/F 23/4 

Coronary risk factors, n (%)  

Diabetes mellitus 2 (7) 

Hypertension 9 (33) 

Hyperlipidemia 17 (63) 

Smoking 15 (56) 

Infarct related artery, n   

LAD/LCx/RCA 17/3/7 

Q-wave/non-Q-wave MI, n 22/5 

Left ventricular ejection fraction (%) 44±15 

time interval MI and PETstudy (yrs) 3.3±4.4 

  

Ref diameter (mm)     reference vessel 3.03±0.49 

IRA 2.86±0.66 

DS (%)                       reference vessel 8±9* 

IRA 54±25 

  

Hyperemic mean BP during PET (mmHg) 93±9 

Hyperemic mean pAo during cag (mmHg) 96±13 

hRPP during PET (bpm·mmHg) 8479±1805 

hRPP during cag (bpm·mmHg) 7849±1587 

BP blood pressure; cag coronary angiography; DS diameter stenosis; hRPP hyperemic rate pressure product; IRA 
infarct related artery; LAD left anterior descending coronary artery; LCx left circumflex artery; MI myocardial 
infarction; pAo aortic pressure; RCA right coronary artery. 
* p<0.0001 reference vessel versus IRA 

 

 
Results of pressure and PET MBF measurements are given in table 2. The mean 

hyperemic distal coronary pressure was significantly lower in the infarct related artery. 
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Baseline and hyperemic flow were lower in the infarct area. Compared with the reference 
area, microvascular resistance in viable myocardium in the infarct area was significantly 
higher only at baseline.  

 
TABLE 2. Pressure measurements, PET MBF data and microvascular resistance 

 Infarct area Reference area 

bPao during cag (mm Hg) 104±18 104±17 

bPd during cag (mmHg) 93±23 102±18 

hPao during cag (mm Hg) 97±17 98±14 

hPd during cag (mmHg) 72±18* 94±15 

FFR 0.75±0.16* 0.96±0.04 

   

baseline MBF, (ml.ml-1.min-1) 0.72±0.23 0.90±0.21* 

hyperemic MBF, (ml.ml-1.min-1) 2.10±0.92 2.98±1.12* 

   

bMR, (mmHg.ml.min.ml-1) 135±38 118±29† 

hMR, (mmHg.ml.min.ml-1) 39±18 35±11 

bMR/hMR 3.9±1.5 3.6±0.8 

bPao aortic pressure at baseline; bPd distal coronary pressure at baseline; bMR baseline microvascular resistance; 
cag coronary angiography; FFR fractional flow reserve; hMR hyperemic microvascular resistance ; hPao mean 
aortic pressure at hyperemia; hPd mean distal coronary pressure at hyperemia; 
* p<0.0001 reference versus infarct area, † p<0.05 reference versus infarct area. 

 
 

The relation between microvascular resistance in reference and infarct areas at 
hyperemia and at baseline in individual patients is shown in figure 1. In both conditions a 
significant relation was found.  
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Figure 1a. Correlation between microvascular resistance in reference and infarct areas during hyperemia (hMR). 
Regression lines and 95% confidence limits are given 

 
 

Figure 1b. Correlation between microvascular resistance in reference and infarct areas at baseline (bMR). 
Regression lines and 95% confidence limits are given 
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DISCUSSION 
 

In the present study microvascular resistance in viable myocardium in infarct areas 
was compared with that in reference areas in patients with stable CAD and a chronic MI. 
Microvascular resistance at baseline, but not at maximal hyperemia, was higher in the 
infarct area. In individual patients there was a significant correlation between microvascular 
resistance in infarct and reference areas, both at baseline and during hyperemia.  

 
H2

15O PET to measure MBF in infarcted areas 
H2

15O PET provides blood flow data in that part of the myocardium that is capable 
of exchanging water rapidly, i.e. viable myocardium. In patients with a myocardial 
infarction H2

15O PET MBF data have been shown to successfully predict recovery of 
contractile function after revascularization in both acute and chronic settings. (27-29) The 
distribution of water-perfusable myocardium estimated by H2

15O and PET corresponded 
well to location of the histochemically proven noninfarct myocardial tissue in an animal 
model of old MI. (24) In another animal study, a good correlation was found between 
H2

15O PET MBF and microsphere estimates of myocardial blood flow within the infarcted 
area. (30) These findings imply that perfusion of the scar tissue within an infarcted area is 
very low (no microspheres are seen) and is not measured by H2

15O PET. If one should 
account for the blood flow in the scar tissue within an infarct area, average total blood flow 
(scar tissue and viable myocardium) in an infarcted area would be much lower and 
microvascular resistance would be much higher. However, assessment of only viable 
myocardium in an infarct area seems more relevant from a clinical point of view. 

As the H2
15O PET technique provides values of flow per ml of perfusable tissue 

(viable myocardium) and not per ml of total tissue in the infarct area, microvascular 
resistance in equivalent amounts of viable myocardium in infarct and reference myocardial 
areas can be compared. In contrast, when using a Doppler guide wire or electromagnetic 
flow probe to compare maximal coronary flow in an IRA and a reference vessel, no 
correction is made for the smaller mass of viable myocardium perfused by the IRA. 
Therefore assessment of microvascular resistance based on these techniques cannot 
distinguish whether a lower maximal flow velocity (which results in a higher microvascular 
resistance calculation) within an IRA is caused by a truly augmented microvascular 
resistance, or by a decreased perfusion bed due to the infarction. (31) 

In contrast to prior studies, infarct location and MBF were determined in a 13 
segment model in our study. (32) This approach allows for more precise delineation of the 
infarct area and, therefore, allows for assessment of microvascular resistance within the 
infarct area only. MBF data of segments with MIBI perfusion defects or WMA at baseline 
were used only.  
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Distal coronary pressure to assess microvascular resistance 
In patients with obstructive CAD, due to a transstenotic pressure gradient, distal 

coronary pressure is lower than aortic pressure and therefore microvascular resistance can 
not be calculated using aortic pressure. This fact is not always accounted for. (32) 
Furthermore coronary arteries without focal stenosis at angiography generally are 
considered non-flow limiting. However, atherosclerosis is a diffuse process that can remain 
invisible at angiography and can cause a graded, continuous pressure fall along the arterial 
length. (33; 34) In the present study coronary pressure was measured in the most distal 
parts of IRA, thus avoiding above mentioned pitfalls. These measurements showed large 
variation of hyperemic transstenotic pressure gradients in the IRA. This also is reflected in 
widely varying FFR values. In the contralateral coronary artery, which had a normal 
angiographic aspect, the hyperemic distal pressure was 0 to 5 mm Hg lower than the aortic 
pressure, underscoring the fact that occult atherosclerosis can result in a detectable 
epicardial resistance. 

 
Microvascular resistance in chronic MI 

Currently, few data are available on microvascular resistance, only in patients 
without prior infarction. Studies have shown that microvascular resistance is heterogeneous 
both within and between normal controls. (35) In patients with an intermediate coronary 
stenosis spatial heterogeneity of microvascular resistance was found at hyperemia. (21) In 
myocardial areas perfused by a severely narrowed coronary artery, it has been reported that 
hyperemic microvascular resistance is augmented and that microvascular resistance 
normalises after successful coronary angioplasty. (20; 22) However, when accounting for 
collateral flow, minimal microvascular resistance was found to be independent of the 
severity of an epicardial stenosis. (19) 

In an animal study with microspheres, Vanhaecke et al. found that the hyperemic 
flow in the viable, reperfused myocardium was transiently diminished but did recover after 
one week. In the irreversibly damaged myocardium however, the decrease in peak 
hyperemic flow was very substantial and permanent. (36) In the present study, we found 
that microvascular resistance in infarct areas was elevated only at baseline, but not during 
hyperemia. The microcirculatory vasodilator reserve in the infarct area was not inferior 
compared to the reference area, similar to the animal study mentioned earlier. This suggests 
that, in patients with a patent IRA, microcirculatory function within the viable myocardium 
of an infarct zone is not hampered in the chronic phase of a myocardial infarction. A 
prerequisite for adequate microcirculatory function is an appropriate number, functionally 
intact capillaries for the amount of myocardial tissue to be perfused. In a histopathologic 
study of chronic myocardial infarctions, an inverse relation between reduction in capillary 
density and transmurality of the infarct scar has been demonstrated; the lowest density was 
found in patients with ventricular aneurysms and an occluded IRA. The amount of viable 
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myocardial tissue within an infarct area correlated with the number of (surviving) 
capillaries. (37) 

In the present study variability of microvascular resistance in the reference area 
was large. This corresponds with findings of previous studies in healthy humans and 
patients and reflects a physiological phenomenon. (21; 35; 38) 

 
Clinical implications 

Nuclear perfusion scans, used to assess the hemodynamic significance of an 
epicardial stenosis, are based on the comparison of flow in the area of interest and a 
reference segment. These tests assume that microvascular resistance is the same in both 
areas. As illustrated in figure 1a, for most patients a good correlation between both 
microvascular resistances was found, suggesting that these perfusion studies can be used in 
patients with chronic MI to assess a coronary stenosis in the IRA. An important prerequisite 
to determine FFR is that measurements are performed under conditions of minimal 
myocardial resistance. To use the cut-off value for FFR (established in patients without 
infarction) in an infarct related artery, the microvascular resistance in infarct and non-
infarcted myocardial areas should be comparable. The findings of the present study support 
the application of FFR measurements in an infarct related artery, in the setting of a chronic 
myocardial infarction. This is in line with studies of FFR in the subacute phase of MI, in 
which the established FFR cut-off value for noninfarct myocardial areas, proved to be valid 
also in infarct areas. (18; 39; 40) 

 
Limitations 

PET and pressure measurements were not performed simultaneously. Hence, the 
data might have been acquired under different hemodynamic conditions. However, no 
difference in rate pressure products between both procedures was observed. Furthermore, 
hyperemia during PET scanning and pressure measurements was induced by intravenous 
and intracoronary adenosine administration, respectively. Studies have shown, however, 
that there is no difference in the level of hyperemic flow following intracoronary or 
intravenous administration of adenosine. (41) 

Collateral flow probably does not affect measurements of microvascular 
resistance. Regional PET data are the summation, at the myocardial level, of antegrade and 
collateral coronary flow. If present, collateral flow is also reflected in the distal coronary 
pressure measurement. (42) Therefore, both PET flow and pressure data completely 
incorporate the contribution of collateral flow; hence this effect should cancel out in the 
estimation of microvascular resistance. 

In patients with a critical coronary stenosis, the microcirculation may become 
dysfunctional. (43) In the present study, most of the patients had only a minimal or 
intermediate coronary stenosis and therefore the effects on the results are likely to be small.  
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CONCLUSION 
 
In patients with coronary artery disease, distal coronary pressure often is lower 

than aortic pressure and therefore aortic pressure can not be used to determine MR. 
Hyperemic MR in viable myocardium within the infarct area is not higher compared to the 
reference area. This finding supports the use of non invasive stress tests or the established 
fractional flow reserve cut-off value (0.75), in the assessment of coronary stenoses in 
patients with a chronic myocardial infarction. 
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Marques and colleagues have conducted an interesting study on microvascular 
resistance of viable tissue within an infarcted area. (1) This study is important, not only 
from a conceptual point of view, but also because it has several relevant implications for 
the applicability of MIBI spect and fractional flow reserve (FFR) measurement in patients 
with previous myocardial infarction and a residual or recurrent stenosis in the infarct-
related coronary artery.  

The use of these methods, one non-invasive and the other invasive, has been 
supported by theoretical and empirical data, but the present study corroborates their 
usefulness in patients with previous myocardial infarctions.  

To understand the clinical implications of the study by Marques et al., it is 
paramount to understand microvascular resistance, which so far has been hard to assess in 
conscious humans.  

Microvascular resistance equals the ratio of distal coronary pressure divided by 
myocardial blood flow. As surrogates for the numerator and denominator of that ratio, 
sometimes aortic pressure and coronary blood flow or flow velocity, respectively, have 
been used, which might be correct in healthy persons. However, in patients with coronary 
artery disease, the first number overestimates distal coronary pressure and the second one 
underestimates myocardial blood flow, and therefore use of these surrogates leads to 
progressive overestimation of myocardial resistance in the case of a stenotic coronary 
artery. (2-4) As a consequence, our knowledge about microvascular resistance in patients 
with coronary disease, and especially after previous myocardial infarction, has remained 
questionable. 

Furthermore, from a clinical point of view, i.e. the question of whether inducible 
ischaemia is still present or present again, the interesting index to study is hyperaemic 
blood flow, corresponding to minimal resistance of the viable myocardium within the 
infarcted zone, not the resistance of the scar tissue. As positron emission tomography, used 
by Marques et al., only measures blood flow in viable tissue, this latter value, combined 
with distal coronary pressure measured by the pressure wire, provides the opportunity for 
correct assessment of microvascular resistance of viable tissue within the infarcted area. (1)  

FFR is considered as the gold standard for invasive assessment of inducible 
ischaemia. (5; 6) It has been validated in a wide variety of clinical conditions and it has 
been shown empirically by de Bruyne et al. and Usui et al. that the generally used threshold 
of ischaemia of 0.75–0.80 remains valid after previous myocardial infarction. (7; 8) This is 
understandable from theory, but not so trivial, and in this respect the study of Marques et al. 
is especially helpful.  

To clarify this issue, in Figure 1 the stenotic epicardial coronary artery and its 
dependent perfusion territory are depicted. 
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Figure 1 Simplified illustration of a stenotic epicardial coronary artery and its dependent perfusion territory, 
before (upper part) and after myocardial infarction (lower part). Because of the large extent of the perfusion area 
and associated high value of maximum blood flow in the upper part of the figure, a particular anatomic stenosis 
will result in a large pressure gradient and low fractional flow reserve (FFR), e.g. 0.60 in this example. After 
myocardial infarction (when part of the perfusion territory has become necrotic and the viable area within the 
perfusion territory is smaller), despite a similar hyperaemic response of that viable part of the myocardium, 
maximum achievable blood flow in the supplying artery will be lower and FFR increases even if the severity of 
the stenosis remains the same. In other words, an anatomically identical stenosis results in a higher FFR (and 
therefore is less significant from a functional point of view) if the (viable) perfusion area of the artery decreases. 
This indicates that the physiological significance of the stenosis has decreased, not by a morphological change of 
the stenosis itself but by a decrease of the perfusion territory. Also, in contrast to anatomy-based approaches, FFR 
can still be used to assess this physiological significance reliably.  

 
 
 
Although viable areas and scar tissue will most probably be scattered and 

patchy,(9) for the sake of simplicity the necrotic tissue is represented in Figure 1 by the 
shaded area and the viable myocardium by the clear area. In the upper half of the figure, 
before infarction occurred, there is a significant epicardial stenosis resulting in an FFR of 
0.60 in this example. After the infarction, part of the perfusion territory has become 
necrotic, which means that maximum blood flow to the total territory has decreased, 
meaning that (even if the epicardial stenosis would remain unchanged) FFR has increased.  

What does this mean? At first glance, this observation might question the 
applicability of FFR after previous myocardial infarction. At a second glance, however, it is 
clear that the haemodynamic significance of the (anatomically unchanged) stenosis has 
decreased because the perfusion territory has decreased to a similar degree. It is only the 
remaining viable myocardium which has to be perfused, meaning that from a physiological 
point of view, the stenotic epicardial coronary artery is no longer significantly narrowed 
despite unchanged morphology. In other words, even if the severity of the anatomic 
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stenosis and the stenosis resistance remain unchanged, its physiological severity decreases, 
due to a decrease in the amount of viable myocardium dependent on that artery. Therefore, 
the increase of FFR from 0.60 to 0.80 correctly indicates that this stenosis would be 
significant before the infarction but not afterwards. In fact, FFR accounts for the complex 
inter-relationship between anatomic stenosis severity, myocardial blood flow, extent of the 
perfusion area, and inducible ischaemia. It is a quite unique index in this way.  

In contrast, it is also easy to understand now why after a previous infarction, a 
particular value of FFR corresponds to the average value of a more severe stenosis, as was 
the case before infarction.(10)  

Although this sounds somewhat complex, it can be understood easily by making 
the comparison with a field of corn irrigated by a water pipe which is originally wide 
enough to supply the field with sufficient water. If the water pipe becomes narrowed for 
one reason or another, it might become insufficient to produce an adequate water supply 
and part of the field will dry out. Once this has happened, however, the (still narrowed) pipe 
will be sufficient again to supply enough water to the remaining viable part within the field 
of corn. In other words, although the anatomy of the water pipe remains unchanged, the 
haemodynamic significance of its narrowing has decreased because of the decrease of the 
perfusion area. Also it is clear that when we are interested in the water consumption per 
square metre of the viable part within that original field of corn, this consumption is 
identical to that of a nearby field never threatened by lack of water.  

The study by Marques et al. was performed in patients with chronic myocardial 
infarction. (1) Therefore, caution is warranted in extrapolating their data to an acute or 
semi-acute infarction when stunning and intramyocardial oedema may be present and when 
also the perfusion of the non-necrotic tissue might be disturbed. For that reason, it should 
be emphasized that FFR should not be applied in the first days after transmural myocardial 
infarction, when a high FFR can be present despite a severe residual stenosis.  

However, after stunning and oedema have resolved, FFR can be safely applied 
with a similar threshold value of ischaemia to that in normal patients. It is not possible to 
predict the exact time interval for doing so because that also depends on the extent of the 
infarction and probably varies from one person so another. However, from the above-
mentioned study by de Bruyne, we know that at least after 5 days, FFR can be applied to 
assess the physiological significance of a residual or recurrent stenosis in the infarct-related 
artery. (7) 

Marques et al. mention a few limitations of their study, i.e. non-simultaneous 
performance of PET and invasive measurement, and a different method of inducing 
myocardial hyperaemia1 (in one case intravenous adenosine, and in the other 
intracoronary). However, these are minor issues as the perfusion pressure and hyperaemic 
rate pressure product remained unchanged and as intracoronary and intravenous adenosine 
induce hyperaemia to a similar degree. (11) 
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Finally, for the myocardial reference areas studied by Marques et al., only a small 
hyperaemic pressure gradient was present within the supplying coronary artery, indicating 
that these areas could be used reliably as almost normal reference areas.  

In conclusion, this elegant study provides more insight into the physiology of 
viable tissue within an infarcted area and supports the basis of using non-invasive MIBI 
spect and invasive FFR measurements for reliable assessment of ischaemia after previous 
myocardial infarction.  
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ABSTRACT 
 

Objectives  
The present study assessed in patients with chronic myocardial infarction whether 

microvascular resistance in the infarct and reference area are different . Therefore the 
correlation between FFR and RFR using H2

15O PET was studied. 
Background  

Fractional flow reserve (FFR) is an index of coronary stenosis severity. FFR is the 
ratio of hyperemic myocardial flow in the stenotic area to the maximal flow in that same 
territory without stenosis and can be measured with a pressure wire. In patients with prior 
infarction, measuring FFR in infarct related arteries (IRA) may be different for 2 reasons: a 
smaller mass of viable myocardium depending on the stenotic IRA and an increased 
microvascular resistance in the infarct area compared to the reference area. When 
microvascular resistance in the infarct and reference area are not different, FFR should 
equal relative flow reserve (RFR). RFR is the ratio of myocardial blood flow in the stenotic 
area to blood flow in a reference, normally perfused area, at maximal hyperemia. H2

15O 

positron emission tomography (PET) measures myocardial flow within the viable areas of 
an infarct only and can be used to measure RFR.  
Methods  

In the catheterization laboratory, FFR was measured in the IRA and reference 
coronary artery. The H2

15O PET study and FFR measurements were performed on the same 
day in 22 patients.  
Results  

In 27 patients, the mean time interval between the PET study and infarction was 
3.3 years. Most patients had suffered an anterior infarction and the mean ejection fraction 
was 44%. The mean FFR and RFR values were 0.75±0.16 and 0.74±0.18 respectively. A 
significant correlation (r=0.81; p<0.0001) was found between FFR and RFR. The linear 
regression line was close to the line of identity.  
Conclusion  

In patients with chronic myocardial infarction and a reduced ejection fraction, a 
good correlation was found between FFR measurements in the IRA and RFR. Since the 
linear regression line between FFR and RFR was close to the line of identity, it can be 
concluded that microvascular resistance in the viable myocardium and reference area are 
not different. 
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INTRODUCTION 
 
Coronary angiography remains one of the cornerstones in the evaluation of 

patients with coronary artery disease. However it is difficult to assess the hemodynamic 
significance of a stenosis from the angiogram alone. Measurement of fractional flow 
reserve (FFR) with a pressure wire has been demonstrated to be a simple and reliable index 
to determine the functional significance of a coronary stenosis. In patients with a preserved 
left ventricular function, a well-defined cut-off value of 0.75 has been shown to accurately 
distinguish hemodynamically significant stenoses. (1-6) 

In patients with a prior myocardial infarction however, measurement of FFR in the 
infarct related artery may be biased because of the following 2 reasons: a/ the mass of 
viable myocardium depending on the stenotic infarct related artery is smaller for a similar 
degree of stenosis and b/ microvascular resistance in the infarct area may be increased 
compared to the reference area and this may blunt maximal hyperemia. To investigate the 
value of FFR measurements in patients with prior infarction, these two potential pitfalls 
should be addressed. The first issue can be addressed, using H2

15O positron emission 
tomography (PET) to measure myocardial flow. In infarct areas H2

15O-PET provides 
perfusion data only on the viable myocardium within an infarct region. (7-9) As H2

15O PET 
provides flow values expressed as flow per ml of perfusable (viable) tissue, the smaller 
amount of viable myocardium within the infarct area is accounted for and thus comparison 
of blood flow between infarct and reference myocardial areas is possible. The second issue 
can be examined by correlating FFR with relative flow reserve (RFR) values. FFR is 
defined as the ratio of hyperemic myocardial flow in the stenotic area to the maximal flow 
in that same territory without stenosis. (4) RFR is the ratio of myocardial blood flow in the 
stenotic area to blood flow in a reference, normally perfused area, at maximal hyperemia. 
(10) If microvascular function in the viable, chronically infarcted myocardium and 
reference area is not different, and if there is no stenosis in the reference coronary artery, 
FFR should equal RFR; if microvascular resistance in the infarct area is higher compared to 
the reference area, FFR will be higher than RFR.  

The present study aimed to assess whether in patients with chronic infarction, 
microvascular resistance in the infarct area is different from the reference area. Therefore 
the correlation of FFR and RFR measurements was examined, using 15O-labeled water and 
PET. Furthermore, the best FFR cut-off value was determined in these patients, based on 
the results of non-invasive stress-testing. 
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MATERIALS AND METHODS 
 

Study population  
Patients were included in the study if they fulfilled the following criteria: a 

documented single myocardial infarction >2 months before the study, a non-occluded 
infarct related artery with a proximal culprit lesion and at least one normal non-infarct 
related coronary artery. Patients with a non dominant right coronary artery as infarct related 
or normal non-infarct related artery were not included. PET study and FFR measurements 
were performed on the same day in 22 patients; in the remaining 5 patients the interval 
between the two procedures was less than one week. In all patients recent information was 
available on extent, localization and presence or absence of ischemia in the infarct area 
from dobutamine stress echocardiography and/or Tc 99m sestamibi perfusion scintigraphy. 
The study was approved by the medical ethical committee of the VU University Medical 
Centre. Written informed consent was obtained in all patients. 

 
Myocardial perfusion scintigraphy 

SPECT was performed according to a two day stress/rest protocol. Exercise or 
adenosine were used for the stress images. Technetium-99m labeled sestamibi was injected 
at maximal exercise or after IV infusion of adenosine (0.14 mg/kg per minute). SPECT was 
performed using a two-headed gamma camera equipped with low-energy high-resolution 
collimators. Acquisition was performed using a 360 degree circular orbit. The scintigraphic 
images were analyzed using a 13 segment model.(11) Stress and rest segments were semi 
quantitatively scored as normal (grade 0) or having a mild, moderate or severe (grade 3) 
perfusion defect. Perfusion defects were allocated to the territory of a coronary artery. 
Defects located in the anterior and anteroseptal region were allocated to the left anterior 
descending coronary artery (LAD); defects in the posterolateral wall to the left circumflex 
coronary artery (LCx) and inferior and basal inferoseptal defects to the right coronary artery 
(RCA). Apical defects were considered to be located in the LAD region, unless the defect 
extended to the posterolateral (LCx) or inferior (RCA) wall. Reversible perfusion defects 
were present when the rest perfusion score improved one grade or more and were 
considered as positive for the presence of ischemia. Segments with irreversible perfusion 
defects or normal perfusion were considered negative for the presence of ischemia. The 
MIBI scintigrams were scored by 2 experienced cardiologists; in case of disagreement, a 
majority decision was achieved by a third cardiologist. 

 
Dobutamine stress echocardiography  

An intravenous infusion of dobutamine was started at a rate of 10 µg/kg per 
minute and was increased by 10 µg/kg per minute every three minutes until either wall 
motion abnormalities were observed or a maximal rate of 40 µg/kg per minute was reached. 
In patients who did not reach 90 percent of their age-adjusted maximal heart rate and who 
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had no objective signs of ischemia, 0.25 mg of atropine was given every minute up to a 
maximum of 1.0 mg while the dobutamine infusion was continued. End-points for stopping 
the infusion were the same as mentioned in the guidelines.(12) Two dimensional 
echocardiography was performed obtaining parasternal long and short-axis views and 
apical four- and two-chamber views. Imaging was performed throughout the study and 
during recovery until resolution of new wall motion abnormalities. On-line digital images 
in quad screen format were analyzed for the presence, extent, severity and location of 
segmental wall motion abnormalities. Myocardial contractile function was graded as 
normal, hypokinetic, akinetic or dyskinetic in each segment. An echocardiographic stress 
test was considered positive when new or worsening stress-induced wall motion 
abnormalities were observed. The standard algorithm was used to assign ventricular 
segments to coronary territories: LAD (basal and midanteroseptal segments, basal, mid and 
apical anterior segments, mid and apical septal and apical lateral segments); LCx (basal and 
mid lateral segments, basal and midposterior segments); RCA (basal, mid- and apical 
inferior segments and basal septal segments).(13) The dobutamine stress echocardiograms 
were scored by 2 experienced cardiologists; in case of disagreement, a majority decision 
was achieved by a third cardiologist. 

 
PET study  

A short rectilinear transmission scan was performed, to ascertain positioning of the 
heart in the centre of the view of the scanner. Then a complete transmission scan was 
recorded, which was used to correct the subsequent emission scans for tissue attenuation. 
After the transmission scan, myocardial perfusion was measured using a dynamic H2

15O 

scan sequence. This was performed at baseline and after hyperemia, induced by intravenous 
administration of adenosine (140µg/kg/min). Finally a static C15O scan was performed. 
This was used to image the blood volume. Anatomical tissue images were generated by 
subtracting the blood pool from the transmission images. Transaxial anatomical tissue 
images of the left ventricle were reoriented according to the anatomic axis of the heart and 
displayed as short-axis slices. The same reslicing parameters were applied to the dynamic 
H2

15O images. Regions of interest were defined manually on the transaxial images at the 
basal, midventricular and apical level. Each basal and midventricular slice was divided in 
six equidistant sectors starting from the posterior insertion of the right ventricular free wall 
into the left ventricle. Corresponding regions of interest from a variable number of slices 
were grouped in each patient to generate thirteen volumes of interest (6 basal, 6 
midventricular and 1 apical). Additional regions of interest were defined in the left and 
right ventricular chamber. This latter set was projected on the dynamic H2

15O images, to 
generate image derived input functions. Using the standard single tissue compartment 
model together with these input functions, myocardial blood flow (ml/min/ml of perfusable 
tissue) was determined including intrinsic corrections for spill-over from both left and right 
ventricles. (14) 
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For the present analysis, the original 13 regions of interest were regrouped into 
five larger segments (anteroseptum, inferoseptum, anterior, lateral and inferoposterior 
walls). The apex, anterior and anteroseptal wall were allocated to the left anterior 
descending coronary artery, the lateral wall to the left circumflex coronary artery, and the 
inferoseptum and inferoposterior wall to the right coronary artery. The RFR was defined as 
the ratio of myocardial perfusion in the infarcted area to perfusion in the contralateral 
normally perfused area, at hyperemia. 

 
Quantitative angiography and FFR measurement  

A 6F or 7F guiding catheter was positioned in the coronary ostium and the aortic 
pressure (Pa) was measured. After intracoronary administration of 0.2 mg isosorbide 
dinitrate, an angiogram of the infarct related artery was made in 2 orthogonal projections. 
Nitrates were given to achieve maximal epicardial dilatation. In this way, flow mediated 
vasodilatation was prevented which may affect the FFR measurement. In addition, nitrates 
prevent the occurrence of coronary spasm induced by the presence of a wire in the coronary 
stenosis. Quantitative coronary angiography was performed off-line using the CAAS II 
system (CAAS System; Pie Medical Data, Maastricht, The Netherlands). A pressure wire 
(WaveWire, Volcano Therapeutics, Rancho Cordoba, CA ) was advanced to the tip of the 
guiding catheter. At this point, it was verified that both pressures were identical. Then the 
wire was positioned distal to the coronary stenosis and the distal pressure (Pd) was 
recorded. Maximal hyperemia was induced by intracoronary administration of 40 µg 
adenosine. The FFR was calculated as the ratio of Pd and Pa at maximal hyperemia. 
Afterwards, FFR was also determined in the contralateral reference coronary artery. 

 
Statistics  

All data are presented as mean ± SD. Differences in continuous variables between 
groups were compared by Students t test. The relation between FFR and RFR was assessed 
using linear regression analysis. A value of p < 0.05 was considered significant. Receiver 
operator characteristics were calculated for FFR predicting ischemia in the infarct area by 
noninvasive testing. The sensitivity, specificity and FFR cut-off value to determine 
ischemia were calculated. 

 
RESULTS 

 
The clinical characteristics of the 27 patients are summarized in table 1. The time 

interval between the PET study and myocardial infarction varied widely. Most infarctions 
were located at the anterior wall. The infarction was treated by primary coronary 
angioplasty in 8 patients, thrombolysis in 11 patients and rescue angioplasty in 2 patients. 
In 6 patients no reperfusion therapy was performed. The mean ejection fraction was 44 ± 
15%. 
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TABLE 1. Clinical characteristics of the patients (n=27) 

Age (yrs) 56 ± 9 

Male, n 23 (85%) 

STEMI, n 22 (81%) 

Coronary risk factors, n (%)  

Diabetes mellitus 2 (7) 

Hypertension 9 (33) 

Hypercholesterolemia 17 (63) 

Smoking 15 (56) 

time interval MI and PET study (yrs) 3.3 ± 4.4 

Infarct related artery, n (%)  

LAD 17 (63%) 

LCx 3 (11%) 

RCA 7 (26%) 

Reference coronary artery, n (%)  

LAD 4 (15%) 

LCx 21 (78%) 

RCA 2 (7%) 

Left ventricular ejection fraction (%) 44 ± 15 

STEMI ST-segment elevation myocardial infarction; MI myocardial infarction; PET positron emission 
tomography; LAD left anterior descending artery; LCx left circumflex artery; RCA right coronary artery 

 
Table 2 displays the angiographic, hemodynamic and perfusion data. The 

percentage diameter stenosis in the infarct related artery ranged from 0 to 90%. FFR in the 
infarct related artery was significantly lower compared to the reference artery. FFR ranged 
from 0.34 to 1.0 (mean, 0.75 ± 0.16) and RFR in the infarcted region varied from 0.24 to 
1.06 (mean, 0.74 ± 0.18). Myocardial blood flow in the infarct region was significantly 
lower at baseline and during hyperemia. The hyperemic rate pressure product during 
catheterization and the PET study was not statistically different. A good correlation was 
found between FFR and RFR; this is represented in figure 1a. The mean difference between 
RFR and FFR was 0.01 ± 0.11 (figure 1b). To detect ischemia, nuclear scintigraphy was 
performed in 18 patients and dobutamine stress echocardiography in 9 patients. In 16 
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patients, the stress test was abnormal in the infarct area. The optimal cut-off value of FFR 
for discriminating reversible ischemia on noninvasive imaging was <0.79, resulting in a 
sensitivity of 81% and a specificity of 82% (figure 2). An FFR <0.75 had a sensitivity of 
69% and a specificity of 82%. 

 
 

TABLE 2. Angiographic, coronary hemodynamic and PET data 

DS IRA (%) 54 ± 25 

FFR IRA 0.75 ± 0.16 

FFR reference coronary artery 0.97 ± 0.02* 

hRPP during angiography (bpm·mmHg) 7849 ± 1587 

  

MBF infarct area (ml/min/ml)  

at baseline 0.73 ± 0.20 

at hyperemia 2.21 ± 1.02 

MBF reference area (ml/min/ml)  

at baseline 0.89 ± 0.22* 

at hyperemia 2.92 ± 1.11* 

RFR 0.74 ± 0.18 

hRPP during PET study (bpm·mmHg) 8479 ± 1805 

DS diameter stenosis; IRA infarct related artery; FFR fractional flow reserve; hRPP hyperemic rate pressure 
product; MBF myocardial blood flow; RFR relative flow reserve  
p<0.0001 reference versus infarct area 
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Figure 1a. Plot shows relation between relative myocardial flow reserve (RFR) as assessed by positron emission 
tomography and fractional flow reserve (FFR) 

 
Figure 1b. Bland – Altman plot of FFR and RFR. Solid line represents mean difference; dashed lines represent 2 
SD from this mean. 
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Figure 2. Sensitivity and specificity curves of FFR to detect ischemia by noninvasive stress-testing 
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DISCUSSION 
 
In patients with chronic myocardial infarction and a reduced ejection fraction, a 

good correlation was found between FFR measurements in the infarct related artery and 
RFR, determined with H2

15O PET. The linear regression line between FFR and RFR was 
close to the line of identity. This implicates that in patients with chronic myocardial 
infarction, microvascular resistance in the infarct and reference area was not different.  

 
Rationale for measuring RFR with H2

15O PET in chronic myocardial infarction 
H2

15O PET is a technique that provides quantitative information on regional flow 
in the myocardium. (15; 16) In patients with chronic infarction, the amount of viable 
myocardium is smaller and therefore, maximal achievable blood flow to the infarcted area 
is decreased, even in the absence of an infarct related artery stenosis. As the H2

15O PET 
technique provides flow values expressed as flow per ml of perfusable (viable) tissue only 
(and not per ml of total tissue in the infarct area), the smaller amount of viable myocardium 
within the infarct area is accounted for and thus comparison of blood flow between infarct 
and reference myocardial areas is possible. 

  
Correlation between FFR and RFR in chronic myocardial infarction 

In patients without prior myocardial infarction the comparison between FFR and 
RFR has been used to validate FFR measurements. (17) FFR measurements equal RFR 
values if 3 conditions are fulfilled: 1/ the absence of significant narrowing in the reference 
coronary artery; therefore in the present study FFR in the reference coronary artery was 
measured. The second condition is that FFR and RFR measurements should be performed 
under similar hemodynamic conditions; in the present study the rate pressure product at 
maximal hyperemia during FFR measurement and the PET study did not differ 
significantly. The third condition is that microvascular resistance in the stenotic and 
contralateral area should be identical during maximal hyperemia. The third condition does 
not suggest that microvascular resistance in the reference and infarct area are normal. It has 
been shown that coronary flow reserve and maximal myocardial blood flow in healthy 
volunteers are significantly higher compared to myocardial regions perfused by normal 
coronary arteries, in patients with remote areas of myocardial ischemia. (18) Maximal 
myocardial blood flow data in volunteers measured in our institution (4.31 ± 0.90 
ml/min/ml), are in concordance with Uren et al. and are significantly higher compared to 
the reference area flow data in the present study. (19) This implicates that the microvascular 
resistance in the reference area in the present study was increased when compared to truly 
normal resistance. However, in the present study, maximal myocardial blood flow data and 
absolute flow reserve in the reference area (3.3 ± 1.2) were comparable with other H2

15O 
PET studies in patients with coronary artery disease. (18; 20-22) This suggests that the 
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degree of microvascular function impairment in the present study was similar to other 
studies. 

In the acute and subacute phase of a myocardial infarction, microvascular 
resistance in the infarcted area can be increased. (23-25) There are no data on 
microcirculatory resistance in chronic infarcted areas in patients. If microcirculatory 
function within a chronic infarcted area is similar to the reference area, FFR in an infarct 
related artery should be identical to RFR. If microvascular resistance in chronic infarcted 
areas remains elevated compared to the reference area, FFR values will be higher than RFR 
values. In this situation, FFR will overestimate RFR proportionally to the degree 
microvascular resistance in the infarct area is higher compared to the reference area. In the 
present study, RFR was measured with H2

15O PET. In infarct areas H2
15O-PET provides 

perfusion data only on the tissue that is capable of exchanging water rapidly, which is a 
property of viable myocardium. (7-9) Myocardial blood flow in non-perfusable (scar) tissue 
is neglectable. The fact that in the present study the regression line of the relation between 
FFR and RFR approached the line of identity (figure 1a) and that the mean difference at the 
Bland - Altman plot was not significantly different from zero (figure 1b), indicates that 
microvascular resistance in the infarct and reference area was not different  

 
The FFR cut-off value after myocardial infarction  

In the present study, the optimal cut-off of FFR to detect ischemia in the infarct 
area was <0.79, resulting in a sensitivity of 81% and a specificity of 82%. An FFR <0.75 
had a sensitivity of 69% and a specificity of 82%. These findings are in line with previous 
studies, performed in the subacute phase of an infarction. De Bruyne et al. found in 57 
patients with a recent myocardial infarction (average time 20 days) that the best cut-off 
value of FFR was 0.78. (26) In another study FFR measurements were compared with 
single-photon emission computed tomography 4 days after myocardial infarction. The 
optimal FFR value for discriminating inducible ischemia also was 0.78. (27) Usui et al 
compared the reliability of FFR in infarct and non-infarct related artery stenoses. They 
found a similar sensitivity and specificity in patients with and without prior infarction at a 
FFR cut-off value of 0.75.(28) In all three studies mentioned above, the ejection fraction 
was rather well preserved (58, 53 and 56% respectively). The present study extends the 
validity of the 0.75 FFR cut-off value to patients with chronic infarction and a considerably 
diminished left ventricular function.  
 
Limitations  

PET and pressure measurements were not performed simultaneously. However, no 
difference in rate pressure products between both procedures was observed at hyperemia. 
Furthermore, hyperemia during PET scanning and pressure measurements was induced by 
intravenous and intracoronary adenosine administration, respectively. Studies have shown, 
however, that both intracoronary and intravenous administration of adenosine can achieve 
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maximal hyperemia. (29) In the postinfarction setting, the accuracy of non-invasive stress 
testing is decreased. This could have an influence on the FFR cut-off value and its 
sensitivity and specificity. The FFR cut-off value in the chronic phase of a myocardial 
infarction should be confirmed in a larger study population. 

 
CONCLUSION 

 
The present study showed that in patients with chronic myocardial infarction, FFR 

measurements correlated well with RFR, as assessed by H2
15O PET. This implicates that in 

patients with chronic myocardial infarction, microvascular resistance in the viable 
myocardium and reference area was not different. Since microvascular resistance was 
similar to previous studies in patients, the established 0.75 FFR threshold value also is 
applicable in patients with chronic infarction. It should be realized that in many patients 
with coronary artery disease, including the present study population, microvascular 
function was impaired when compared to healthy persons. 
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In the catheterization laboratory, the cardiologist often is faced with the problem to 
indicate among many coronary lesions which stenosis is responsible for myocardial 
ischemia and consequently, whether the patient will be improved by revascularization of 
one or several stenoses. Non-invasive stress tests indicate with a high sensitivity that a 
myocardial region becomes ischemic, but often are not refined enough to discriminate 
which coronary stenosis can be held responsible for the perfusion abnormality. It has been 
shown many times that the morphologic aspects of a stenosis as found at coronary 
angiography are a poor predictor of the significance of a stenosis. (1-3) The need for 
functional assessment of coronary stenoses thus is evident. Nowadays fractional flow 
reserve (FFR) measurements most commonly are used in the catheterization laboratory. As 
was discussed in the introduction, dysfunction of the microcirculation and submaximal 
hyperemia influence coronary flow velocity reserve (CFVR) and FFR measurements, when 
assessing the hemodynamic significance of a coronary stenosis.  

The combination of flow and pressure measurements allows a more complete 
assessment of the coronary circulation. With the opportunity to measure a pressure gradient 
and distal coronary pressure together with flow or flow velocity, the functional significance 
of stenoses can be studied more in detail and insight in the microcirculation can be gained. 
This was the subject of the present thesis. It is noteworthy that more than 30 years ago the 
initial approach to assess coronary stenoses in animals, used the combination of flow and 
pressure measurements. The lack of miniaturized sensors at that time prohibited the 
application of this approach in patients.  

The feasibility to define the diastolic flow - pressure gradient (v-dp) relation in 
coronary stenoses in humans was assessed, as described in chapter 2. Measurements were 
performed in 11 normal arteries, 20 intermediate stenoses and 7 severe stenoses before and 
after percutaneous transluminal angioplasty (PCI) and coronary stenting. To define the v-dp 
relation the diastolic data of single cardiac cycles at baseline, maximal and intermediate 
hyperemia were analyzed. Significant differences were found between the three groups. 
After PCI, the v-dp relation was almost comparable to the group with normal coronary 
arteries. In chapter 3, the diagnostic performance of the v-dp relation to detect 
hemodynamic significant stenoses was compared to the CFVR and FFR. In 77 patients, 124 
coronary vessels with a coronary stenosis were analyzed. All patients underwent prior to 
the intracoronary measurements non invasive stress testing. In this study, the diastolic data 
of all cardiac cycles from peak hyperemia to return of baseline condition (on average 20 to 
30 cardiac cycles) were used to calculate the v-dp relation. The single instantaneous flow 
velocity value of the v-dp relation, yielding the highest diagnostic accuracy to detect a 
significant stenosis, was determined based on the results of the non invasive stress tests. 
The highest accuracy for all measurements was found at a flow velocity of 50 cm/sec; at 
this flow velocity the cut-off value to discriminate mild and significant stenoses was 22.4 
mm Hg. This new index to assess the physiological severity of a coronary stenosis was 
called the dpv50. Compared to FFR, the dpv50 yielded a higher sensitivity and a comparable 



Conclusion 

141 

specificity. The diagnostic accuracy of CFVR was lower compared to FFR and dpv50. It was 
demonstrated that maximum hyperemia was not required to reliably assess the dpv50. 
Characteristics of the v-dp relation were assessed in an in vitro model and are described in 
chapter 4. The v-dp relation of individual stenoses was compared in the presence or 
absence of a distal stenosis. It was found that in the presence of a distal stenosis, the v-dp 
relation of the proximal stenosis is not affected. Furthermore, the v-dp relation of the 
consecutive stenoses was found to equal the sum of the v-dp relation of the individual 
stenoses. The diameter of the site where flow velocity was measured had a large effect on 
the v-dp relation of a given stenosis. To compare the v-dp relation of similar stenoses 
(minimal lumen diameters and length) but with different reference diameters, volume flow 
instead of flow velocity should be used. Finally, the presence of 1 or 2 wires in a stenosis 
significantly influenced the v-dp relation of a mild, intermediate or severe stenosis.  

 
Future perspectives of the v-dp relation and dpv50.  

The major difference between the dpv50 and CFVR or FFR is that the dpv50 of a 
coronary stenosis can be assessed irrespective of the presence of a distal stenosis, 
microvascular dysfunction or submaximal hyperemia. Therefore this index is truly lesion 
specific. Although the value of the v-dp relation and dpv50 in the detection of significant 
stenoses is clear, a number of steps have to be taken before this index can be widely applied 
in catheterization laboratories in daily practice. In the present studies, the dpv50 always was 
measured using two wires. Nowadays a single wire (Combowire) is commercially available 
allowing for simultaneous pressure and flow velocity measurements. Since a second wire in 
a stenosis causes a considerable additional flow obstructing effect, the dpv50 cut-off value 
has to be re-established using the Combowire. Using this new cut-off value, a prospective 
study has to be done to assess the diagnostic accuracy of the dpv50 in comparison to FFR, as 
suggested by L Gould.(4). Furthermore, software has to be developed, allowing immediate 
and online calculation of the dpv50. Similar to the DEFER study, a prospective study should 
be started to evaluate the safety of deferring a revascularization procedure, based on dpv50 
results. (5)  

Since the dpv50 is completely independent of the peripheral situation of the 
coronary artery, it would be interesting to study whether the dpv50 value of a stenosis can be 
predicted based on very precise morphological information, such as nowadays can provided 
by intravascular ultrasound. This would require the availability of appropriate 
hydrodynamic equations. In the past, Young and Tsai have developed hydrodynamic laws 
that accurately predicted the hemodynamics of artificially induced stenoses in animals. (6-
10) However when we applied these laws in our in vitro study, as described in chapter 4, a 
large discrepancy was found between the predicted and experimentally derived results; in 
all measurements the v-dp relation was much steeper than predicted. In contrast to the 
animal experiments, we studied stenoses with a sharp entrance and exit angle. This factor is 
not accounted for in the hydrodynamic equations we used. In our opinion, complex 
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computational flow dynamics are needed to precisely predict the hemodynamics of real life 
coronary stenoses, which usually have a very irregular contour. As discussed earlier, v-dp 
relation or dpv50 value could be an appropriate measure to express the hemodynamic 
significance. If accurate computational flow dynamics could be successfully developed and 
validated, and if the morphology of a coronary stenosis could be described by an extremely 
precise non invasive imaging technique, it could become possible to assess the 
hemodynamic significance of coronary stenoses in a non-invasive way.  

 
The study of the microcirculation is important. It has become increasingly clear 

that microvascular dysfunction is a frequent problem with many causes.(11) In patients 
with obstructive coronary artery disease, it is necessary to measure distal coronary pressure 
to specifically assess MR without the confounding effect of an epicardial resistance. 
Therefore the availability of combined flow and pressure measurements provide the tools to 
study the microcirculation and microvascular resistance in patients.  

In chapter 5 two indices were studied to assess microvascular resistance (MR) in 
coronary arteries with a stenosis. Special attention was given to coronary arteries with a 
severe stenosis, where conflicting results on MR values have been reported. The first index 
used was the inverse slope of the distal coronary pressure - flow velocity relation, assessed 
in diastole and during maximum hyperemia (inv dpv slope). The second MR index was the 
ratio of mean distal coronary pressure and flow velocity, both averaged over one cardiac 
cycle, during maximal hyperemia (HMRI). Flow velocity and distal coronary pressure 
measurements of sufficient quality were acquired in 133 coronary arteries and were further 
analyzed. Several hemodynamic criteria were applied to separate mild and severe stenoses. 
No difference in inv dpv slope was found in coronary arteries with a severe stenosis, 
whereas HMRI was significantly higher in severe stenoses. The main physiological 
difference between the inv dpv slope and HMRI, is the fact that the former is least 
influenced by confounding hemodynamic factors, such as ventricular contraction, heart rate 
and aortic pressure. The fact that HMRI is pressure dependent and probably takes collateral 
flow not well into account also might explain the different results.  

Evaluation of MR in infarct areas is particularly complex since these areas are 
composed of viable myocardium and scar tissue. Therefore, the amount of residual viable 
myocardium in an infarct area is smaller compared to a reference area. This influences the 
myocardial blood flow measurements required to determine the MR. In chapter 6 the MR 
in viable myocardium after chronic infarction was compared to a reference area. H2

15O 
positron emission tomography (PET) was used to provide myocardial blood flow 
measurements. In infarct regions, H2

15O PET exclusively measures flow in viable 
myocardium, excluding flow in scar tissue. Furthermore PET provides flow data expressed 
per ml viable myocardium. In this manner the smaller amount of viable myocardium within 
an infarct region can be accounted for, when comparing flow values in infarct and reference 
areas. Distal coronary pressure was measured in the infarct related and reference artery. MR 
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was defined as the ratio of mean distal pressure and flow, and was assessed at baseline and 
during hyperemia. Only PET flow data of true infarct segments (wall motion abnormalities 
or baseline perfusion defects at nuclear scintigraphy) were used. Measurements were 
performed in 27 patients. The average time between PET study and infarction was 3.3±4.4 
years. The MR in viable, chronically infarcted myocardium was not higher compared to the 
reference area during hyperemia. This finding was put into perspective. (12) An implication 
of this result was further assessed in chapter 7. In this study we analyzed whether FFR 
measurements were influenced by microvascular function in viable myocardium after 
chronic infarction. The same patient group studied in chapter 5 was used for this analysis. 
The methodology was identical to a previous study that validated the use of FFR 
measurements in patients without myocardial infarction.(13) The hypothesis tested was that 
if MR in the infarct related and reference area are equal, FFR values should be identical to 
relative flow reserve (RFR) measurements. If MR in the infarct area was increased 
compared to the reference area, FFR values would be higher compared to the corresponding 
RFR measurements. A secondary goal of this study was to define the FFR cut-off value 
based on the results of non-invasive stress tests. In order to apply the same methodology as 
the study of De Bruyne et al. the segmental PET flow data were clustered into 3 larger 
myocardial regions, corresponding to the territory of the 3 coronary arteries. A good 
correlation between RFR and FFR was found; the linear regression line was close to the 
line of identity. Therefore MR in the viable myocardium and reference was found not to be 
different. The FFR cut-off value to detect hemodynamic stenoses was <0.79 which was 
similar to previous studies after infarction and is close to the established 0.75 value in 
patients without prior infarction. 

 
Future perspectives to study the microcirculation.  

Nowadays there is no perfect index to assess MR. The inv dpv slope probably is a 
good index. (14) Instead of using a pressure and a Doppler wire, the Combowire would be 
more appropriate to assess the inv dpv slope. When using MR indices based on the mean 
pressure and flow averaged over a cardiac cycle, the zero flow pressure should be 
accounted for in the pressure measurements. The zero flow pressure is very difficult to 
assess in humans. This problem could be circumvented by measuring blood flow and 
pressure at different levels of arterial pressure. But in this event, reflex activation of the 
autonomous system should be blocked. (15)  

Studies could be undertaken to define MR reference values (normal - abnormal). to 
investigate more into detail the pathogenesis and pathophysiology of myocardial ischemia 
(e.g. in acute coronary syndromes, acute myocardial infarction, syndrome X, the metabolic 
syndrome,...) and to evaluate possible therapeutic strategies to treat these disorders. 

To assess the microcirculation and MR, ideally one should be informed on the 
amount of blood flow per unit of myocardial volume. This would allow for measurement 
and comparison of MR values in comparable volumes of myocardial tissue. Collateral flow 
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fully would be included in the flow data. In our opinion, it would be most appropriate to use 
several blood flow measurements in the diastolic phase of a cardiac cycle (with 
concomitant distal pressure measurements) during hyperemia. These serial diastolic flow 
and pressure measurements could be used to determine a (distal) pressure - volume flow 
relation. However, nowadays there is no technique that can give absolute myocardial blood 
flow data with a high temporal and spatial resolution.  
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Wanneer een patiënt een hartkatheterisatie ondergaat wegens hartklachten, doet 
zich vaak het probleem voor dat er op het coronair angiogram een aantal vernauwingen in 
de kransslagaders (de coronairen) te zien zijn, en dat het onduidelijk is welke 
vernauwing(en) de hartklachten veroorzaakt. Het is van groot belang om dit met zekerheid 
te weten, opdat de juiste vernauwing(en) behandeld kan worden. Om een idee te hebben 
welk gebied van het hart ischemisch wordt tijdens inspanning, wordt vaak voorafgaand aan 
een hartkatheterisatie een stress onderzoek gedaan middels echocardiografie of middels 
toediening van radioactieve stoffen. Deze onderzoeken evenwel laten niet altijd toe om met 
zekerheid het verband te leggen tussen een bepaalde vernauwing op het coronair angiogram 
en de lokalisatie van het ischemisch gebied. Het is in meerdere studies aangetoond dat het 
uiterst lastig en onbetrouwbaar is om enkel op basis van de morfologie van een vernauwing 
te voorspellen of een vernauwing leidt tot myocard ischemie. Om dit probleem op te lossen 
kan men tijdens een hartkatheterisatie de functionele betekenis van een vernauwing 
onderzoeken. Hierbij wordt gemeten in welke mate de doorstroming van een coronair vat 
gehinderd wordt. Heden ten dage wordt hiervoor meestal gebruik gemaakt van de 
fractionele flow reserve (FFR) bepaling. Hiertoe wordt een uiterst dun draadje met een 
druksensor in de coronair opgeschoven voorbij de vernauwing. De bloeddoorstroming 
wordt tot een maximum opgevoerd door toediening van medicijnen en op dat ogenblik 
wordt de druk distaal in het bloedvat vergeleken met de aorta druk De verhouding van de 
distale en aorta druk is de FFR. Er zijn evenwel een aantal omstandigheden die een FFR 
meting kunnen beïnvloeden, zoals een gestoorde functie van de microcirculatie of het feit 
dat medicijnen de bloed doorstroming niet tot een maximum opvoeren. Dit wordt meer in 
detail in de inleiding (hoofdstuk 1) beschreven.  

De eerste pogingen om de mate van verminderde bloedtoevoer ten gevolge van 
een vernauwing te kwantificeren werden in een diermodel gedaan door middel van 
gecombineerde druk- en stroom metingen. Destijds was het niet mogelijk om dit bij 
patiënten in de praktijk brengen omdat er toen nog geen zeer dunne draden waren met een 
druksenosr of een Doppler kristal. Een Doppler draad heeft een piezo-elektrisch kristal aan 
de tip. Hiermee worden zeer hoog frequente golven uitgezonden, welke gereflecteerd 
worden door de rode bloedcellen. Het verschil in golflengte tussen de uitgezonden en 
weerkaatste golven, laat toe om de snelheid van de rode bloedcellen in een coronair te 
bepalen. 

De onderzoeken in dit proefschrift richten zich op de toepassing van 
gecombineerde druk en stroom (of stroomsnelheid) metingen in patiënten met 
kransslagader lijden. 

 
In het tweede hoofdstuk wordt onderzocht of het mogelijk is om bij patiënten met 

een vernauwing in een coronair vat, gelijktijdig drukgradiënt en stroomsnelheid te meten en 
de diastolische stroom snelheid - druk gradiënt (v-dp) relatie te bepalen. De v-dp relatie is 
een kwadratische vergelijking die de relatie tussen de instantane bloed snelheid en het 
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instantane drukverschil tussen de aorta en het distale bloedvat beschrijft. Hiertoe werden 
metingen gedaan in 11 bloedvaten zonder vernauwing, 20 bloedvaten met een matige 
vernauwing en in 7 bloedvaten met een ernstige vernauwing, waarin een dotterbehandeling 
werd uitgevoerd. In deze laatste groep werden na de Dotterbehandeling de metingen 
herhaald. Er werden duidelijke verschillen in de v-dp relatie waargenomen in de 3 groepen; 
na de Dotter behandeling was de v-dp relatie nagenoeg vergelijkbaar met de groep zonder 
vernauwing. 

 
In een volgende studie, die beschreven wordt in hoofdstuk 3, wordt onderzocht 

wat de waarde is van de v-dp relatie om ernstige vernauwingen te detecteren. Dit werd 
vergeleken met 2 andere indices, namelijk de FFR en coronaire flow snelheids reserve 
(CFVR). De CFVR is de verhouding tussen de gemiddelde stroomsnelheid in rust en bij 
maximale bloed stroom; deze meting wordt gedaan middels een Doppler draad. Metingen 
werden uitgevoerd bij 77 patiënten in 124 bloedvaten. Bij al deze patiënten werd 
voorafgaand aan de hartkatheterisatie middels een stress onderzoek onderzocht of er 
zuurstoftekort kon opgewekt worden en zo ja in welk stroomgebied. Om een vergelijking 
tussen deze 3 verschillende indices uit te kunnen voeren, was het eerst nodig om een 
nieuwe index te beschrijven die afgeleid was van de v-dp relatie. Hiertoe werd gezocht 
welk vast punt in de v-dp relatie de beste voorspeller was van een afwijkende stress test 
voor alle metingen die gedaan waren. Het bleek dat de drukgradiënt bij een stroomsnelheid 
van 50 cm/sec het optimale punt was; deze index werd dan ook de dpv50 genoemd. In 
vergelijking met FFR en CFVR bleek dat de dpv50 de beste index was om een afwijkende 
stress test te voorspellen. De waarde van FFR en dpv50 om een negatieve stress test te 
voorspellen was dezelfde. Op beide gebieden presteerde de CFVR beduidend minder goed. 
Ook werd in deze studie nagegaan of het nodig is om bij een maximale stroom snelheid de 
dpv50 te bepalen. Hierbij bleek dat als de bloedstroom slechts 75% van het echte maximum 
is, de dpv50 ook goed bepaald kan worden. 

 
Verdere eigenschappen van de v-dp relatie werden in een proefopstelling met 

buizen van verschillende diameter en een aantal verschillende vernauwingen onderzocht, 
zoals te lezen is in hoofdstuk 4. Een eerste vraagstelling die werd onderzocht is of de 
aanwezigheid van een tweede vernauwing invloed uitoefent op de v-dp relatie van de eerste 
vernauwing. Daartoe werd eerst de v-dp relatie van een alleenstaande vernauwing gemeten. 
Vervolgens werd er na de 1e vernauwing een 2e vernauwing geplaatst en werd opnieuw de 
v-dp relatie van de 1e vernauwing gemeten. Verschillende combinaties van vernauwingen 
werden uitgetest. Hierbij bleek dat de v-dp relatie van een vernauwing niet beïnvloed wordt 
door een 2e vernauwing. Dit kan in de klinische praktijk een voordeel zijn. De tweede 
vraagstelling was om uit te zoeken wat de invloed is op de v-dp relatie van een afwijkende 
buisdiameter op de plek waar de stroomsnelheid gemeten wordt, bij voor het overige 
eenzelfde vernauwing. Hierbij wordt gevonden dat de diameter waar de stroomsnelheid een 
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zeer grote invloed heeft op de v-dp relatie. Echter, wanneer men in plaats van stroom 
snelheid de volume flow meet (gemiddelde stroomsnelheid vermenigvuldigd met de 
diameter van de buis), dan maakt de diameter van de buis niet meer uit. Tot slot werd 
bepaald wat de invloed is van 1 of 2 sensor draden in een vernauwing op de v-dp relatie. 
Hierbij bleek dat in toenemende mate de v-dp relatie verstoord wordt door 1 draad; de mate 
van verstoring is groter naarmate de vernauwing ernstiger is. Dit geldt nog in veel grotere 
mate voor de aanwezigheid van 2 draden in een vernauwing. 

 
In hoofdstukken 4 tot 6 worden een aantal aspecten van de microcirculatie 

onderzocht. In hoofdstuk 5 wordt gemeten of de microcirculatoire weerstand (MR) 
verhoogd is in bloedvaten met een vernauwing. Hiertoe wordt een vergelijking gemaakt 
tussen 2 verschillende manieren om de MR te meten. De eerste methode berekent de MR 
over een gehele hartcyclus en is gedefinieerd als de verhouding tussen gemiddelde distale 
coronaire druk en stroomsnelheid. Met deze methode werd in eerder onderzoek gevonden 
dat in bloedvaten met een zeer ernstige vernauwing de MR toegenomen; na een 
Dotterbehandeling daalt de MR onmiddellijk tot een normaal niveau. Een tweede methode 
maakt gebruikt van de instantane diastolische stroomsnelheid en de instantane distale 
coronaire druk metingen. Tijdens diastole is er een lineair verband tussen deze twee; de 
helling van deze relatie is een maat van de microcirculatoire geleiding. De omgekeerde van 
deze helling is een maat voor MR. In dit onderzoek werden metingen uitgevoerd in 133 
bloedvaten met een wisselende mate in de ernst van de vernauwing. Met de eerste methode 
werd in analogie met eerder studies een verhoogde MR gevonden in bloedvaten met een 
ernstige vernauwing. Met de tweede methode evenwel werd geen verschil gevonden in 
bloedvaten met of zonder ernstige vernauwing. Er zijn een aantal fysiologische redenen om 
aan te nemen dat de 2e methode de beste benadering is om MR te evalueren. Tevens zijn er 
een aantal nadelen aan de 1e methode verbonden. De conclusie is dan ook dat de MR in 
bloedvaten met een ernstige vernauwing niet verhoogd is. 

 
In hoofdstuk 6 wordt een onderzoek naar de MR in een infarctgebied beschreven. 

De bepaling van MR in een infarct gebied wordt extra gehinderd door het feit dat een 
infarct gebied deels bestaat uit levensvatbaar hartspierweefsel enerzijds en littekenweefsel 
anderzijds. Er zijn geen gegevens bekend wat de MR waarde is maanden of jaren na een 
doorgemaakt hartinfarct. Om de bloedsdoorstroming in het infarctgebied te meten werd 
gebruik gemaakt van positron emissie tomografie (PET) en radioactief water (H2

15O). Het 
voordeel van deze benadering is 1/ dat de bloedstroom gemeten kan worden in kleine 
gestandaardiseerde volumes myocard en 2/ dat alleen de doorstroming in het leefbaar 
hartspierweefsel gemeten wordt (niet in het littekenweefsel). De MR van het infarct gebied 
werd vergeleken met de MR van een ander deel van de hartspier dat door een niet 
afwijkend bloedvat werd geperfundeerd. Het onderzoek werd bij 27 patiënten uitgevoerd 
die gemiddeld 3.3 jaar voor het onderzoek een hartinfarct hadden doorgemaakt. De 
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uitkomst van het onderzoek was dat de MR in het infarct gebied bij maximale bloed 
doorstroming niet hoger is in vergelijking met een referentie gebied. Deze bevinding is 
belangrijk (en geruststellend) voor de klinische praktijk. 

 
In hoofdstuk 7 wordt de klinische implicatie van de bevindingen uit hoofdstuk 6 

getest. Indien de MR in een infarct niet verhoogd is dan dient de FFR gelijk te zijn aan de 
relatieve flow reserve (RFR). De RFR is de verhouding van maximale bloeddoorstroming 
in een gebied met een vernauwing (en in dit onderzoek met een doorgemaakt infarct) en een 
referentie gebied zonder vernauwing. RFR kan bepaald worden door middel van PET; FFR 
wordt bepaald door middel van intracoronaire drukmeting. Het gaat dus om de validatie van 
FFR metingen. Dit onderzoek werd al eerder gedaan met dezelfde methodologie, evenwel 
bij patiënten zonder doorgemaakt hartinfarct. In dit onderzoek werd dezelfde patiënten 
groep als beschreven in hoofdstuk 6 onderzocht. Er werd een lineaire relatie tussen FFR en 
RFR gevonden, waarvan de regressie lijn dicht bij de gelijkheidslijn verloopt. Dit is een 
onrechtstreeks bewijs dat FFR metingen in een infarct gebied niet verstoord worden door 
een abnormale MR. Als tweede onderdeel in dit onderzoek werd ook nog nagegaan wat de 
beste FFR waarde is om in een infarctgebied een ernstige (veroorzaker van ischemie) en 
een niet ernstige stenoses te onderscheiden, De beste cut-off waarde voor FFR bleek <0.79 
te zijn, hetgeen in overeenstemming is met eerdere onderzoeken en nogmaals onderstreept 
dat er geen sprake is van een verhoogde MR in een infarct gebied.  

  
Samenvattend kunnen we stellen dat gecombineerde stroom en drukmetingen 

toelaten en meer in het bijzonder, de v-dp relatie en de dpv50, om met grote precisie de 
ernst van een vernauwing in een bloedvat vast te stellen. Alvorens dat dit routinematig kan 
worden toegepast moeten evenwel nog een aantal stappen genomen worden: tegenwoordig 
is het mogelijk om zowel stroomsnelheid en druk te meten met 1 enkele draad. Gezien het 
feit dat een enkele draad de doorstroming in een vernauwing minder belemmert dan 2 
draden, dient de beste dpv50 cutoff waarde opnieuw bepaald te worden en deze waarde dient 
getest en vergeleken te worden in een prospectief onderzoek. Software dient ontwikkeld te 
worden om online de dpv50 te kunnen bepalen. Diezelfde (enkele) draad zou het 
tegelijkertijd ook mogelijk maken om de MR van het betreffende bloedvat te meten.  

Kortom, gecombineerde flow en druk metingen kunnen een enorme schat aan 
informatie over de coronaire circulatie geven. 
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