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Anatomic or physiologic assessment of coronary artery disease? 
 

For almost half a century now, coronary angiography has played a crucial role in the 

diagnosis and treatment of coronary heart disease1,2. Furthermore, percutaneous 

coronary interventions have rapidly developed from a treatment option for single-vessel 

coronary artery disease only to an interesting alternative to coronary artery bypass 

graft surgery in patients with multiple coronary stenoses.3,4 This means that more and 

more patients with coronary artery disease can be treated percutaneously in the 

catheterization laboratory.  

In most patients, treatment decisions are still largely based on visual angiographic 

assessment of coronary narrowings. However, coronary angiography has several well-

recognised limitations. Compared to pathological findings at autopsy, a number of 

studies have reported both significant overestimation of coronary stenosis severity as 

well as underestimation of coronary artery narrowings5,6, which is also explained in 

figure 1.  

 
Figure 1. Explanation why the significance of a coronary artery stenosis can not always reliably be 
judged from the coronary angiogram.The morphology of the lesion resembles a semilunar slit, resulting 
in underestimation of lesion severity in every scalar plane. 
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Furthermore, visual estimation of stenosis severity has been proven to be highly 

variable between different operators and even intra-observer variability is large.7 Above 

all, when determining the physiological severity of a coronary artery stenosis, several 

other, “non-anatomic” factors  should be taken into account, such as the extent of the 

myocardial perfusion area that is supplied by that artery, the presence of collateral 

flow, and the resistance of the microvascular bed.8  

In other words, for the decision whether a coronary artery stenosis needs to be treated 

or not, what is most important is if this particular stenosis is able to limit maximum 

achievable blood flow to such a degree that ischemia of the myocardium supplied by 

that artery will be present if the patient is sufficiently stressed. This also explains why 

computer automated anatomic estimation of coronary narrowings has proven to poorly 

correlate to physiologic measures of coronary function, especially in ranges between 

50-90% diameter stenosis.9 It has been shown repeatedly that in patients with 

angiographically significant coronary disease outcome was more closely related to the 

extent of inducible ischemia rather than the anatomic degree of narrowing 10,11. 

Consequently, the importance of physiologic assessment of coronary artery disease, is 

beyond doubt. 

 

 
Epicardial artery versus microcirculation 

 

To determine the functional significance of a coronary artery stenosis, the concept of 

fractional flow reserve (FFR) was developed12. This concept will be more extensively 

explained in chapter 2. It is defined as maximum achievable myocardial blood flow in 

the presence of a stenosis, as a fraction of maximum blood flow if there were no 

stenosis at all. An important prerequisite for reliably measuring FFR is that true 

maximum hyperemia exists during the measurements. If no true maximum hyperemia 

is induced, this will influence clinical decision making because FFR is overestimated 

and the functional severity of a stenosis will be underestimated. Several studies have 

shown that intravenous or intracoronary adenosine, or intracoronary papaverin are 

able to induce maximum hyperemia13. However, some reports have suggested that in 

situations of a diseased microcirculation, the response to adenosine is blunted 14,15 and 

that it can be increased by administering alpha-blocking agents. In chapter 3, we 

investigated if and to what extent hyperemic perfusion can be increased in patients 
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with and without microcirculatory disease by administering an alpha blocker in addition 

to adenosine, and if such mechanism is of clinical importance. 

It’s important to realize that in a state of maximum hyperemia, microcirculatory 

resistance is fixed and minimal, so that the epicardial system can be interrogated 

regardless of the condition of the microcirculation. In other words, FFR is specific for 

the epicardial artery, and can therefore ideally be used to guide coronary interventions. 

It gives, however, no insight in the presence or the degree of disease in the 

microcirculatory compartment. 

Recently, the coronary microcirculation has gained more interest. Especially, persistent 

microvascular dysfunction after succesful percutaneous coronary intervention is a 

common complication which is not well understood16. Also the interest in myocardial 

stem cell transplantations calls for a better understanding of the coronary 

microcirculation17. However, invasive ways to reliably interrogate the microcirculation 

are lacking. Coronary flow reserve, defined as the extent to which the coronary 

circulation can augment myocardial blood flow in response to exercise or a hyperemic 

stimulus, can be calculated by dividing hyperemic flow by resting flow. 

 

 
 
Figure 2. Two frequently used indexes to assess different compartments of the coronary circulation. 
Fractional flow reserve of the myocardium (FFR) is measured during hyperemia, which means that the 
microvacular compartment is fully vasodilated and thus microvascular resistance is minimal and fixed. 
Therefore, FFR is a specific measure for the functional significance of epicardial artery stenosis, 
regardless of microcirculatory disease. 
Coronary flow reserve (CFR) measures the extent to which coronary flow can increase, and is thus 
dependent on the microcirculatory vasodilatory reserve as well as the state of the epicardial artery. By 
combining the two indexes, theoretically, assumptions can be made regarding microvascular 
dysfunction. Practically spoken however, this is often confusing. 
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This index, however, is both dependent on the quality of the epicardial system as well 

as the state of the microcirculatory compartment, and thus does not distinguish 

between the two. By combining FFR and CFR, theoretically, assumptions can be made 

on the presence of microcirculatory disease. For example, in the case of a non-

significant coronary lesion but significant microvascular disease, FFR should be above 

0.75 while CFR should be under 2.0. This is also explained in figure 2.  

In this respect, it would be of great value to measure FFR and CFR simultaneously, 

before and after a coronary intervention. In chapter 4, we studied the feasibility of a 

newly developed technique for measuring CFR using intracoronary thermodilution, 

making it possible to measure FFR and CFR with one single guide wire and standard 

hardware. 

In an attempt to more specifically quantify microcirculatory resistance, an index was 

introduced which gives specific insight into the state of the microcirculation: the index 

of microcirculatory resistance, IMR18. By definition, myocardial resistance can be 

calculated by dividing the perfusion pressure across the myocardium by the myocardial 

flow. In the catheterization laboratory we are not able to measure real myocardial flow 

yet, therefore thermodilution was used to measure a surrogate of coronary flow: mean 

transit time (Tmn). Because we demonstrated that coronary flow is inversely 

proportional to Tmn, by substituting 1/Tmn for flow, a relative index of minimal myocardial 

resistance can be calculated. In chapter 5 and 6, this novel index is introduced, and 

validated in an in-vitro setting as well as in an animal model.  

It is important to realize that Tmn is a parameter for coronary flow,and not necessarily 

for myocardial flow. As will be explained in chapter 2 and 7, in the absence of a 

coronary artery stenosis coronary flow equals myocardial flow, but if a significant 

stenosis is present, collateral flow has to be taken into account and myocardial flow is 

the sum of coronary flow and collateral flow. Therefore, IMR (and other indexes for 

myocardial resistance using coronary flow parameters) has to be corrected for 

collateral flow. During coronary interventions, this can be done by measuring coronary 

wedge pressure. In chapter 7, it is demonstrated that the severity of an epicardial 

stenosis does not influence minimal microcirculatory resistance of the myocardium, 

provided that collateral flow is correctly taken into account. This makes IMR a valuable 

tool to interrogate the myocardial microcirculation.  



Introduction 

 7

As mentioned earlier, up till now, direct invasive measurement of coronary blood flow 

was not possible, so that surrogate measures (like Doppler flow velocity or Tmn) had to 

be used to assess coronary and myocardial flow and resistance. For the assessment 

of true myocardial resistance (absolute value in dynes.s.cm-5, instead of a relative 

index), it would be of great value to be able to measure blood flow quantitatively in 

ml/min. Using a continuous thermodilution technique, we succeeded to measure 

coronary blood flow directly. The principle of this technique, and the first validation 

study in humans, is described in chapter 8. Accurate and reproducible measurement of 

absolute coronary blood flow was possible in this way, and because during such 

measurement distal coronary pressure is obtained simultaneously, also absolute 

myocardial and collateral flow and resistance can be calculated by this technique in 

conscious man. Although this technique is still somewhat hampered by some technical 

difficulties, it is a promising way for functional assessment of myocardial flow and 

resistance, as will be further adressed in chapter 8 and in the general discussion. 
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Introduction 
 
This thesis deals with different techniques to measure coronary and myocardial flow 

and resistance. For a good understanding, knowledge of the normal and pathological 

coronary circulation is required. In this chapter a basic overview of the coronary 

circulation is provided, integrating both anatomical and functional aspects. 

Furthermore, general principles of commonly used methods to assess the coronary 

circulation are explained. 

 

 

The coronary arterial tree, anatomy and function  
 

The coronary arterial system can be subdivided into 3 functional compartments 

arranged in series: conductive vessels, pre-arteriolar vessels (or small arteries)  and 

arterioles (figure 1). 

The proximal compartment consists of the conductive epicardial arteries. They have a 

conductive function and do not contribute significantly to vascular resistance: there is 

no drop of pressure along their length in the normal human, not even at maximum 

hyperemia. Approximately 60% of their wall thickness consists of the muscular media, 

which can respond to changes in aortic pressure and modulates coronary tone in 

response to flow-mediated endothelium-dependent vasodilators, circulating vasoactive 

substances and neural stimuli. Importantly, myocardial metabolites do not significantly 

affect the large conduit arteries because of their extramural position. 

The intermediate compartment is represented by pre-arterioles, which are resistive 

vessels connecting the conductive arteries to the arterioles. Their diameter is in the 

range of 500 to 100 μm, and they contribute to about 30% of total coronary flow 

resistance. The vasomotor control mechanisms of these pre-arterioles are the same as 

for the conduit arteries: they also are largely unaffected by myocardial metabolic 
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vasodilators. Their main function is to maintain the driving pressure at the origin of 

arterioles within an optimal range.  

The distal compartment consists of the arterioles. They are smaller than 100 μm in 

diameter and are the main site of the metabolic regulation of coronary blood flow, 

constituting the major resistance to flow because they are narrow and the resistance 

increases by a power of 4 as the radius decreases (Poiseuille’s law). 

The mean coronary blood flow is proportional to the driving pressure across the 

coronary bed (coronary arterial pressure or blood pressure) divided by the resistance. 

The arterioles are responsible for the process of coronary autoregulation: coronary flow 

is regulated independently of the arterial perfusion pressure despite large variations in 

this perfusion pressure. Therefore they are also called the autoregulatory vessels. The 

principle of autoregulation will be explained later. 

 

 

 
 
 
Figure 1. Schematic illustration of of the subdivision of coronary arterial system into conductive, 
prearteriolar, and arteriolar vessels. Resistance to flow is negligible in conductive vessels (epicardial 
arteries) and maximal in arterioles,which are under the control of metabolic activity. Prearteriolar vessels 
offer an appreciable resistance to flow, but , unlike arterioles, are not under direct metabolic vasodilator 
control. Their specific function is to maintain pressure at the origin of arterioles within a narrow range 
when aortic pressure and coronary flow vary. The arterioles are the major site of metabolic regulation of 
flow. 
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Coronary microcirculation 
 

The control of myocardial oxygen supply lies in the coronary arterioles, which keep on 

branching until the very small, thin-walled capillaries are formed. The microcirculation 

is that part of the coronary circulation concerned with the regulation of the terminal 

arterioles and capillaries, directly responsible for the transfer of oxygen from the 

oxygenated arterial blood to the myocardial tissues. Another generally accepted 

definition of the microcirculation is vessels < 200 μm, which are not visualized on 

coronary angiography.  Of note, capillary flow is not governed by the properties of the 

capillary itself but by the tone of the feeding arteriole. In the normal heart, more than 

2000 capillaries per mm2 are present with a mean capillary diameter of 3 to 4 um. Of 

these, normally only between 60 and 80% are open and functioning. There is 

approximately one capillary per microfiber. The number of functioning capillaries 

increases by recruitment when the arterial oxygen tension decreases. There is ≈ 45 ml 

of blood in the adult human coronary circulation, of which about one third resides in the 

arterial, venous and capillary networks each. At baseline, ≈ 8% of the left ventricular 

mass is constituted by blood present in the microcirculation, 90% of which is in the 

capillaries1. 

Capillaries offer the most resistance to coronary blood flow at hyperemia and provide a 

ceiling to hyperemic blood flow. Because they are laid in parallel, the more capillaries 

the higher the hyperemic blood flow, and when capillaries are diminished (such as after 

myocardial infarction or diabetes), a diminished coronary blood flow reserve will be the 

result, despite the absence of coronary stenosis. These conditions can even lead to 

acute ischemia in the absence of coronary artery disease1. 

 
 

Regulation of coronary vascular tone 
 

Coronary blood flow is adjusted to the metabolic needs of the myocardium by at least 3 

essential regulators of coronary tone2:  

• the metabolic vasodilatory system 

• the neurogenic control system, and 

• the vascular endothelium 
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The metabolic vasodilatory system 

 

Local metabolic control appears to be the most important mechanism that matches 

increases in the oxygen consumption and metabolic demand of the heart to the 

required increase in coronary blood flow. The metabolic vasodilatory system mainly 

comprises two mechanisms. First, in case of hypoxia or ischemia, adenosine is formed 

within the myocardial cells when high energy fosfate compounds (ATP) are broken 

down. Most of the adenosine leaves the cell to reach the extracellular space, where it 

acts on the arteriolar vessel wall as a vasodilator3. Second, because of the breakdown 

of ATP to adenosine, the local level of ATP decreases, resulting in opening of the ATP-

dependent K+-channel (KATP). Opening of this channel results in arteriolar vasodilation, 

as well as as early potassium loss from the ischemic myocardium and the associated 

electrocardiographic changes. 

Metabolic vasodilation plays a major role in response to situations requiring an 

increased coronary blood flow, such as augmented heart work or ischemia. 

 

 

The neurogenic control system 

 

The neurogenic control system acts more vasoconstrictive than vasodilatory. 

Adrenergic activation of α-receptors results in arteriolar vasoconstriction. α1-receptor-

mediated vasoconstriction acts mainly on the larger coronary arteries, whereas both 

α1- and α2-receptor activity are involved in regulating the degree of vasoconstriction of 

the smaller resistance vessels4.  These influences are opposed by the vasodilatory 

effect of vascular β-receptor stimulation and metabolic mechanisms. Cholinergic 

stimulation, normally vasodilatory because it releases NO, becomes vasoconstrictive 

when the endothelium is damaged. 

 

 

The vascular endothelium 

 
The vascular endothelium can act either vasodilatory by releasing NO or 

vasoconstrictive by releasing the peptide endothelin-1. Healthy endothelial cells can 

secrete NO, a very short-lived vasodilating factor. It is released by vascular shear 
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forces associated with increased coronary flow 5. Adenosine, acting on endothelial 

KATP-channels, also elicits the production of NO6. Endothelin-1 is a very potent 

vasoconstrictor, especially in diseased atherosclerotic arteries with extensively 

damaged endothelium. Angiotensin-2 is another powerful vasoconstrictor, which 

probably plays an important role only in diseased states. 

 

 

Coronary autoregulation  
 

Normally, coronary blood flow stays relatively constant within wide limits of blood 

pressure changes by a proces which is called coronary autoregulation (figure 2). This 

mechanism helps to protect the myocardium against sudden changes in blood 

pressure. Most of the autoregulation takes place in coronary arterioles larger than 150 

micrometers in diameter, but smaller arterioles can be recruited as the perfusion 

pressure progressively decreases. When coronary perfusion pressure drops to less 

than 50 mmHg, eg in the case of a severe epicardial stenosis, coronary autoregulation  

Is progressively lost. 

perfusion pressure

myocardial flow

5

4

3

2

1
rest

Autoregulatory Range

hyperemia

 
 
Figure 2. Coronary autoregulation maintains coronary flow within a narrow range despite large 
variations in coronary perfusion pressure. As opposed to the resting situation, at maximum hyperemia, 
myocardial perfusion pressure is linearly proportional to myocardial flow. 
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The signalling systems involved in autoregulation are not fully understood. At the lower 

end of the range, formation of adenosine and NO and opening of the vascular  KATP-

channel may all play a role. Furthermore, vascular smooth muscle responds to 

increased force by contracting: the so-called “stretch-induced contraction”. Thus as the 

distending pressure across the vessel wall increases, so does the inherent vascular 

tone and vice versa. This contribution to coronary autoregulation plays a role 

particularly in coronary arterioles less than 100 um in diameter.  
 
 

Coronary artery disease 
 

The effects of atherosclerosis on the coronary arteries are highly variable, from diffuse 

damage to a localized narrowing or stenosis. The direct hemodynamic effect of 

coronary stenosis is to decrease myocardial perfusion pressure. Second, the indirect 

effect of tissue ischemia causes contractile failure, thereby increasing left ventricular 

end diastolic pressure, which in turn compresses subendocardial tissue and reduces 

coronary perfusion further to increase ischemia. Third, as already discussed, ischemia 

has direct vasodilatory effects on the coronary circulation, acting by the formation of 

adenosine and NO, and opening of the vascular KATP-channels. Fourth, because the 

vascular endothelium is damaged in coronary artery disease, such vasodilatory stimuli 

are usually overcome by a variety of vasoconstrictive forces, including neurohumoral 

mechanisms and endothelin. 

To reduce coronary flow by a stenosis requires a very large decrease in arterial lumen. 

The stenosis resistance increases by a power of 4 as the radius decreases (Poiseuilles 

law) and increasing a stenosis from 80 to 90% , at least in theory, dramatically elevates 

the resistance. Resting flow is not affected until the stenosis is very severe. 

For any given degree of fixed coronary artery stenosis, there are complex additional 

factors, such as flow disturbances causing behaviour different from Poiseuilles  

resistance and added vascular spasm, which may further decrease the flow (dynamic 

stenosis). The mechanism is probably by enhanced release of endothelin-1 from the 

damaged endothelium. 
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Coronary collateral flow 
 

The coronary collateral circulation has been recognised for a long time as an 

alternative source of blood supply to myocardial areas jeopardised by ischemia. There 

have been numerous investigations demonstrating a protective role of well developed 

collateral arteries, showing smaller infarcts, less ventricular aneurysm formation, 

improved ventricular function, fewer future cardiovascular events7 , and improved 

survival8. In the past, it has been assumed that in the absence of stenoses, coronary 

arteries were functional endarteries. With the availability of direct and quantitative 

intracoronary measurements however, it has become clear that the human coronary 

circulation is built with preformed functioning anastomoses between vascular 

territories9. In the absence of obstructive coronary artery disease or even in entirely 

normal hearts, there has been collateral flow to a briefly occluded coronary artery 

sufficient to prevent signs of myocardial ischemia in 20-25% of the population 

studied10. Figure 3 shows a schematic representation of the coronary circulation, 

including collaterals.  

Pa

Pd

Qcor

Rmyo

Qmyo

perfusion pressure = Pd - Pv

Qcoll

AO

Pv RA

 
 
Figure 3. Schematic representation of the coronary circulation, including collaterals. 
AO=aorta, Pa= aortic pressure, Pd=distal coronary pressure, Pv =venous pressure, RA=right atrium,  
Qcoll =collateral flow, Qcoll =coronary flow, Qmyo=myocardial flow, Rmyo=myocardial resistance. 
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Clinical factors consistently described as influencing the development of coronary 

collaterals in humans are the severity of coronary artery stenoses and the duration of 

myocardial ischemic symptoms.  However, aside from these clinical factors, the 

influence of a certain genetic background or other specific individual factors must be 

relevant, because a large variation in collateral development is seen, as well between 

patients with severe coronary artery stenoses as between normal individuals. 

Collateral vessels can be formed through a proces called angiogenesis, or by 

arteriogenesis.  

 

Angiogenesis 

 

The formation of new vessels that develop from sprouting and intussusception from the 

pre-existing plexus is called angiogenesis.  In addition to endothelial cells, pericytes 

(for capillaries) and smooth muscle cells (for larger vessels) are necessary for the 

maturation of these newly growing vessels. Angiogenesis (and arteriogenesis) is not 

restricted to the growing organism. Upon angiogenic stimulation –for example after 

ischemia with hypoxia- growth factors and imflammatory mediators are released locally 

leading to vasodilation, enhanced vascular permeability and accumulation of 

monocytes and macrophages which in turn secrete more growth factors and 

inflammatory mediators. In response to these processes, endothelial cells detach from 

their neighbours, migrate, proliferate and subsequently form a new vessel with a 

lumen.  

 

 

Arteriogenesis 

 

In the catheterization laboratory, sometimes large and epicardial collateral vessels with 

a diameter up to 1 mm are seen after total or subtotal occlusion of a major coronary 

artery. These usually become visible within 2 weeks following an occlusion and they 

arise from preformed arterioles. The remodeling proces involved in this recruitment of 

already existing collateral vessels is called arteriogenesis11. The complete obstruction 

of a coronary artery leads to a fall in post-stenotic pressure and to a redistribution of 

blood to pre-existing arterioles. The resulting stretch and shear forces ultimately lead to 
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a growth proces of these vessels with active proliferation of their endothelial and 

smooth muscle cells. 

 

 

Invasive assessment of the coronary circulation 
 
For clinical decision-making in the catheterization laboratory, intracoronary pressure 

and flow measurements are widely used. Especially the use of intracoronary pressure 

measurements to determine the fractional flow reserve of the myocardium is a routinely 

available diagnostic tool in most intervention catheterization laboratories. Furthermore, 

intracoronary Doppler flow measurements have been used to determine coronary flow 

reserve.  Both concepts will now be explained, and the relative value of both will be 

adressed. 

 

 

Coronary Flow Reserve 

 

The extent to which coronary (and myocardial) flow can increase is called coronary (or 

myocardial) flow reserve (CFR). The concept of CFR is is defined as the ratio of 

hyperemic to resting coronary (or myocardial) blood  flow, and was introduced by 

Gould.12,13  

Normal coronary flow reserve is 4 to 6, which means that, at maximum exercise levels, 

the healthy coronary circulation can increase blood flow 4 to 6-fold. In the presence of 

a stenosis, the resting blood flow does not change until the narrowing becomes very 

severe: 80 to 85% lumen reduction generally causes resting flow to diminish. 

Hyperemic coronary flow on the other hand, begins to decline when a diameter 

reduction of 50% is reached.  

It is important to keep in mind that CFR reflects the combined effect of both the 

microvascular as well as the epicardial segment of the coronary circulation on blood 

flow, as opposed to fractional flow reserve, which assesses specifically the epicardial 

segment, as will be explained later. Furthermore, because the index is partly 

dependent on resting coronary blood flow, several factors such as age, heart rate, 

blood pressure and left ventricular hypertrophy will affect CFR, and need to be 
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accounted for. This, as well as the broad “normal range” of the index (in general, a 

CFR between 2.5 and 6 is considered “normal”), and the relatively complicated way of 

measuring CFR are important drawbacks that limit the use of CFR in clinical decision 

making.  

In clinical practice in the catheterization laboratory, there are two ways of determining 

CFR, of which coronary flow velocity measurements are the most widely used. With 

this technique, a 0.014 inch steerable Doppler angioplasty guidewire is positioned into 

the distal part of the coronary artery. With the sensor at the tip of this wire, coronary 

flow velocity at rest and during hyperemia can be measured (fig 4). The ratio of 

maximum to baseline coronary flow velocity, coronary flow velocity reserve (CFVR), is 

used as a surrogate for coronary flow reserve.  Apart from the drawbacks of the 

concept of CFR already mentioned, this technique for measuring CFR is hampered 

because the Doppler signal is easily disturbed by positional changes, motion of the 

patient or respiration. In general practice, adequate Doppler signals can be obtained in 

70% of all arteries (see chapter 4). 

 
Figure 4. Example of coronary flow velocity measurements at rest and during hyperemia, to asses 
coronary flow reserve. 
 

In an attempt to overcome the aforementioned procedure-related difficulties, and, more 

important, to be able to measure FFR and CFR simultaneously with one and the same 

guide wire, thermodilution-derived CFR was introduced14,15. For this technique, the 

original pressure wire is used to measure temperatures, and CFR is calculated using 

the principle of thermodilution. By giving short manual injections of 3cc saline at room 

temperature into the coronary artery, thermodilution curves are generated, and mean 

transit times (Tmn) at hyperemia and baseline are calculated (see also chapter 4 fig 1). 
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Because coronary flow is inversely proportional to the mean transit time of a bolus of 

cold saline needed to travel down the coronary artery, and assuming the epicardial 

volume does not change between rest and hyperemia, CFR can be easily calculated 

using the ratio of mean transit times: 

 

hypermnrestmnthermo TTCFR ,, /=   

 

In chapter 4, the technique of thermodilution-derived CFR is further explained and the 

technique is validated against the gold standard of Doppler-derived CFR. In this way, 

succesful measurement of CFR can be performed in 95% of patients. 

 

 

Myocardial Fractional Flow Reserve 

 

The exercise tolerance of patients with stable coronary artery disease is determined by 

maximum achievable myocardial blood flow. Therefore, from a practical point of view 

by the patient, maximum achievable myocardial blood flow is the most important 

parameter to quantify the degree of coronary disease. In the presence of a stenosis, 

the exercise level at which ischemia will occur is directly related to the maximum 

coronary blood flow that is still achievable by the stenotic vessel. Therefore, not resting 

flow but only maximum achievable blood flow to the myocardium at risk is the best 

parameter to determine the functional capacity of the patient. Expressing myocardial 

blood flow in absolute dimensions, however, has considerable disadvantages because 

this is dependent on the size of the distribution area which is unknown, and will differ 

between patients, vessels and distribution areas. To overcome this, it is better to 

express maximum achievable (stenotic) blood flow in relation to normal maximum 

blood flow. Therefore, the ratio between maximum achievable stenotic blood flow and 

maximum achievable normal blood flow was introduced and this index was called 

fractional flow reserve of the myocardium (FFRmyo) 16,17,18. In general, and also in this 

thesis, when the term “FFR” is used, “FFRmyo ” is meant more specifically.  

Fractional flow reserve is defined as the maximum achievable blood flow to a 

distribution area in the presence of a stenosis as a ratio to the normal maximum 

achievable blood flow to that distribution area in the hypothetical situation the supplying 
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vessel would be completely normal. In other words, fractional flow reserve expresses 

maximal blood flow in the presence of a stenosis as a fraction of normal maximum 

blood flow. This index is not dependent on resting flow and is therefore not subject to 

many of the limitations related to the concept of coronary flow reserve. 

 

 

How to determine FFR 

 

Under circumstances generally present in the coronary catheterization laboratory it is 

impossible to determine the ratio of maximum flow in the presence of a stenosis in 

relation to normal maximum coronary blood flow directly. However, by using a 

pressure-monitoring guidewire at maximum hyperemia it is possible to calculate this 

ratio of flows by a ratio of pressures. This is explained in figure 2 and 5. Figure 5a  

represents a normal coronary artery and its dependent myocardium. Suppose that this 

system is studied at maximum vasodilation. In this situation, myocardial resistance is 

minimal and constant, and maximum myocardial hyperemia is present, as is the case 

at maximum exercise. In this situation, as can be seen in figure 2, the relation between 

myocardial perfusion pressure and myocardial flow is linearly proportional, and a 

change in myocardial perfusion pressure results in a proportional change in myocardial 

flow. In the case of a normal coronary artery (fig 5a), the epicardial artery does not 

have any resistance to flow, and the pressure in the distal coronary artery is equal to 

aortic pressure. In the example, therefore, myocardial perfusion pressure (defined as 

distal coronary pressure Pd minus venous pressure Pv) equals 100 mm Hg. In case of 

a stenosis however (fig 5b), because of this stenosis there will be resistance to blood 

flow, and distal coronary pressure will be lower than aortic pressure: a pressure 

gradient across the stenosis exists (in the example Pa-Pd = 30 mmHg) and myocardial 

perfusion pressure will be diminished (in the example Pd-Pv =70 mmHg). In the 

example, therefore (fig 5b), myocardial perfusion pressure has decreased to 70mm Hg.  

Because during maximum hyperemia, myocardial perfusion pressure is directly 

proportional to myocardial flow, the ratio of maximum stenotic and normal maximum 

flow can be expressed as the ratio of distal coronary pressure and aortic pressure at 

hyperemia.  
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Therefore: 

 

           Maximum myocardial blood flow in the presence of a stenosis  

myoFFR  =  

                Normal maximum myocardial blood flow 

 

Can be expressed as: 
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Because generally, central venous pressure is much smaller than Pd  and Pa, the 

equation can be further simplified to: 

 

a

d
myo P

P
FFR =  

 

As Pa can be measured in a regular way by the coronary or guiding catheter, and Pd is 

obtainable simultaneously by crossing the stenosis with a sensor-tipped guidewire, it is 

clear that FFRmyo can be simply obtained, both during diagnostic and interventional 

procedures, by measuring the respective pressures. From the equations above it is 

also obvious that FFRmyo for a normal coronary artery will equal 1.0. 

Numerous studies have convincingly shown that stenting a coronary stenosis in 

patients with a fractional flow reserve below 0.75-0.80 improves functional class and 

prognosis, whereas stenting stenoses above that threshold does not and therefore is 

not recommended 18,19,20. More specifically, FFR<0.75 has 100% specificity for 

indicating inducible ischemia 17,18,20, whereas a FFR>0.80 has a sensitivity of >90% for 

excluding inducible ischemia. 
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Myocardium
Aorta Coronary Artery

100 0Pa=100 Qnormal100

Perfusion pressure 100 mmHg

Maximum hyperemia

Qsten/Qnorm =  Pd / Pa  =  0.70 (70%)

100 0Pa=100 Qstenosis

ΔP 30 mmHg

Pd=70

Perfusion pressure 70 mmHg

Figure 5a

Figure 5b

 
 
Figure 5a. Schematic representation of a normal coronary artery and its dependent myocardium, 
studied at hyperemia. In this normal situation, the (conductive) coronary artery gives no resistance to 
flow, and thus distal coronary pressure is equal to aortic pressure. Assuming that venous pressure is 
zero, perfusion pressure across the myocardium is 100 mm Hg. 
Figure 5b. The same coronary artery, now in the presence of a stenosis. In this situation, the stenosis 
will impede blood flow and thus a pressure gradient across the stenosis will arise (ΔP=30 mm Hg). Distal 
coronary pressure is not equal anymore to aortic pressure, but will be lower (Pd=70 mm Hg). 
Consequently, the perfusion pressure across the myocardium will be lower than in the situation that no 
stenosis was present (perfusion pressure is  now 100-30=70 mm Hg). Because during maximum 
hyperemia, myocardial perfusion pressure and myocardial blood flow are linearly proportional, the ratio 
of maximum stenotic and normal maximal flow can be expressed as the ratio of distal coronary pressure 
and aortic pressure at hyperemia: FFR=Pd/Pa=70 mm Hg.  Importantly, it is distal coronary pressure at 
hyperemia which determines myocardial flow, and not the pressure gradient across the stenosis. 
 

 

Coronary Fractional Flow Reserve 

 

By definition, myocardial blood flow is the sum of coronary blood flow and collateral 

blood flow. In a normal coronary system without any stenoses, collateral blood flow will 

be zero, and thus maximum myocardial blood flow will be equal to maximum coronary 

blood flow. In such a normal situation, myocardial fractional flow reserve will equal 

coronary fractional flow reserve: FFRmyo = FFRcor. 

In case of a flow-limiting  epicardial stenosis however, maximum coronary flow will 

diminish, and collateral blood flow will increase.  
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In such a situation, FFRmyo will be higher than FFRcor, due to the development of 

collaterals. FFRcor can be defined as : 

 

                     Maximum coronary  blood flow in the presence of a stenosis  

corFFR   =  

                Normal maximum coronary  blood flow 

 

To determine FFRcor in the cathlab, coronary wedge pressure is required. It can 

therefore only be determined during coronary interventions, when the coronary artery 

pressure during balloon occlusion can be measured. It is calculated using the following 

equation: 
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For the mathematical derivation and scientific background of the pressure flow 

equations, the reader is referred to appendix 1. It’s very important to realize that if 

substitutes for coronary flow (for example coronary flow velocity or mean transit time) 

are used to approximate myocardial flow, collateral flow is neglected, and in case of a 

severe epicardial stenosis, myocardial flow will thus be underestimated. In the normal 

coronary system, on the other hand, coronary flow parameters can safely be used to 

assess myocardial flow. In appendix 2,  the correction for collateral flow when 

determining myocardial flow and related parameters is extensively explained. 

 

 

Fractional Collateral  Blood Flow 

 

As mentioned in the previous paragraph, myocardial blood flow equals the sum of the 

separate contributions of coronary and collateral blood flow. Under normal 

circumstances no or negligible blood flow occurs through collaterals and myocardial 

blood flow equals coronary blood flow. If a stenosis develops, collateral flow will 

increase, and in case of a severe stenosis, collateral flow has to be taken into account 

when assessing myocardial blood flow. 
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Maximum recruitable collateral flow at coronary occlusion is defined as collateral flow 

(Qc) as a fraction of normal maximum myocardial flow (QN):  
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Fractional collateral flow can be calculated as follows: 
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N
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Fractional collateral flow (FFRcoll) has also been called collateral flow index (CFIp or 

CFI) by other authors in later publications9. In chapters 5, 6 and 7, an index of 

microcirculatory resistance will be introduced. The importance of taking into account 

collateral flow in the case of a severe epicardial stenosis will be demonstrated. 

As will be clear from this chapter, several useful invasive methods exist to assess the 

epicardial coronary circulation. However, reliable means to specifically interrogate the 

microvascular compartment in the catheterization laboratory are lacking. Developing 

such a method was the main aim of this thesis. 
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Aim of the study 
 
When assessing the functional severity of an intermediate coronary artery stenosis, 

measurement of the fractional flow reserve (FFR) of the myocardium is important1. 

FFR is defined as the maximum achievable blood flow to a myocardial perfusion 

territory in the presence of the epicardial stenosis, as a ratio to normal maximum blood 

flow. It is calculated by the ratio of mean distal coronary pressure and mean aortic 

pressure at maximum hyperemia1,2. By definition, the normal value of FFR is 1.0.  As 

extensively shown in previous studies, an FFR below 0.75 to 0.80 is indicative of 

ischemia. 

For accurate measurement of FFR, inducing maximum hyperemia is of utmost 

importance. If hyperemia is submaximal, FFR will be overestimated and a necessary 

coronary intervention might be deferred. To induce maximum hyperemia, several drugs 

can be applied3, of which adenosine, administered either introcoronary or 

intravenously, is the most widely used.  

According to some reports4-8, adenosine-induced vasodilation is partly dependent on 

endothelial nitric oxide (NO) production and can therefore be submaximal in patients 

with microvascular dysfunction. It has been suggested that α-blocking agents, 

administered on top of adenosine, increase hyperemic perfusion in these patients, as 

opposed to patients with normal microvascular function (i.e.normal NO-synthesis)9-14. 

However, the clinical meaning of such observations for FFR-based decision making in 

the cathlab has only been studied in unselected patients15. 

The aim of the present study was to investigate if, and to what extent, hyperemic 

perfusion can be increased by administering phentolamine, a non-selective α-blocker, 

on top of adenosine in patients with clear evidence of microvascular disease, 

compared to patients without signs of microvascular dysfunction. 
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Methods 
 

Patients 

 

Thirty patients referred for functional lesion assessment were selected. Inclusion 

criteria were an intermediate coronary artery stenosis (ranging between 30% and 70% 

by visual estimation) and normal left ventricular function. Exclusion criteria were 

hypertrophic cardiomyopathy, significant valvular disease, chronic congestive heart 

failure and severe obstructive pulmonary disease.  

Our population consisted of 2 groups of 15 patients each, one group with no evidence 

of microvascular disease and one group with clear evidence of microvascular disease, 

based upon the criteria below. 

To be qualified as having microvascular disease, all patients were required to have 

signs of diffuse epicardial disease on the angiogram and at least 3 of the following risk 

factors: smoking, hypertension, dyslipidemia and diabetes. The control group (no 

microvascular disease) consisted of patients with smooth coronary arteries and not 

more than 2 of these risk factors. 

The research protocol was approved by the local ethics committee and informed 

consent was obtained from all patients. 

 

 

Coronary Angiography and Pressure Measurements 

 

After the introduction of an arterial and venous femoral sheath, a 6F guiding catheter 

without sideholes was advanced into the coronary ostium. After the administration of 

200 μg intracoronary nitroglycerin, an angiogram was obtained for QCA 

measurements. A pressure monitoring guidewire (PressureWire 4, RADI Medical 

Systems, Uppsala, Sweden) was first advanced up to the tip of the guiding catheter 

and it was checked that the pressures recorded by the guiding catheter (aortic 

pressure, Pa) and by the PressureWire were identical at this position. The wire was 

then advanced into the distal part of the coronary artery to measure distal coronary 

pressure (Pd). Heart rate, aortic pressure and distal coronary pressure were 
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continuously recorded and digitally stored (RadiAnalyzer, RADI Medical Systems, 

Uppsala, Sweden).  

Quantitative coronary angiography was obtained before as well as after completion of 

the study protocol.  Minimal lumen diameter, percentage diameter stenosis and 

reference diameter of the stenotic coronary artery were then measured using the tip of 

the catheter as a scaling device. 

 

 

Study Protocol 

 

In all patients, at first Pd/Pa ratio was measured using the following cycle of hyperemic 

stimuli: 40ug of intracoronary adenosine, repeated 40ug of intracoronary adenosine, 

140ug/kg/min of intravenous adenosine, 20mg of intracoronary papaverine on top of 

140ug/kg/min intravenous adenosine (figure 1). After each step of this protocol and 

before each next step, sufficient time was taken to allow Pd/Pa ratio to reach baseline 

level again. After papaverine administration and having reached baseline Pd/Pa level 

again, 3mg phentolamine was administered intracoronary. Three minutes thereafter, 

the complete protocol as described above was repeated. After having completed the 

protocol again, a second angiogram was obtained for QCA measurements and 

comparing the angiographic characteristics before and after phentolamine. 
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Figure 1. Schematic representation of different steps of the protocol. Ado=adenosine; IC=intracoronary; 
IV=intravenous; NTG=nitroglycerin; Pap=papaverine; Phe=phentolamine; QCA=quantitative coronary 
angiography. 
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Statistical Analysis 

 

Data are expressed as mean±SD. Statistical comparisons between the values of Pd, 

Pa, heart rate and FFR were analyzed by Wilcoxon matched pairs test. Changes in 

vessel dimensions before and after α-adrenergic blockade were assessed with a two-

sided Student’s paired t-test. Changes in hyperemic response between the 3 

conventionally used hyperemic stimuli were calculated by one-way ANOVA , followed 

by the Bonferroni test. A probability value < 0.05 was considered statistically 

significant. 

 

 
Table 1. Patient Characteristics 

      

    Microvascular disease  No microvascular disease 

     n=15 (%)    n=15 (%) 

 

Age (years)    60±10    57±7 

Male     12(80)    11(73) 

Smoking    6(40)    1(7) 

Hypertension    11(73)    3(20) 

Diabetes    12(80)    1(7) 

Dyslipidemia    10(67)     5(33) 

Diffuse disease    15(100)    0(0)   

Number of diseased vessels  2.5±0.6    1.2±0.4 

Duration of CAD(years)   2.7±3.9    0.1±0.3 
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Results 
 

Patient Characteristics 

 

Baseline patients characteristics are reported in table 1. There were no statistically 

significant changes in reference diameter (pre 2.55±0.41 , post 2.49±0.39; p=0.15), 

minimal lumen diameter (pre 1.40±0.23 , post 1.39±0.28; p=0.64) and obstruction 

percentage (pre 49±13 , post 50±13; p=0.92) before and after administration of the α-

blocker, suggesting that the epicardial vessels were fully dilated after intracoronary 

nitrates. Consequently, it can be assumed that changes in FFR are directly 

proportional to changes in microvascular resistance. 

 

 

Hemodynamic data 

 

Hemodynamic data before and after administration of phentolamine  are summarized 

in table 2,3 and 4.  

 

 Microvascular disease No microvascular disease 

 Before α-bl After α-bl p Before α-bl After α-bl p 

rest 99±13 87±14 <0.001 110±14 102±8 0.08 

Ado ic 98±11 89±19 0.01 105±12 96±13 0.004 

Ado iv 97±15 91±18 0.03 98±12 91±16 0.01 

Ado iv + pap 90±14 90±13 0.77 96±13 89±16 0.04 

 
Table 2. Arterial blood pressure for the different hyperemic stimuli before and after administration of 
phentolamine. Values are ± SD. Ado=adenosine; IC=intracoronary; IV=intravenous; pap=papverine. 
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 Microvascular disease No microvascular disease 

 Before α-bl After α-bl p Before α-bl After α-bl p 

rest 70±10 75±10 0.02 68±11 69±10 0.77 

Ado ic 71±10 75±10 0.008 66±12 65±12 0.63 

Ado iv 72±10 76±11 0.009 72±12 71±14 0.74 

Ado iv + pap 74±10 74±9 0.83 75±13 73±15 0.21 

 
Table 3. Heart rate for the different hyperemic stimuli before and after administration of phentolamine. 
Values are mean ± SD. Abbreviations as in table 2. 
 
 
 
 

 Microvascular disease No microvascular disease 

 Before α-bl After α-bl p Before α-bl After α-bl p 

Ado ic 0.74±0.12 0.70±0.13 0.003 0.76±0.15 0.75±0.16 0.10 

Ado iv 0.75±0.10 0.72±0.11 0.04 0.75±0.14 0.74±0.15 0.20 

Ado iv + pap 0.72±0.12 0.70±0.14 0.002 0.72±0.17 0.72±0.17 0.95 

 

Table 4. Ratio of aortic to distal coronary pressure for the different hyperemic stimuli before and after 
administration of phentolamine.  Values are mean ± SD. Abbreviations as in table 2. 
 

 

Responses to the traditional hyperemic stimuli 

 

In the total group of 30 patients, mean arterial pressure changed from 102±13 mmHg 

to 101±12 mmHg after intracoronary administration of adenosine (p=0.07), to 98±13 

mm Hg after intravenous infusion of adenosine (p=0.008) and to 91±16 mmHg after 

the simultaneous administration of intracoronary papaverine and intravenous 
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adenosine (p<0.001). For the total group of 30 patients, average Pd/Pa-ratio did not 

change between the 3 hyperemic regimens: after introcaronary adenosine it was 

0.75±0.13 , after iv adenosine 0.74±0.12 and after ic papaverine on top of iv adenosine 

0.72±0.14 (p=0.74). For the 2 separate groups with or without microvascular disease, 

also no differences were observed (patients without microvascular disease: 0.76±0.15, 

0.75±0.14, 0.72±0.17, p=0.84 respectively and patients with microvascular disease: 

0.74±0.12, 0.75±0.10, 0.72±0.12, p=0.79). 

 

 

Responses after pre-treatment with phentolamine 

 

In almost all patients, administration of phentolamine led to a decrease in mean arterial 

pressure (table 2). However, these blood pressure changes were small and did not 

exceed 15% in any of the patients. In both treatment groups, addition of phentolamine 

to adenosine, either intracoronary or intravenously, resulted in a small but significant 

further decline in mean arterial pressure. In the patients with microvascular disease, 

blood pressure with the combination of adenosine iv and papaverine ic did not further 

decrease after pretreatment with phentolamine, contrary to the patients without 

microvascular disease, in which a small additional decline in mean arterial pressure 

was observed.  

In the patients with microvascular dysfunction, Pd/Pa-ratio further decreased after the 

administration of phentolamine, regardless of the hyperemic stimulus it was combined 

with. On the contrary, no further decrease in Pd/Pa-ratio was observed in patients 

without microvascular disease. 

Importantly, although statistically significant, the observed reductions in FFR were 

small and not clinically relevant, since in none of the patients FFR changed from ≥ 80 

to ≤ 75, and therefore, clinical decision making was not affected. 

 
 

Discussion 
 
Several studies, performed both in humans and in animals, have shown that α-

adrenergic vasoconstriction in the heart is augmented by atherosclerosis and that it is 
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attenuated by an intact endothelial function9-13, 16-19. NO is believed to play an 

important role in this process: when endothelial function is impaired, NO release is 

reduced and α-adrenergic tone is enhanced, while in healthy humans, no significant α-

adrenergic  vasoconstrictor tone exists. 

Because adenosine-induced vasodilation is, at least partly, mediated by endothelial 

release of NO6,7, theoretically, a submaximal hyperemic response could be expected in 

patients with significant microvascular disease, which, according to the hypothesis 

above, could be augmented by α-adrenergic blockade. 

In this study, the presence and relevance of such effect was investigated. No 

significant differences in hyperemic response were seen between the traditional and 

commonly used dosages of intracoronary adenosine, intravenous adenosine and 

intracoronary papaverine in patients with or without microvascular disease. On the 

contrary, our results indicate the presence of a small residual vasodilator reserve after 

administration of phentolamine in patients with, as opposed to patients without 

microvascular disease.  However, the differences were small and not of clinical 

relevance. In none of the patients, after phentolamine administration, FFR decreased 

to such an extent that clinical decision making on the basis of a 0.75 cut off point was 

influenced. Therefore, this study indicates that there is no need for routine use of α-

blocking agents when measuring FFR, even not in patients with signs of microvascular 

dysfunction, and that intravenous administration of adenosine is reliable for FFR-based 

clinical decision making. In selected patients with clear microvascular dysfunction, in 

which FFR is in the grey-zone (0.75-0.80), additional intracoronary administration of 

phentolamine can be used to assure the presence of truly maximum hyperemia.  
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Aim of the study 
 

Coronary flow reserve (CFR) and fractional flow reserve (FFR) have been proposed to 

evaluate coronary artery disease1-9 as they provide complementary information on the 

status of the coronary circulation. So far, assessing both indices simultaneously 

requires 2 guide wires (a Doppler wire and a pressure wire), which is cumbersome and 

expensive. We have recently validated a coronary thermodilution technique enabling 

the assessment of CFR (CFRthermo) and FFR with the same wire10,11 . CFRthermo is 

defined as the ratio between the resting mean transit time (Tmn rest) and hyperemic 

mean transit time (Tmn hyperemic). Despite a fair correlation between CFRthermo and CFR 

measured by Doppler (CFRDoppler), some scatter persists in the first validation study. 

Several factors may account for this scatter: first, the algorithm used to calculate Tmn 

tends to underestimate CFR; second, a non-standardized injection technique of the 

bolus of IC saline might account for some variability; and finally, suboptimal quality of 

some Doppler signals might decrease the correlation between CFRthermo and 

CFRDoppler. In addition, the thermodilution technique has been validated so far in two 

experienced centers, which may not reflect the more widespread applicability of 

CFRthermo.  

Accordingly, the aim of the present study was twofold: 1) to compare the feasibility of 

CFRthermo and CFRDoppler in a multicentric setting closer to “real world” practice; 2) to 

compare the results of CFRthermo obtained with an improved algorithm and a 

standardized injection technique to CFRDoppler derived from high-quality Doppler 

tracings. 
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Methods 
 
 
Patients 
 
The study was conducted in 8 hospitals in 5 countries. Between march the 25th and the 

29th, 2002 (week 25), all patients referred in these centers for physiological 

assessment and/or angioplasty of at least one coronary stenosis were included except 

if they were unstable, if marked tortuosities were present or if the lesion to be treated 

was a total occlusion. A total of 86 patients were included in the study. To investigate 

the feasibility of CFRthermo and of CFRDoppler in a setting representative of the “real 

world”, all the measurements obtained were taken in to account for analysis. However, 

to compare CFRthermo to CFRDoppler, only the data from patients in whom an optimal 

Doppler tracing could be obtained were taken into account (see below).  

 

Catheterization procedure 

 
The coronary ostium was cannulated with a 6 F angioplasty guiding catheter through 

which central aortic pressure (Pa) was continuously recorded. After administration of 

200 µg IC isosorbide dinitrate (ISDN), an angiogram was obtained. CFRDoppler was 

obtained as follows:  a Doppler guidewire (Flowire, Jomed) was advanced in the distal 

part of the artery and manipulated to obtain optimal Doppler flow velocity tracings. After 

recording baseline flow velocity, adenosine IV was infused during at least 4 min to 

obtain steady state maximal hyperemia. Adenosine was then turned off, during 5 min. 

If the Doppler velocity tracings were considered of high quality by the operator (see 

below), the Doppler wire was removed and a Pressure/Temperature sensor (Pressure 

Wire 4, Radi Medical Systems, accuracy of 0.05°C within a temperature range from 15 

to 42°C) was advanced at the same location where the Doppler crystal was located. 

Distal coronary pressure (Pd) was continuously monitored. CFRthermo was obtained as 

follows: first, the correct position of the guiding catheter into the coronary ostium was 

checked and the lines (catheters, syringe, manifold and connecting tubes) were 

carefully flushed with saline to avoid the administration of contrast medium. Then, the 

syringe that usually serves to inject contrast medium was filled with 3 to 4 mL of saline 

at room temperature. These syringes usually have a safety-volume that avoids 
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injecting air bubbles. The bolus of saline was then briskly injected (less than 0.25 s) 

into the coronary tree. This allows to obtain a first thermodilution curve at rest. Three 

resting thermodilution curves were obtained at rest, the injection of saline being 

separated from each other with an interval of approximately 8-10 s. Adenosine was 

then switched on again and  a second series of hyperemic thermodilution curves were 

obtained. Thereafter the procedure was completed according to the clinical needs. 

 

 

Optimization of CFRDoppler 
 

An example of pressure, thermodilution and Doppler velocity recordings is shown in 

figure 1. Doppler tracings were graded on a 1 to 5 scale (from very poor to optimal). 

Because in the present study CFRDoppler was the reference method, only patients with 

good or optimal Doppler flow velocity tracings were considered.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Simultaneous pressure (upper part) and thermodilution curves (lower part) in a stenotic 
coronary artery. FFR equals 0.53, CFRthermo equals 1.8. The baseline thermodilution curves are 
displayed in blue, the hyperemic curves in green. Only the thermodilution curves recorded by the distal 
sensor are displayed. The x-axis under the thermodilution curves represents the time expressed in 
seconds after T0. The thermodilution curve obtained by the shaft of the wire and which enables to 
determine T0 are not displayed.  The corresponding Doppler tracings are given in the upper left corner. 
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The selection process of the Doppler flow tracings was performed beforehand in two 

steps: (1) the operator was urged not to proceed with the protocol if the Doppler 

tracings were not classified as good or optimal. In this case, the patient was excluded 

from further analysis; (2) in addition, for the purpose of the comparison between 

CFRthermo and CFRDoppler, all tracings were blindly reviewed in a core laboratory. Ethical 

Committees of the participating centers approved the study, and an informed consent 

was obtained from all patients.  

 

 

Data analysis 

 

The Pressure Wire actually includes two temperature sensors: the shaft of the catheter 

that enables the recording of the imput signal, and the distal sensor located at the 

junction between the radiopaque and the non-radiopaque part of the wire. In our first 

validation studies, Tmn had been defined as the time elapsed between half of the saline 

has been injected (defined as t0, and determined on the temperature curve from the 

shaft of the wire), and half of the saline has passed the sensor10-11. Yet, in-vitro 

experiments have shown that 6 to 8 s after injecting 3 mL of saline at room 

temperature, the temperature of the shaft of the pressure wire (used as reference) 

returned to the baseline (body temperature). Accordingly, the first 2 mL of saline (the 

volume contained in the catheter) did actually have no impact on the thermodilution 

curve. Therefore, in the modified algorithm (used in this study), t0 has been shifted 

rightwards to the nadir of the shaft temperature curve in order not to take into account 

the extra time due to the first 2 mL of saline. Tmn as used in the present was defined as 

the time elapsed between T0 and the centre of gravity of area under the thermodilution 

curve obtained in the distal part of the vessel. Experiments performed in-vitro (not 

shown) have demonstrated a better concordance (especially in the high values of 

CFR) between CFR calculated by measurements of absolute flow with thermodilution-

derived flow reserve as calculated by the modified algorithm (CFRthermo = 0.99 CFR – 

0.01, R² = 0.91) than with the old algorithm (CFRthermo = 0.70 CFR – 0.39, R² = 0.96) 

CFRDoppler was defined as the ratio between the average peak velocity (APV) at 

hyperemia and the APV at rest. CFRthermo was defined as the ratio between the resting 

mean transit time (Tmn rest) and hyperemic mean transit time (T mn hyperemia). 
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Statistical analysis  

 

All data are presented as mean±SD. Variability between 3 measurements was defined 

as follows:  
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Variability at baseline and hyperemia was compared by the Wilcoxon signed-rank test. 

All values of CFR are provided by vessel and can therefore be considered independent 

from each other. CFRthermo was compared with CFRDoppler by linear regression analysis. 

A Bland-Altman plot is provided. This plot depicts the relationship between the average 

value between CFRDoppler and CFRthermo and he absolute difference between CFRDoppler 

and CFRThermo. 

The mean time needed to obtain the measurements were compared by paired t-test 

analysis.  A p<0.05 was defined as statistical significant. 

 

 

Results 
 

Feasibility data 

 

Eighty-six patients were included. Twenty-seven were excluded due to sub-optimal 

quality of Doppler tracings as assessed by the operator. Among the remaining 59 

patients with an optimal Doppler tracing (69%), FFR could be obtained in all patients 

(100%) and CFRthermo could be obtained in 57 patients (97%). The average time to 

perform the measurements was 5±1 min for CFRthermo and 6±2 min for CFRDoppler 

(P=0.073). Adequate thermodilution curves were obtained in 381 out of 408 studies, 

corresponding to 93% of the curves. 
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All vessels (n=42)  

FFR 0.75±0.2 

CFRDoppler 2.0±0.8 

CFRThermo 2.2±0.9 

Reference vessels (n=16)  

LAD/LCX/RCA 8/4/4 

Reference diameter, mm 2.8±0.6 

FFR 0.89±0.08 

CFRDoppler 2.4±1.0 

CFRThermo  2.8±1.0 * 

Stenotic vessels (n=26)  

LAD/LCX/RCA 12/5/9 

Reference diameter, mm 2.9±0.6 

Minimal lumen diameter, mm 1.3±0.4 

% Stenosis 59±17 

FFR 0.66±0.16 

CFRDoppler 1.7±0.6 

CFRThermo 1.8±0.6 

 
Table 1.  Angiographic and Hemodynamic data. * p<0.05 versus CFRDoppler 

 

The variability of Tmn within each set of 3 consecutive measurements was 14±8% at 

baseline and 17±11% at hyperemia (p<0.01). In all but two cases, a good 

thermodilution curve could be obtained by repeating the injections, or by increasing the 

volume of the bolus to 4 mL. The main reasons for non-adequate curves were a too 

low amplitude of the thermodilution curve and a too slow injection of the bolus of 

saline. 
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Comparison of CFRthermo and CFRDoppler 

 

Because CFRDoppler was the reference method, all Doppler tracings were reviewed 

again in the core laboratory. Only the tracings which were rated optimal both at rest 

and at hyperemia (n=42 in 34 patients) were kept for comparison with CFRthermo. In 

these arteries the average value of CFRthermo and CFRDoppler were similar (table 1). A 

fair correlation was found between CFRDoppler and CFRthermo as shown in figure 2. The 

Bland-Altman plot shows the trend to measuring higher values of CFR by 

thermodilution than by Doppler velocitometry, especially in the higher range of values. 

Accordingly, If only non-stenotic vessels were considered, the values of CFRthermo were 

significantly higher than the corresponding values of CFRDoppler.  

 
 

Discussion 
 
The present study was conducted over a 5-day period in 8 centers, 6 of them without 

previous experience in coronary thermodilution, but all of them with an extensive 

experience with intracoronary Doppler and pressure measurements.  
 
 
Feasibility of CFRthermo 

 

In order to compare the feasibility of CFRthermo and CFRDoppler in a setting close to 

everyday clinical practice 86 consecutive patients scheduled for PCI or functional 

assessment were included. The data obtained in this unselected patient cohort (except 

for unstable syndromes, total occlusion of the target lesion and extreme tortuosities) 

indicate that CFRthermo is easy to obtain in the vast majority of patients, significantly 

more than CFRDoppler. In 31% of cases the operator considered the Doppler tracings 

sub-optimal. Optimal thermodilution curves could be obtained in 97% of patients. 

Several factors may contribute to this high success rate: in contrast to Doppler 

measurements, the exact position of the pressure/temperature sensor in the vessel 

lumen does not influence the Tmn. In addition, neither the exact volume nor the exact 
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temperature of the bolus actually influence Tmn as long as a well-defined thermodilution 

curve can be recorded and that the injection of saline does not modify the flow in itself.  
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Figure 2. Panel A: Correlation between CFR measured by Doppler (CFRDoppler) and CFR measured by 
thermodilution (CFRthermo).  
Panel B: Bland-Altman plot of the relationship between CFRDoppler aand CFRthermo. The x-axis depicts the 
average value between CFRDoppler and CFRthermo, while the y-axis depicts the absolute difference 
between CFRDoppler and CFRThermo. 
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CFRthermo versus CFRDoppler 

 

In order to validate the CFRthermo (obtained with a new standardized injection technique 

and by using a modified algorithm for Tmn calculation) only patients in whom an optimal 

Doppler tracing was obtained were taken into account. The results confirm a fair 

correlation between CFRthermo and CFRDoppler. In order to obtain an optimal reference 

method, only high quality Doppler tracings were selected without knowledge of the 

corresponding thermodilution tracings. In addition, the algorhithm used for calculating 

Tmn was slightly modified according to new data obtained in vitro. Finally, a 

standardized and simplified injection technique of the bolus of saline was applied.  

 

 

Limitations  

 

Several limitations related to the study design or to the thermodilution technique should 

be taken into account: first, only 34 of the 86 patients included were finally considered 

for the validation of CFRthermo by CFRDoppler. The severity of the inclusion criteria was 

justified by the need for an optimal gold standard to gauge CFRthermo.  This, however, 

introduces a bias toward a higher feasibility of CFRthermo. 
Second, the variability of the Tmn is limited albeit not negligible so that it is 

recommended, very much like for cardiac output measurement by pulmonary 

thermodilution, to calculate the mean value of three consecutive measurements of Tmn 

for the calculation of CFRthermo. Third, since CFR is the ratio of hyperemic to resting 

flow, it is paramount to obtain truly baseline flow. In particular, contrast medium-

induced hyperemia should be avoided by flushing the catheter with saline at least 30 s 

before the acquisition of the first thermodilution curve. Also, the bolus of saline should 

not exceed 4 mL, to avoid any flow disturbances induced by the bolus of saline itself.  

Fourth, CFRthermo tends to overestimate CFRDoppler especially in non-stenotic vessel. 

This should be taken into account because these normal or near normal arteries are 

precisely those in which measuring CFR will be most desirable.  

Fifth, in a minority of patients, 2 vessels were assessed. Therefore, the possible 

dependence of these measurements might lead to an underestimation of the variability.  

Finally, the emergence of a major side branch between the guiding catheter and the 

stenosis may artificially increase the value of CFR when measured by thermodilution. 
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Conclusion 

 

The present study confirms the feasibility and reliability of thermodilution-derived CFR 

measurements in a multicentric setting. The values of CFR obtained by thermodilution 

tend to be higher than those we are used to obtain with Doppler flow velocity 

measurements. A single guide wire allowing simultaneous assessment of FFR and 

CFR represents a unique tool for a better understanding of the relative contribution of 

epicardial stenosis and microvascular impairment to myocardial ischemia. 

 

 
References 

 

1.   Anderson HV, Kirkeeide RL, Stuart Y, et al. Coronary artery flow monitoring following coronary  

      interventions. Am J Cardiol 1993;71:62D-69D 

2.   Kern MJ, De Bruyne B, Pijls NHJ. From research to clinical practice: current role of intracoronary 

      physiologically based decision making in the catheterization laboratory. J Am Coll Cardiol 

      1997;30:613-620 

3.   Pijls NHJ, De Bruyne B, Peels K, et al. Measurement of fractional flow reserve to assess the 

      functional severity of coronary artery stenosis. N Engl J Med 1996;334:1703-1708 

4.   De Bruyne B, Bartunek J, Sys SK, et al. Simultaneous coronary pressure and flow velocity  

      measurements in humans. Circulation 1996;94:1842-1849 

5.   De Bruyne B, Pijls NHJ, Heyndrickx GR, et al. Pressure-derived fractional flow reserve to assess 

      serial epicardial stenosis: theoretical model and animal validation. Circulation 2000;101:1840-1847 

6.   Piek JJ, Van Liebergen RAM, Koch KT, et al. Clinical, angiographic, and hemodynamic predictors of  

      recruitable collateral flow assessed during balloon angioplasty coronary occlusion. J Am Coll Cardiol 

      1997;29:275-282 

7.   Seiler C, Fleisch M, Garechemani AR. Coronary collateral quantitation in patients with coronary  

      artery disease using intravascular flow velocity or pressure measurements. J Am Coll Cardiol  

      1998;32:1272-1279 

8.   De Bruyne B, Pijls NHJ, Bartunek J, et al. Fractional flow reserve in patients with prior myocardial  

      infarction. Circulation 2001;104:157-162 

9.   De Bruyne B, Hersbach F, Pijls NHJ, et al. Abnormal epicardial coronary resistance in patients with 

      diffuse atherosclerosis but normal coronary angiography. Circulation 2001;104:2401-2406 

10. De Bruyne B, Pijls NHJ, Smith L, et al. Coronary thermodilution to assess flow reserve. Circulation 

      2001;104:2003-2006 

11. Pijls NHJ, De Bruyne B, Smith L, et al. Coronary thermodilution to assess flow reserve. Validation in  

      humans. Circulation 2002;105;2480-2484     



Myocardial resistance assessed by pressure-temperature measurement: in-vitro validation 

 53

 

 

Chapter 5 
 

Myocardial resistance assessed by 
guidewire-based pressure-temperature 

measurement: in-vitro validation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wilbert Aarnoudse1, MD, Petra van den Berg2, Frans van de Vosse, PhD, Maartje Geven, MSc, Marcel 

Rutten2, PhD, Mark van Turnhout2, William Fearon3, MD, Bernard De Bruyne4, MD, PhD, Nico Pijls1, 

MD, PhD. 

 
 
 

1Department of Cardiology, Catharina Hospital Eindhoven, The Netherlands 
2Department of Biomedical Engineering, Eindhoven University of Technology,  

  Eindhoven, The Netherlands  
3Center for Research in Cardiovascular Interventions, Stanford University Medical  

  Center, Stanford, California, US 
4Cardiovascular Center, Aalst, Belgium 

 

 

Catheterization and Cardiovascular Interventions 2004;62:56-63 



Chapter 5 

 54



Myocardial resistance assessed by pressure-temperature measurement: in-vitro validation 

 55

 
 
 
 
 

Aim of the study 
 
Although coronary artery disease is only visible in the epicardial coronary arteries, also 

the microvasculature of the myocardium is often affected by atherosclerosis 1,2. While 

numerous invasive and noninvasive methods are available to investigate the epicardial 

coronary arteries 3-11, microvascular disease is difficult to quantify, and no reliable 

invasive methodology is available to assess the microcirculation. 

Theoretically, combined measurement of distal coronary blood flow and distal coronary 

pressure enables calculation of microvascular resistance.12  At present, however, 

absolute blood flow in a distal coronary artery cannot be determined. The most widely 

used analogon of flow, so far, is coronary flow velocity measured by a Doppler wire13. 

However, obtaining good quality Doppler signals is often hard, time-consuming, and 

associated with a high variability of signals depending on changes in hemodynamic 

conditions14. Moreover, to estimate absolute flow from velocity requires assumptions 

on vessel geometry and flow pattern which may be highly variable in a diseased 

coronary circulation.  

Recently, we showed the feasibility of simultaneous measurements of distal coronary 

pressure and temperature using one single guidewire. Thus, using indicator dilution 

technique, a bolus of a few cc of saline at room temperature can be injected into the 

ostium of a coronary artery during catheterization and the temperature can be 

measured in the distal coronary artery to calculate the mean transit time (Tmn) of the 

injectate. 15,16 

Because, according to theory, flow equals the ratio of epicardial vascular volume (V) 

and mean transit time (Tmn), coronary flow reserve and fractional flow reserve can be 

determined in that way in one single procedure, as demonstrated in animals and 

humans 15,16. A fundamental assumption in that theory is that Tmn is inversely 

proportional to hyperemic blood flow. Because: 

 

F = V / Tmn  (1) 
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and because true microvascular resistance (TMR) equals distal perfusion pressure 

divided by flow: 

 

TMR = Pd / F  (2)  

 

and because the vascular volume V may be assumed to remain constant after 

pretreatment by nitroglycerine, by combining (1) and (2) it can be derived that TMR is 

proportional to the product of distal pressure and Tmn : 

 

TMR ≈ Pd . Tmn (3)  

 

This product of Pd and Tmn at maximum hyperemia to reflect microvascular resistance 

was recently introduced by Fearon et al and called index of myocardial resistance 

(IMR).17 In experimental studies performed in pigs, it was shown that IMR reflects 

myocardial resistance indeed, corresponds closely to TMR, and is relatively 

independent on epicardial stenosis severity. For further corroboration of this index IMR 

and to investigate its fundamental characteristics more closely, we developed a 

sophisticated, physiologically representative, in-vitro model mimicking the epicardial 

coronary arteries and microcirculation. Aim of the present study was to investigate in 

that model the inverse relation between Tmn and absolute blood flow and the 

independency of IMR on epicardial stenosis severity over the complete physiological 

and pathological range of stenosis severity and conditions of microvascular 

impairment. 

 

 

Materials and methods 
 
In Vitro Model 

 

The in vitro model consists of a pump providing pulsatile flow at room temperature and 

a systemic and a coronary circulation (figure 1). The in vitro heart includes a rigid 

chamber with a piston inside it, driven by a computer controlled linear motor and two 



Myocardial resistance assessed by pressure-temperature measurement: in-vitro validation 

 57

artificial valves. The aorta is modelled as a tube made out of polyurethane  and is 

connected to a Windkessel, modelling the distal systemic compliance. Two external 

occluders provide the aortic resistance and the peripheral resistance.  

The coronary circulation consists of an epicardial coronary artery, a dual-tubed 

myocardium and a venous outlet. The coronary artery is modelled with physiological 

dimensions and capacitance; the myocardium is modelled as a resistive circuit without 

significant capacitance but with a variable volume. This varying volume is modelled by 

a collapsible myocardial tube through the LV-chamber. In addition an accumulator is 

used, connecting the LV with the proximal side of the collapsible tube and containing a 

membrane, allowing transmittance of LV-pressure to the collapsible tube, but not 

enabling flow between LV and myocardium. Thus, the extravascular compression on 

the microcirculation by the contraction of the heart is realistically mimicked.  

 

 

 

 
 

 
Figure 1. In vitro Model of the circulation used in this study; LV, left ventricle; V, venous outlet; Ac, 
accumulator; C, collapsible tube; Rar, arteriolar resistance clamp; EM, electromagnetic flow sensor in the 
coronary artery; Repi, epicardial stenosis clamp; Pa, pressure sensor in the aorta; Pd, pressure sensor in 
the coronary artery; WK, windkessel 
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A single tube connects the coronary venous outlet to the venous reservoir and has no 

additional resistance. The arteriolar sphincter resistance (Rar), crucial for the modelling 

of autoregulation, is present as a clamp and is placed at the entrance of  the 

myocardial circulation. A coronary stenosis can be mimicked by an adjustable external 

occluder on the coronary artery, allowing a wide range of stenosis severity simulation. 

In this model, the only driving force for blood flow is the aortic pressure. The variations 

in myocardial blood flow in the absence of an epicardial stenosis are merely generated 

by changes in resistance of arteriolar and myocardial vasculature, and by the variable 

and adjustable extravascular compression in part of the myocardium, as is the case in 

true human physiology.18-20 

In the totally vasodilated state (arteriolar resistance is minimal; no epicardial stenosis), 

myocardial flow equals 200 ml/min and in the resting state 60 ml/min. By inducing a 

variable stenosis in the epicardial artery, hyperemic myocardial blood flow can range 

from 0 to 200 ml/min.  

Systemic and coronary phasic and mean flow are measured by electromagnetic flow 

sensors (Transflow 1401, Skalar) directly proximal to the aortic valve (systemic flow), 

and in the coronary artery distal to the stenosis (coronary flow). Pressure is measured 

in the left ventricular cavity, the ascending aorta, and in the coronary circulation by 

sensor-tipped pressure wires. Extensive validation studies with such an in-vitro set-up 

have shown that it is well able to mimic coronary pressure and flow at both baseline 

and hyperemia in physiological and pathological conditions.15,21  

 

 

Pressure/Temperature Guide Wire 

 

For measurement of distal coronary pressure and temperature, a commercially 

available 0.014-inch floppy pressure guidewire (PressureWire 4, Radi Medical 

Systems, Uppsala, Sweden) was used with modified software. This wire has a 

microsensor at 3 cm from the floppy tip, which enables simultaneous recording of high-

fidelity coronary pressure measurement as well as temperature measurement at the 

location of that sensor, with an accuracy of 0.02º C. The shaft of this wire, acting as an 

additional electric resistance, can be used as a second thermistor, providing the input 

signal at the coronary ostium of any fluid injection with a temperature different from 

blood. All signals can be displayed on the regular catheter laboratory recording system 
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or at a suitable interface (Radi-Analyzer) enabling on-line analysis as described below. 

Pressure and temperature are sampled with a frequency of 500 Hz. 

 

 

Experimental protocol 

 

A 6F guiding catheter was introduced and advanced into the coronary ostium. Care 

was taken to allow sufficient backflow of injectate. Thereafter, the PressureWire was 

advanced into the coronary artery. At first, during maximum arteriolar vasodilation (Rar  

minimal), flow through the coronary artery was stepwise decreased from 200 to 25 

ml/min in steps of 25 ml, by varying epicardial stenosis (Repi). For each value of 

absolute flow, 3 thermodilution curves were obtained by briskly injecting 3 cc of cold 

saline (temperature ≈ 6º C) by hand into the guiding catheter, with an interval of 1 

minute. This sequence was performed for different sensor positions at 6, 8, 10, and 12 

cm from the coronary ostium, respectively. Thus, the relation between Tmn and blood 

flow could be investigated. Next, to investigate the independency of IMR on proximal 

stenosis severity, the distal sensor of the PressureWire was positioned at a fixed 

distance of 10 cm from the coronary ostium. Care was taken to maintain stable sensor 

position at this distance. By tightening the distal resistance clamp,  6 different degrees 

of myocardial resistance were obtained (corresponding with hyperemic myocardial flow 

rates of 203, 160, 130, 103 , 93 and 79 ml/min, and true myocardial resistance of  0.39, 

0.64, 0.89, 0.99, 1.31 and 1.63 dynes . s cm-5 , respectively).  Additionally, at every 

level of myocardial resistance, 4 degrees of epicardial stenosis were induced, using 

the external occluder. For each combination of myocardial resistance and epicardial 

stenosis, 3 consecutive thermodilution curves were obtained again, using the 

technique as described above. Distal coronary pressure and aortic pressure were 

measured continuously and average mean transit time and IMR were calculated as 

descibed above. True myocardial resistance (TMR) was calculated directly from the 

coronary pressure measurement and absolute myocardial blood flow measured by the 

electromagnetic flow meter. 
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Statistical Analysis 

 

All data are presented as mean ± SD. Variability between each series of  3 

measurements of Tmn was defined as 

 

3,2,1,max),,( 321 =
−

= i
a

aa
aaaVar

i

i
 

 

as in earlier studies on mean transit time16. 

 

nverse mean transit time was compared with absolute flow and IMR was compared 

with TMR by linear regression analysis. To test the independency of IMR on epicardial 

stenosis severity, linear regression analysis was performed on the data for each 

particular level of microvascular resistance to test if the slope was not significantly 

different from zero. 

 
 

Results 
 
Relation between inverse Tmn and absolute blood flow 

 
In the first part of the study, comparing absolute blood flow with the inverse of the 

mean transit time, absolute flow varied from 22 to 185 ml/min.  Thermodilution curves 

were obtained at different positions of the sensor from the injection point (6, 8, 10 and 

12 cm, respectively) as described above. For sensor positions of 6 and 8 cm, 

thermodilution curves at high flow (≥150 ml/min) were too short for reliable Tmn 

calculation. The mean variability between the 3 measurements of Tmn was 14% at a 

sensor position of 6 cm, and less than 10% at all positions more distal from the 

injection site. 

For each position of the sensor, a significant correlation between absolute flow and the 

inverse of the mean transit time was found (R2 = 0.88 , 0.97, 0.93 and 0.93, 

respectively: figure 2).  The correlation between absolute flow and 1/Tmn  was markedly 

better for sensor positions of 8, 10 and 12 cm  than for 6 cm of the coronary ostium. 
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Figure 2. Relation between absolute flow, measured by the electromagnetic flow meter, and inverse 
mean transit time (Tmn) as measured by thermodilution, for different positions of the sensor in relation to 
the coronary ostium. 
 

 

Calculation of IMR and its relation to epicardial stenosis severity 

 

Next, IMR was determined and compared to TMR at the six different stages of 

microvascular resistance and 4 different degrees of  coronary stenosis severity (24 

combinations). TMR varied from 0.39 to 1.63 mm Hg/ml/min and IMR from 13.7 to 74.8 

mm Hg.s . An excellent correlation over the complete range of flows was found, as 

presented in figure 3 (R2=0.94 , p< 0.0001) with the Y-axis interception close to zero. 

Importantly, at every level of microvascular resistance, IMR was independent on 

stenosis severity in the epicardial coronary artery, as should be the case for a reliable 

index of myocardial resistance (figure 4). 
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Figure 3. Correlation between index of myocardial resistance (IMR) and true myocardial resistance 

(TMR) at 24 different combinations of myocardial resistance and epicardial stenosis severity. 

 
 

IMR at different stenosis severity

0

10

20

30

40

50

60

70

80

no stenosis mild stenosis moderate stenosis severe stenosis

IM
R

lowest myocardial resistance

highest myocardial resistance

 
Figure 4. Index of myocardial resistance (IMR) at 4 degrees of stenosis, at 6 different degrees of 

myocardial resistance. 
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Discussion 
 
The present study shows in the first place that there was an excellent correlation 

between absolute blood flow in the coronary circulation and the inverse value of mean 

transit time, obtained from thermodilution measurements in a physiologically 

representative in-vitro model of the coronary circulation. 

Secondly, the simultaneous measurement of distal coronary pressure and mean transit 

time enabled calculation of an index of myocardial resistance which closely correlated 

to true myocardial resistance and was independent of the presence and severity of a 

stenosis in the supplying epicardial coronary artery.  

Because the sensor tipped guide wire used in this study is a regular commercially 

available pressure guide wire and because the technique in itself can be applied in 

conscious humans during cardiac catheterization without any modification in 

methodology, it is likely that it will be feasible to calculate in humans a similar IMR, 

being a specific index of microvascular resistance. 

The value of this index at maximum myocardial hyperemia represents minimal 

myocardial resistance and is therefore a direct correlate of microcirculatory  function.  

Because at the same time, the measurement of hyperemic distal coronary pressure 

enables calculation of fractional flow reserve (a rather specific index of epicardial 

disease), a better insight in the relative contribution of epicardial and microvascular 

disease to coronary ischemia can be obtained. 

Before applying this technique in humans, however, several important qualifications 

have to be taken in mind:  

In the first place, the vascular volume of the epicardial coronary artery between the 

ostium and the location where pressure and temperature are measured, should remain 

constant. In clinical practice this can be obtained by previous administration of 200 – 

300 µg of nitroglycerin intracoronary, which is standard in our catheterization laboratory 

in every invasive coronary procedure. 

Second, it is of paramount importance to position the sensor at the same distance from 

the ostium of the coronary artery during subsequent measurements over time.  

As shown in figure 2,  this distance should be at least 8 cm from the ostium (which is 

mostly the case in human coronary arteries). It should be realized that the more distant 
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the sensor, the longer the mean transit time. Therefore, if follow-up investigations are 

done, carefully recording the position of the sensor by angiography is mandatory.  

Third, because the vascular volume in itself is unknown, the IMR is a relative index and 

can be used to measure changes in microvascular resistance within one patient and 

one myocardial territory at different moments in time, e.g. during follow-up after 

myocardial infarction or at follow-up of medical treatment for conditions affecting 

microcirculatory function, as diabetes, hypercholesterolemia, or transplant disease. It is 

unknown so far, if there are circumscript normal and pathological ranges of IMR values 

enabling comparison of this index between different arteries or different individuals.  

 

 

Study Limitations 

 

As outlined above, the major limitation of the technique is that the index of myocardial 

resistance is only relative and not absolute. To calculate absolute myocardial 

resistance, volumetric blood flow is necessary and cannot be obtained invasively up to 

now. Theoretically, absolute myocardial flow could be obtained non-invasively by 

positron emission tomography or myocardial resonance imaging. However, this would 

mean that (invasive) distal coronary pressure should be measured at a different time, 

affecting accuracy. Therefore, the present method can only be advocated so far to 

compare microvascular resistance in one and the same myocardial territory within one 

patient at different moments in time.  

A second important limitation of the present study is that it does not account for 

collateral circulation. With the exception of myocardial fractional flow reserve, this is a 

major limitation for all physiologic indexes used so far. In the human catheterization 

laboratory, it might be expected that with significant coronary stenosis, also IMR will 

apparently  increase which can be explained as follows: with increasing stenosis 

severity, coronary flow approaches zero. However, distal coronary pressure does not 

decrease to zero but to coronary wedge pressure (Pw) which varies considerably 

depending on the development of collaterals but which has a value in most humans 

between 15 and 30% of arterial blood pressure.22,23 Therefore, every index of 

microvascular resistance derived from coronary blood flow (instead of myocardial 

blood flow),  will artificially overestimate microvascular resistance with increasing 

stenosis severity. In such cases, a factor taking into account Pw  should be added to 
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IMR as explained in appendix 2. Therefore, in applications in humans, knowledge of 

distal coronary wedge pressure will be mandatory to calculate IMR in the case of 

significant epicardial stenosis, when Pd  approaches Pw. In the absence of a significant 

epicardial stenosis however, the simplified equation (3) can still be used. 

Finally, as is always the case in in-vitro studies, extrapolation to the human laboratory 

should be done with caution. Although the in-vitro model of the coronary and 

myocardial circulation used in this study mimics true coronary circulation very closely, 

unexpected confounding factors might be present in the human catheterization 

laboratory not accounted for in our model. 

 

 

Conclusions 

 

Despite some limitations, this study shows a close correlation between coronary 

thermodilution-derived mean transit time and absolute myocardial blood flow and the 

feasibility of calculating an index of myocardial resistance correlating well to true 

myocardial resistance and independent of epicardial stenosis severity.  

Therefore, by combining this index with simultaneously determined FFR, the 

contribution of epicardial and microvascular abnormalities to ischemic heart disease 

can be quantified in a simple and straightforward way by single guide wire technology. 

 
 

Acknowledgements 
 

This study was supported by grant EPG.5454 of STW (Dutch Technology Foundation) 

Utrecht, The Netherlands, and by Radi Medical Systems, Uppsala, Sweden. 
 



Chapter 5 

 66

References 

 
1.  Cannon RO, Camici PG, Epstein SE. Pathophysiological dilemma of syndrome X .  

     Circulation1992 ;85 :883-892 

2.  Zeiher AM, Drexler H, Wollschlaeger H, Just H. Endothelial dysfunction of the coronary  

     microvasculature is associated with impaired coronary blood flow regulation in patients with early  

     atherosclerosis. Circulation 1991;84:1984-1992 

3.  Pijls NHJ, van Son JAM, Kirkeeide RL, De Bruyne B, Gould KL. Experimental basis of determining  

     maximum coronary, myocardial and collateral blood flow by pressure measurements for assessing 

     functional stenosis severity before and after PTCA. Circulation 1993;86:1354-1367 

4.  De Bruyne B, Pijls NHJ, Paulus WJ, Vantrimpont PJ, Sys SU, Heyndrickx GR. Transstenotic 

     coronary pressure gradient measurement in humans: in vitro and in vivo evaluation of a new 

     pressure monitoring angioplasty guidewire. J Am Coll Cardiol 1993;22:119-126 

5.  Pijls NHJ, Van Gelder B, Van der Voort P, Peels K, Bracke FALE, Bonnier HJRM, El Gamal MIH.  

     Fractional flow reserve: a useful index to evaluate the influence of an epicardial coronary stenosis on  

     myocardial blood flow. Circulation 1995;92:3183-3193 

6.  Baumgart D, Haude M, Goerge G, Ge J, Vetter S, Dagres N, Heusch G, Erbel R. Improved  

     assessment of coronary stenosis severity using the relative flow velocity reserve. J Am Coll Cardiol  

     1998;98:40-46 

7.  Goldstein RA, Kirkeeide RL, Demer LL, Merhige M, Nishikawa A, Smalling RW, Mullani NA, Gould  

     KL. Relation between geometric dimensions of coronary artery stenoses and myocardial perfusion  

     reserve in man. J Clin Invest 1987;79:1473-1478 

8.  Demer LL, Gould KL, Goldstein RA, Kirkeeide RL, Mullani NA, Smalling RW, Nishikawa A, Merhige  

     ME. Assessment of coronary artery disease severity by positron emission tomography. Comparison  

     with quantitative arteriography in 193 patients. Circulation 1989;79:825-835 

9.  Ibrahim T, Nekolla SG, Schreiber K, Odaka K, Volz S, Mehilli J, Guethlin M, Delius W, Schwaiger M.  

     Assessment of coronary flow reserve: comparison between contrast-enhanced magnetic resonance  

     imaging and positron emission tomography. J Am Coll Cardiol 2002;39:864-870 

10.Pijls NHJ, De Bruyne B. Invasive assesment of the coronary circulation. In: Coronary pressure, 2nd  

     edition, Kluwer Academic Publishers, 2000 

11.Schwitter J, Nanz D, Kneifel S, Bertschinger K, Buechi M, Knuesel P, Marincek B, Luescher T, von  

     Schulthess G. Assessment of myocardial perfusion in coronary artery disease by magnetic  

     resonance. A comparison with positron emission tomography and coronary angiography. Circulation 

     2001;103:2230-2235 

12.Kern MJ, De Bruyne B, Pijls NHJ. From research to clinical practice: current role of intracoronary  

     physiologically based decision making in the cardiac catheterization laboratory. J Am Coll Cardiol  

     1997;30:613-620 

13.Meuwissen M, Chamuleau SAJ, Siebes M, Schotborgh CE, Koch KT, De Winter RJ, Bax M, de Jong  

      A, Spaan JAE, Piek JJ. Role of variability in microvascular resistance on fractional flow reserve and  

      coronary blood flow velocity reserve in intermediate coronary lesions. Circulation 2001;103:184-187 



Myocardial resistance assessed by pressure-temperature measurement: in-vitro validation 

 67

14.De Bruyne B, Bartunek J, Sys SU, Pijls NHJ, Heyndrickx GR, Wijns W. Simultaneous coronary  

     pressure and flow velocity measurements in humans. Circulation 1996;94:1842-1849 

15.De Bruyne B, Pijls NHJ, Smith L, Wievegg M, Heyndrickx GR. Coronary thermodilution to assess flow  

     reserve: experimental validation. Circulation 2001;104:2003-2006. 

16.Pijls NHJ, De Bruyne B, Smith L, Aarnoudse W, Barbato E, Bartunek J, Bech GJW, Van De Vosse F. 

     Coronary thermodilution to assess flow reserve:validation in humans. Circulation 2002;105:2482- 

     2486 

17.Fearon WF, Balsam LB, Farouque HMO, Robbins RC, Fitzgerald PJ, Yock PG, Yeung AC. Novel  

     index for invasively assessing the coronary microcirculation. Circulation 2003;107:3129-3132 

18.Bassenge E, Heusch G. Endothelial and neuro-humoral control of coronary blood flow in health and  

     disease. Rev Physiol Biochem Pharamacol 1990;116:77-165 

19.Dole WP. Autoregulation of the coronary circulation. Prog Cardiovasc Dis 1987;29:293-323 

20.Spaan JAE. 1991. Basic coronary physiology. In: JAE Spaan, editor. Coronary blood flow:  

     mechanics, distribution and control. Dordrecht: Kluwer Academic Publishers p 1-36. 

21.Geven MC, Bohte VN, Aarnoudse WH, van den Berg PM, Rutten MC, Pijls NH, van de Vosse FN.  A  

     physiologically representative in vitro model of the coronary circulation. Physiol Meas 2004;25:891 

     904 

22.Pijls NHJ, Bech GJW, El Gamal MIH, Bonnier JJRM, De Bruyne B, Van Gelder B, Michels HR,  

     Koolen JJ. Quantification of recruitable coronary collateral blood flow in conscious humans and its  

     potential to predict future ischemic events. J Am Coll Cardiol 1995;25:1522-1528. 

23.Billinger M, Kloos P, Eberli FR, Windecker S, Meier B, Seiler C. Physiologically assessed coronary  

     collateral flow and adverse cardiac ischemic events: a follow-up study in 403 patients with coronary  

     artery disease. J Am Coll Cardiol 2002;40:1545-1550 

 

 
 



Chapter 5 

 68

 



Microvascular resistance and epicardial stenosis  

 69

 

 

Chapter 6 
 

Microvascular resistance is not influenced 
by epicardial stenosis severity: 

experimental validation 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

William F. Fearon, MD; Wilbert Aarnoudse, MD; Nico H.J. Pijls, MD, PhD; Bernard de Bruyne, MD, PhD; 

Leora B. Balsam, MD, David T. Cooke, MD, Robert C. Robbins, MD; Peter J. Fitzgerald, MD, PhD; Alan 

C. Yeung, MD; Paul G. Yock, MD 

 

 

Divisions of Cardiovascular Medicine and Cardiothoracic Surgery, Stanford University Medical Center, 

Stanford, California 

Department of Cardiology, Catharina Hospital, Eindhoven, Netherlands 

Department of Biomedical Engineering, Eindhoven University of Technology, Eindhoven, Netherlands  

Cardiovascular Center, Aalst, Belgium 

 

 

Circulation 2004;109:2269-2272 



Chapter 6 

 70

 
 
 
 



Microvascular resistance and epicardial stenosis  

 71

 

 

 

 

 

Aim of the study 
 
The complex interrelationship between the coronary microcirculation and the epicardial 

coronary arteries remains poorly understood.  In particular, the effect of increasing 

epicardial artery stenosis on microvascular resistance is controversial.  Pioneering 

work by Gould and others1,2 revealed no change in the minimal microvascular 

resistance and a compensatory decrease in resting microvascular resistance to the 

minimum level as the severity of an epicardial stenosis increases.  

Some recent studies, however, have suggested that the minimum achievable 

microvascular resistance actually increases with the increasing severity of an 

epicardial artery stenosis.3-5  In these investigations, microvascular resistance was 

measured invasively with the use of a coronary pressure wire to measure distal 

pressure and a Doppler velocity wire to estimate coronary flow.  Resistance was 

calculated by dividing pressure by coronary flow.  Of note, changes in collateral flow, 

which may occur with increasing severity of stenosis and which affect the calculation of 

resistance, were not incorporated into the calculations.   

Earlier, the importance of measuring myocardial flow (coronary flow plus collateral 

flow) when invasively evaluating microvascular resistance, was highlighted.6  Briefly, to 

estimate myocardial flow, it is necessary to measure the coronary wedge pressure, 

which is a reflection of collateral circulation (see also appendix 2).7       

Recently, a pressure-temperature sensor-tipped guidewire has been developed, which 

allows simultaneous determination of coronary pressure and flow.8-11 Flow is estimated 

with the use of a coronary thermodilution technique to measure the mean transit time 

of an injectate.  The inverse of the hyperemic mean transit time has been shown to 

correlate with absolute coronary flow.8  Using this technique, we have proposed an 

invasive index for quantitatively assessing microvascular resistance independent of the 

epicardial artery, termed the index of microcirculatory resistance (IMR)12 . In an animal 
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model, IMR correlated well with an accepted experimental method for measuring 

microvascular resistance (Rmicro).12   

In its simplest form, IMR is defined as the distal coronary pressure divided by the 

inverse of the mean transit time at peak hyperemia, or more simply, distal pressure 

multiplied by the mean transit time.  However, as the mean transit time is a correlate of 

coronary flow, and not myocardial flow, this simple definition of IMR (apparent IMR or 

IMRapp) will also overestimate microvascular resistance in the presence of an epicardial 

artery stenosis.  For IMR to be universally applicable, even in the presence of a 

stenosis, collateral flow as measured by the coronary wedge pressure must be 

incorporated into the equation (see appendix 2).6   

The goal of this study was to determine if the apparent Rmicro (Rmicro app) and IMRapp 

increase with increasing degrees of epicardial artery stenosis and to demonstrate that 

the actual Rmicro and IMR, which incorporate collateral contribution, do not change.   

 
 

Methods 
 
Animal Preparation 

 
The study was approved by Stanford’s Institutional Animal Care and Use Committee.  

Yorkshire swine were premedicated with intramuscular ketamine (20 mg/kg), xylazine 

(2 mg/kg), and buprenorphine (0.005 mg/kg).  Anesthesia was maintained with 2% 

isoflurane and supplemental oxygen was given via endotracheal intubation.  An arterial 

sheath was surgically placed in the right carotid artery.  Angiography was performed 

with a 6 French catheter.  A lateral thoracotomy was performed by a standard surgical 

technique, the pericardium was opened, and the proximal Left anterior descending 

coronary artery (LAD) was circumscribed by a combination of sharp and blunt 

dissection.  An ultrasonic flow probe (Transonic Systems, Inc) was placed around the 

proximal LAD; a vascular occluder (Harvard Apparatus) was placed distal to the flow 

probe, with care taken to ensure that there were no branch vessels between the two.  
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Coronary Pressure and Flow Measurements 

 

A coronary pressure wire (Radi Medical Systems) was advanced to the distal LAD.  

After injecting intracoronary papaverine (5 mg), distal pressure and mean LAD transit 

time were measured with the pressure wire as previously described.8,9,10  A somewhat 

lower dose of papaverine was used to avoid prolonged hyperemia, but still achieve 

peak hyperemia.  Absolute flow (ml/min) during peak hyperemia was recorded from the 

external flow probe, which measures volume flow directly and independent of vessel 

diameter.13  Myocardial fractional flow reserve (FFRmyo) and coronary fractional flow 

reserve (FFRcor) were calculated as defined in appendix 1 and 2, and as previously 

described.14,15  The coronary wedge pressure measured at rest at the end of the 

experiment was the mean distal coronary pressure during balloon occlusion.  

Rmicro app  was calculated by dividing coronary pressure by flow measured with the flow 

probe (mmHg/ml/min).  IMRapp was calculated by multiplying coronary pressure by the 

mean transit time (mmHg x seconds or Units).  Rmicro and IMR were calculated by 

multiplying the respective apparent values by the ratio of FFRcor to FFRmyo, to 

incorporate collateral flow. These measurements were made without an epicardial 

artery stenosis and immediately after creation of moderate and more severe stenoses 

with the vascular occluder.  

 

 

Statistical Analysis 

 

Values are presented as means ±SD.  ANOVA was used to compare changes in mean 

values under the various epicardial artery settings.  Post-hoc analysis in which the 

Bonferroni multiple comparisons test was used was applied to assess statistical 

significance.  A probability value < 0.05 was considered significant.  Statistical 

calculations were performed with Statview software (SAS Institute Incorporated). 
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Results 

 

In a total of 6 pigs, 189 measurements of Rmicro app, IMRapp, Rmicro
 and IMR were made.  

Fifty-four measurements were in the setting of no epicardial artery stenosis, 80 with a 

moderate stenosis (average FFRmyo=0.84 ±0.05) and 55 with a more severe stenosis 

(average FFRmyo=0.68 ±0.07).  The mean arterial pressure decreased from 69 ±10 

mmHg to 55 ±8 mmHg after papaverine.  The mean coronary wedge pressure was 

15.0 ±4.8 mmHg. There was a significant inverse correlation between the hyperemic 

mean transit time and flow as measured with the flow probe (r=0.5, P<0.001). Rmicro app 

increased significantly with increasing epicardial artery stenosis (0.43 ±0.12 to 0.46 

±0.10 to 0.51 ±0.11 mmHg/ml/min, P<0.001, Figure 1). IMRapp also increased 

significantly with increasing epicardial artery stenosis (14 ±4 to 17 ±7 to 20 ±10 Units, 

P<0.001, Figure 2).  In contrast, after the effects of collateral flow were incorporated, 

neither Rmicro (0.43 ±0.12 to 0.42 ±0.08 to 0.40 ±0.13 mmHg/ml/min, P=0.25, Figure 1) 

nor IMR (14 ±4 to 16 ±7 to 16 ±9 Units, P=0.30, Figure 2) changed significantly with 

increasing epicardial artery stenosis. 

 

 

Figure 1. A comparison of Rmicro and Rmicro app values at different degrees of epicardial artery stenosis. 
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Figure 2. A comparison of IMR and IMRapp values at different degrees of epicardial artery stenosis. 

 

 

Discussion 

 

In the present study, two different measurements of microvascular resistance (Rmicro 

and IMR) were obtained before and after we accounted for the contribution of 

collaterals to myocardial blood flow.  Our findings suggest that microvascular 

resistance does not increase with increasing epicardial artery stenosis.  Previous 

reports have documented increases in microvascular resistance in the presence of an 

epicardial artery stenosis; however the present data indicate that this increase is only 

apparent and relates to neglecting the contribution of collateral hemodynamics.3,4,5  In 

addition, the present data further confirm the validity of IMR as a surrogate of absolute 

microvascular resistance.    

Myocardial blood flow is the sum of antegrade coronary flow and collateral flow.  With 

the increasing severity of an epicardial artery stenosis, collateral flow will increase.  

Because of this collateral flow, the distal perfusion pressure at peak hyperemia 
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detected by the pressure wire will not decrease to zero, but will approach the coronary 

wedge pressure as the epicardial artery stenosis approaches total occlusion.  Yet, the 

measured antegrade coronary flow (whether determined with a Doppler velocity wire, 

with a flow probe, or by a thermodilution technique) will not incorporate collateral flow, 

and does approach zero as the epicardial artery stenosis approaches total occlusion.  

Thus, the increase in collateral flow results in an increase in myocardial flow that is 

reflected by the distal pressure measurement (numerator in the equation for 

resistance), but not incorporated into current methods for measuring flow (denominator 

in the equation for resistance).  These changes will result in a measured minimal 

microvascular resistance that is increased, or overestimated.  After removal of the 

epicardial artery stenosis and the collateral contribution, the measured distal pressure 

will return to its expected level and the minimal microvascular resistance will appear to 

decrease.   

Neglecting collateral flow, we found that microvascular resistance appeared to 

increase significantly (Figures 1 and 2).  However, after incorporating collateral flow by 

measuring the coronary wedge pressure and by multiplying the apparent resistance by 

the ratio of FFRcor to FFRmyo, we found no change in the minimum achievable 

microvascular resistance with increasing epicardial artery stenosis (see appendix 2).   

These findings are clinically relevant as appreciation for the role of the 

microvasculature in determining outcomes has grown.16  To effectively diagnose and 

treat microvascular dysfunction, a better understanding of the relationship between the 

microvasculature and the epicardial coronary system will be critical. 

 

 

Limitations 

 

Although recruitable collateral flow in the porcine coronary system is similar to human 

coronaries, this study is limited by its use of an acute animal model with normal 

microvascular function17,18 Furthermore, the epicardial artery stenoses were created 

acutely. It is possible that microvascular dysfunction or chronic stenoses might have a 

different impact on changes in microvascular resistance with epicardial stenoses.  

Moreover, we did not specifically assess changes in capillary resistance that might 
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occur with creation of epicardial stenoses.  Kaul and colleagues19 and Jayaweera et 

al20 have demonstrated the importance of the capillary system in determining 

microvascular resistance; a more comprehensive hemodynamic assessment, including 

an evauation of changes in capillary resistance will be necessary to validate our 

findings.  

The slope of IMR as stenosis severity increased was slightly positive while the slope of 

Rmicro was slightly negative.  Theoretically the slopes should be zero; the slight 

deviation was statistically insignificant and presumably a result of measurement 

variation. The most severe stenoses in this study did not affect resting flow. The effect 

on the microvasculature of this subset of extreme stenoses requires further study. 

 

 

Conclusion 

 

If collateral flow is accounted for, the minimum achievable microvascular resistance is 

not significantly affected by increasing epicardial artery stenosis. 
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Aim of the study 
 
 

Thirty years ago, Gould et al. postulated that minimum microvascular resistance is 

independent of epicardial stenosis severity 1-3. Confirming this hypothesis in humans 

has been challenging because of the lack of a reliable invasive methodology to 

quantify microvascular resistance. Several recent studies using surrogate indexes for 

calculating microvascular resistance 4-7 challenge Gould’s postulate by suggesting that 

epicardial stenoses do affect microvascular resistance. These indexes, however, are 

based on coronary flow parameters and hampered by the fact that myocardial flow 

cannot be measured invasively. 

Theoretically, combined measurement of myocardial perfusion pressure and absolute 

myocardial blood flow enables calculation of true microvascular resistance (TMR), 

defined as myocardial perfusion pressure divided by myocardial blood flow. While 

myocardial perfusion pressure, represented by distal coronary pressure (Pd), is easy to 

measure invasively with a coronary pressure wire, myocardial blood flow can only be 

estimated by derived indexes in the catheterization laboratory 8. Of these surrogate 

flow parameters, coronary flow velocity, measured by a Doppler wire, is the most 

widely used. Importantly, using Doppler velocity as a surrogate for myocardial flow is 

only correct in the absence of an epicardial stenosis, when collateral flow can be 

assumed to be zero and coronary flow equals myocardial flow.9 In the presence of an 

epicardial stenosis, myocardial blood flow consists of both coronary and collateral 

blood flow. Thus, using any parameter for coronary flow most likely underestimates 

myocardial flow, and thus overestimates myocardial resistance.  

Recently, a novel index for invasively assessing the microcirculation has been 

introduced and called index of microcirculatory resistance (IMR)10,11. IMR is calculated 

from the simultaneous measurement of distal coronary pressure and thermodilution-

derived mean transit time (Tmn) of a bolus of saline injected at room temperature into 
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the coronary artery during maximal hyperemia. As demonstrated previously, the 

inverse of Tmn strongly correlates to absolute coronary blood flow 11-13. Therefore, in 

the absence of an epicardial stenosis and collateral flow, IMR is equal to the product of 

Pd  and Tmn at maximum hyperemia and correlates well to TMR both in-vitro and in 

animals.10,11 With an epicardial stenosis, however, accurate determination of IMR 

requires knowledge of coronary wedge pressure. Therefore, IMR should be 

represented as:  

 

IMR = Pa . Tmn ((Pd -Pw) / (Pa -Pw)) 

 

where Pa represents aortic pressure measured by the guiding catheter and Pw 

coronary wedge pressure measured by the pressure wire, respectively.11 The 

mathematical derivation of this equation is presented in appendix 2. 

The aim of the present study was to measure IMR in humans with different degrees of 

stenosis in order to test the hypothesis that minimal microvascular resistance is 

independent of the presence or severity of an epicardial stenosis.  

 
 

Methods 
 

Patient population 

 

Thirty patients undergoing elective percutaneous coronary intervention (PCI) of one 

single stenosis in a coronary artery with a reference diameter of at least 3.0 mm were 

studied. Patients with an acute coronary syndrome or with a total occlusion of the 

coronary artery were excluded. The study was approved by the institutional review 

board and informed consent was obtained from all patients. 

 

 

Study protocol 

 

A 7F arterial and 5F venous sheath were introduced into the femoral artery and vein, 

respectively. After administering 5000 Units of heparin, the guiding catheter was 
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advanced into the coronary ostium. Nitroglycerin 0.2 mg was administered 

intracoronary and reference images were made. The pressure wire was advanced 

across the stenosis and stenting was performed according to routine practice. 

Fractional flow reserve (FFR) was measured before and after stenting. During balloon 

occlusion, Pw was recorded.  Thereafter, the following protocol was performed to 

create several degrees of epicardial stenosis and to determine IMR (figure 1). At first, a 

PTCA balloon with a diameter of 1.0 mm smaller than the deployed stent and a length 

of 10 mm was placed within the stented segment, thus creating an area stenosis of 

approximately 10%. Next, maximal hyperemia was induced by intravenous adenosine 

140ug/kg/min, administered into the femoral vein. At steady state hyperemia and with 

the non-inflated balloon in situ, Pd , Pa and FFR were measured and 3 consecutive 

thermodilution curves were obtained by brisk injection of 3 cc of room temperature 

saline into the coronary artery, thereby enabling calculation of Tmn and IMR as 

described below. Maintaining hyperemia, the balloon was then inflated stepwise to 4 

and 12 atmospheres, corresponding with area stenoses of  approximately 50% and 

75%, respectively. 

At every degree of stenosis, Pa, Pd and FFR were measured and the sequence of 

thermodilution curves was repeated to calculate Tmn and IMR.  Careful attention was 

paid to maintain the same sensor position throughout all measurements. 

stenosis FFR = 0.53± 0.19

After
stenting

FFR = 0.90 ± 0.12

10% AS FFR = 0.84 ± 0.08

IMR = 22 ± 15

50% AS FFR = 0.69 ± 0.09

IMR = 23 ± 14

75% AS FFR = 0.52 ± 0.11

IMR = 23 ± 14

 
Figure 1. Schematic of different steps of protocol and corresponding values of FFR and IMR. AS 
indicates area stenosis. 
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Pressure/Temperature Guide Wire 

 

A 0.014-inch floppy pressure wire and modified software (PressureWire-4, Radi 

Medical Systems, Uppsala, Sweden) was used to measure distal coronary pressure 

and temperature. This wire has a microsensor at 3 cm from the floppy tip, which 

enables simultaneous recording of high-fidelity coronary pressure and temperature 

with an accuracy of 1 mm Hg and 0.02º C, respectively. The shaft of this wire, acting 

as an additional electric resistance, can be used as a second thermistor, recording the 

input signal at the coronary ostium of any fluid injection with a temperature different 

from blood. All signals can be displayed on the regular catheterization laboratory 

recording system or on a suitable interface (Radi-Analyzer) enabling on-line analysis of 

data. Pressure and temperature are sampled with a frequency of 500 Hz. Further 

details of these thermodilution measurements have been described earlier. 12,13 

 

 

Calculation of IMR 

 

In the absence of a stenosis and collaterals, myocardial flow is equal to coronary flow, 

and assuming that Pv is close to zero, IMR = Pd . Tmn . In the case of a stenosis with 

collaterals, however, myocardial flow is not equal to coronary flow, but increasingly 

exceeds coronary flow because of collateral flow. Therefore, Tmn  is no longer 

representative of myocardial flow and one must account for the increasing contribution 

of collateral flow as follows11:  

 

IMR = Pa . Tmn ((Pd -Pw) / (Pa -Pw)).  

 

Details and the mathematical derivation of the equation are presented in appendix 2. 

 

 

Overestimation of microcirculatory resistance in relation to collateral extent 

 

The percentage overestimation of microvascular resistance when neglecting collateral 

flow is defined for every degree of stenosis by [(IMRuncorr / IMR)  -1] x 100%. To 

investigate this percentage for comparable stenosis severity in different patients with 
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different extent of collateral flow, we calculated this value for all patients at an FFR 

value of 0.53 (being the average stenosis severity in our population before stenting) at 

the actually measured Pw. Theoretically, this relation is expected to be hyperbolic as 

outlined in appendix 2. 

 

 

Statistical Analysis 

 

Statistical analysis was performed using Graphpad Prism software. All data are 

presented as mean ±SD. ANOVA was used to compare changes in mean values under 

the various epicardial settings. Post-hoc analysis using the Bonferroni multiple 

comparisons test was applied to assess for statistical significance. Simple regression 

analysis was used to calculate correlations. A probability value < 0.05 was considered 

significant. 

The variability between each set of three transit time measurements was defined as   

 

3,2,1,max),,( 321 =
−

= i
a

aa
aaaVar

i

i
 

 

according to the earlier studies on thermodilution13-15.  
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Table 1. Baseline characteristics 
 

No. of patients      30 

 

Male / female      26 / 4 

 

Age (years ± SD)     59 ± 11 

 

LAD/LCX/RCA      9 /9/12 

 

Vessel diameter (mm)     3.2 ± 0.6 

  

Minimal Lumen Diameter before stenting (mm)  0.94 ± 0.15 

 

% stenosis before stenting (%)    69 ± 14 

 
% stenosis afer stenting (%)    11 ± 6 

 

FFR before stenting     0.53 ± 0.19 

 

FFR after stenting     0.90 ± 0.12 

 

Stent length (mm)     17 ± 5 

  

Current smoking     13 

 

Diabetes      1 

 

Hypertension      11 

 
Dyslipidemia      16 

 

Prior infarction in target area    6 

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



Invasively asessing coronary microcirculation 

 87

Results 

 
Baseline and procedural characteristics 

 

A total of 30 patients were studied without complications. Baseline characteristics are 

shown in table 1. Average stenosis severity, measured with quantitative coronary 

angiography (QCA) before and after PCI were 69±14% and 11±6%, respectively. 

Importantly, in no patients were angiographically visible epicardial collaterals > grade 1 

present before PCI. Average Pw was 22±7 mmHg (range 10-39), indicating average 

collateral development.16,17 FFR before and after PCI was 0.53±0.19 and 0.90±0.12 , 

respectively. Stent length was 17±5 mm.  

 

 

Feasibility of IMR measurements 

 

The study protocol could be performed easily and rapidly in all 30 patients. The 

variability of Tmn within a set of 3 measurements was 11.0±9.2%, which is in 

accordance with earlier studies on coronary thermodilution 12,13. In table 2, the 

hemodynamic data for the 3 different degrees of stenosis are summarized. 

 
Table 2. Hemodynamic data for the different degrees of stenosis 
 
 
area stenosis   10%   50%   75% 
 

FFR    0.84±0.08  0.69±0.09  0.52±0.11 

 

Pd (mmHg)   76±13   62±10   45±10 

 

IMRuncorr (mmHg.s)  24±17   27±23   37±23 

 

IMR (mmHg.s)    22±15   23±14   23±14  
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Minimal microvascular resistance with and without collateral flow neglected 

 

Figure 2 shows all values of IMR for the individual patients and for the different 

degrees of stenosis quantified by FFR, with and without accounting for collateral flow. 

When uncorrected for collateral flow, IMR increased significantly with increasing 

stenosis severity in all patients: IMR=24±17,  27±23 and 37±23 mm Hg.s or units (U), 

respectively for 10%, 50% and 75% stenosis severity (p < 0.001; fig 3). In contrast, 

when properly corrected for collateral flow, IMR remained unchanged in spite of 

increasing stenosis severity: IMR=22±15,  23±14 and 23±14 U, respectively (p = 0.28).  
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Figure 2. Top, IMR in individual patients at 3 different steps of stenosis calculated as Pd x Tmn and 
expressed as mm Hg . s or units (U) without correction for collateral flow at increasing stenosis severity 
quantified by FFR. Bottom, IMR taking into account collateral flow, at increasing stenosis severity as 
quantified by FFR in the same patients. 



Invasively asessing coronary microcirculation 

 89

 

0.40.50.60.70.80.91.0

15

20

25

30

35

40

45

FFR

IM
R

Mild
Stenosis

Moderate
Stenosis

Severe
Stenosis

 
Figure 3. Plot of relationship between FFR in mild, moderate and severe stenoses and IMR when 
collateral flow is (dots) and is not (squares) taken into account. 
 
 

Overestimation of microvascular resistance in relation to collateral flow 

 

The actual overestimation of microvascular resistance when neglecting collateral flow 

in relation to Pw in the individual patients is presented in figure 4 and clearly resembles 

the predicted hyperbolic relationship. 
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Figure 4. percentage overestimation of microvascular resistance when collateralflow for a similar 
stenosis severity is neglected (taken as average stenosis severity before stenting; FFR=0.53). Left, 
predicted hyperbolic relation with normalization of Pw to uniform arterial pressure of 100 mmHg for all 
patients. Right, results for actually measured values of Pw. 
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Discussion 
 
  
Our study indicates that minimal microvascular resistance, when calculated 

appropriately, is independent of epicardial stenosis severity, as postulated originally1-3  

and in accordance with a sound physiological point of view.  

Furthermore, it shows that calculation of the index of microcirculatory resistance (IMR) 

using distal coronary pressure and temperature measurement is feasible and easy to 

perform in humans during PCI, but that knowledge of coronary wedge pressure is 

necessary to calculate IMR in case of a coronary stenosis. 

In some more recent invasive studies substituting coronary flow velocity for myocardial 

blood flow, it has been suggested that microvascular resistance paradoxically 

increases with increasing stenosis severity.5-7 As will be clear from the present study, 

such conclusions were based upon an incorrect interpretation of data. This can be 

understood as follows: myocardial resistance equals myocardial perfusion pressure 

divided by myocardial blood flow. Myocardial perfusion pressure corresponds to distal 

coronary pressure, which can be measured accurately. This pressure approaches Pw  

if an artery progressively narrows up to total occlusion. Pw varies considerably among 

patients but has an average value of approximately 25% of arterial pressure in large 

series of patients undergoing PCI.16-18  During progressive stenosis, myocardial blood 

flow does not decrease to zero, but approaches collateral flow. Coronary blood flow, on 

the contrary, becomes zero in the case of an occlusion. Since previously proposed 

indexes of microvascular resistance are based on coronary blood flow and not 

myocardial blood flow, these indexes progressively underestimate myocardial flow with 

progressive stenosis and consequently overestimate myocardial resistance 4-7. Even 

when collateral development is only moderate or poor, such overestimation will occur 

with increasing stenosis severity because a finite value (Pw) is divided by zero. 

Therefore, it is clear that accounting for collateral flow is mandatory to calculate 

microvascular resistance reliably in the catheterization laboratory.  

Consequently, we derived the theoretical basis for the generally applicable form of IMR 

(and also velocity-based indexes of microvascular resistance), regardless of the status 

of the epicardial artery or the extent of collateral flow (see appendix 2). We have 

demonstrated that assessing IMR with this technique is feasible during PCI. 
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Importantly, when calculated properly, minimal microvascular resistance is 

independent of epicardial stenosis severity.    

Therefore, IMR is a specific quantitative measure for minimal microvascular resistance 

and can be measured invasively during PCI using a pressure wire. Since the FFR is 

also available by the same technique, a better insight into the relative contribution of 

epicardial and microvascular disease can be achieved and appropriate management 

decisions can be made in the catheterization laboratory. This is especially true for 

those patients in whom both epicardial disease and microvascular abnormalities play 

an important role. 

  

 

Protocol for inducing variable stenosis 

 

As far as we know, the described method of creating variable coronary artery stenoses 

in humans is new, and provides a unique opportunity to change the epicardial status in 

a well-controlled manner. A schematic summary of the various steps of this protocol is 

presented in figure 1. 

In previous studies assessing the effect of an epicardial stenosis on microvascular 

resistance, patients were studied before and after PCI, thus in the presence and 

absence of a significant stenosis. There are indications however, that the myocardial 

microvasculature can be affected by the invasive procedure itself 19. Therefore, another 

confounding factor was introduced, making the conclusions from these studies 

debatable. In our protocol, such confounding is prevented by performing all 

measurements after stent placement. Furthermore, using this method, the effect of 

several degrees of epicardial stenosis can be studied, instead of merely the presence 

or absence of a stenosis. As FFR after stent placement in our study was 0.90±0.12, a 

small but constant resistance was present in the artery after PCI, but because all 

measurements were performed after stenting this did not affect the validity of the 

measurements. 
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Limitations 

 

When using the concept of IMR in humans, several important factors have to be 

considered. Firstly, the vascular volume of the epicardial coronary artery between the 

ostium and the location where pressure and temperature are measured, should remain 

constant throughout the study. In clinical practice this can be obtained by prior 

administration of 200 µg of intracoronary nitroglycerin13. 

Second, it is of paramount importance to position the sensor at the same distance from 

the ostium of the coronary artery during subsequent measurements over time in one 

individual, since the more distal the sensor is, the longer the mean transit time will be. 

Therefore, if follow-up investigations are performed, carefully recording of the position 

of the sensor by angiography is mandatory.  

Third, because the vascular volume in itself is unknown, IMR is a relative index and 

can be used only to measure changes in minimal microvascular resistance within one 

patient and one myocardial territory at different moments in time. It can be used 

therefore to assess changes in microcirculatory function after myocardial infarction or 

transplantation, or for follow-up of medical treatment for conditions affecting 

microvascular function, as diabetes or hypercholesterolemia. It is unknown so far, if 

there are circumscript normal and pathological ranges of IMR values enabling 

comparison of this index between different arteries or different individuals.  

Fourth, we did not measure central venous pressure (Pv) and assumed that this value 

was close to zero in our patients. Theoretically, if Pv is significantly elevated, this might 

affect the calculation of IMR. But as IMR remained constant even in the presence of a 

severe stenosis, such confounding effect was not present in our study. 

Finally, our study demonstrates the absence of any change in microvascular resistance 

during acute changes in stenosis severity in the epicardial artery. Although unlikely, it 

cannot be predicted if microvascular resistance is affected by a chronic epicardial 

stenosis. Such changes cannot be discriminated from changes in microvascular 

resistance due to progression or regression of atherosclerosis. 
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Conclusions 

 

This study shows that minimal microvascular resistance, if calculated appropriately, is 

independent of epicardial stenosis severity, as originally postulated by Gould and co-

workers1-3. Furthermore, it shows that the IMR can easily be calculated in conscious 

humans in the presence of an epicardial stenosis, provided that the coronary wedge 

pressure is known. 
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Aim of the study 
 

A methodology for absolute volumetric blood flow measurement in selective coronary 

arteries in conscious man has not been available so far. For assessing the physiologic 

significance of epicardial stenosis, this is not a major problem, because other and more 

easy indexes have been developed to quantify epicardial stenosis from the physiologic 

point of view, such as fractional flow reserve1-6. 

The latter index is not dependent on the perfused myocardial territory, not affected by 

hemodynamic variability neither by inter individual variation and enables spatial 

differentiation between multiple abnormalities within a coronary artery3,7,8.  

For the diagnosis and understanding of myocardial or microvascular disease however, 

absolute blood flow measurement would be a great step forward because in such 

case, also absolute resistance can be quantified. Besides that, from the scientific point 

of view, quantitative calculation of volumetric coronary blood flow has been a major 

aim for decades.  

Absolute blood flow measurements by thermodilution techniques and continuous 

infusion of saline, was proposed by Ganz et al as early as 1971 but only applied in the 

coronary sinus, due to technical limitations at that time9,10. Theoretically, absolute 

blood flow (Qb) was measured from a known infusion rate (Qk) at a known temperature 

(Tk), blood temperature (Tb), and the temperature measured downstream (T). 

Besides the fact that such measurement could not differentiate between blood flow 

from the different coronary arteries and different myocardial territories, the variability 

was too high to be useful for clinical application11-13. Due to technical limitations of the 

equipment at that time, selective coronary measurements were never performed.  

In the present paper, we describe the development and validation of a methodology for 

selective measurement of coronary blood flow in individual coronary arteries, based 

upon the theory described by Ganz et al9. Together with distal coronary pressure 

measurement, simultaneously measured by the same sensor-tipped guidewire, also 
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absolute myocardial blood flow, collateral flow, and true myocardial resistance can be 

calculated.  

 
 

Methods 
 
Patient selection 

 

Patients referred for elective percutaneous coronary intervention or intracoronary 

physiological measurements were studied. These patients were selectively chosen 

from our regular population on the basis of the following criteria: in case of normal or 

almost normal coronary arteries, an apparently normal segment had to be present with 

a length of at least 3 cm without major side branches. In case of a stenotic artery, there 

should also be a segment of at least 3 cm without major side branches proximal to the 

index stenosis for reasons to be explained later. Patients with very tortuous coronary 

arteries and chronic total occlusions were excluded. There were no further exclusion 

criteria. The study was approved by the institutional review board, and informed 

consent was obtained from all patients. 

 

 

Instrumentation and procedure 

 

A 6F arterial sheath and a 5F venous sheath were introduced into one femoral artery 

and one femoral vein, respectively. After administration of 5000 U of heparin, a guiding 

catheter was advanced into the coronary ostium. Intracoronary nitroglycerin 0.2 mg 

was administered, and reference images were made. Next, the instrumentation was 

performed as depicted in figure 1. A commercially available sensor-tipped 

pressure/temperature floppy guidewire (PressureWire-5, Radi Medical Systems, 

Uppsala, Sweden) was advanced into the distal part of the coronary artery, and 

Fractional Flow Reserve (FFR) was measured during hyperemia, induced by 

intravenous adenosine 140 ug/kg/min, administered through the venous sheath. 

Thereafter, a regular used over-the-wire infusion catheter (Tracker-18 Soft Stream 

Sidehole Catheter, Boston Scientific) was advanced into the coronary artery over the 
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wire. This infusion catheter has 3 sideholes in the distal 3 cm of the catheter. In case of 

a stenotic artery the infusion catheter was placed proximal to the stenosis with all 

sideholes positioned distally from major side branches, if present. In the normal 

coronary arteries, the infusion catheter was placed in the 3 cm long segment without 

major side branches. The position of the pressure/temperature sensor was chosen to 

be 3-8 cm distal to the tip of the infusion catheter.  

 

 
 
 
Figure 1. Set up of the instrumentation in the coronary artery, with guiding catheter; infusion catheter 
and pressure wire, also used for temperature recording. The pressure/temperature sensor is located 3 
cm from the floppy tip. 
 
 
After instrumentation, hyperemia was induced again, and during steady-state 

hyperemia, the blood temperature (Tb), measured by the pressure/temperature sensor, 

was set to zero. Thereafter, saline at room temperature was infused at a constant rate 

(Qk, 10 to 25 ml/min), using a dedicated infusion pump (Angiomat 6000, Liebel-

Flarsheim). During steady state continuous infusion of saline, the temperature of the 

blood after adequate mixing with the infused saline (T) was measured. Next, the 

pressure/temperature sensor was pulled back into the infusion catheter, and the 

temperature of the saline (Tk) at the location of the most proximal side hole was 

measured. Volumetric blood flow in the respective coronary artery was calculated as 

described below. Next, adenosine was stopped and restarted after 3 minutes, 

whereafter the complete measurement cycle was repeated for assessing 

reproducibility. During the procedure, all registrations were continuously displayed on 

the Radi analyzer, using specific software and display, indicating T and Tk as a 
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deviation from blood temperature at hyperemia immediately before saline infusion (Tb) , 

making calculations rather easy. 

At the end of the procedure, after removing the infusion catheter, angiograms from 2 

directions were repeated and also FFR measurements were always repeated. 

In case of a stenotic artery, this procedure was repeated after stenting. In figure 2, an 

example of a temperature tracing and the calculation of blood flow is shown. During all 

temperature measurements, aortic and distal coronary pressures were continuously 

recorded. In the patients undergoing stenting, also coronary occlusion pressure (Pw) 

was recorded during a one-minute balloon inflation to enable separate measurement of 

coronary myocardial, and collateral fractional flow reserve as will be explained later. 

 

 

 
 

 
Figure 2. Example of a temperature tracing as it is displayed on the RADI Analyzer.  
In the upper part of the screen, intracoronary pressures at steady state hyperemia are shown: Pa=101, 
Pd =70, and FFR=0.69. The blue curve in the lower part of the screen shows intracoronary temperature 
measured at steady state hyperemia. On the left side of the lower panel, Tb  is shown. Tb is set to zero 
when steady state hyperemia is reached.  Thirty seconds later, the infusion of saline at room 
temperature is started with an infusion rate (Qk) of 15 ml/min. Consequently, distal blood temperature 
goes down and reaches a plateau at T=-0.90 degrees. Another 30 seconds later, if steady distal 
temperature (T) is present, the sensor is pulled back into the infusion catheter, where the temperature of 
the infused saline is measured as it enters the coronary artery: Tk=-4.5 degrees. The absolute blood flow 
in this coronary artery can now easily be calculated by Qb=Qk * (Tk / T) =  15 * (-4.5 / - 0.9) = 75 ml/min. 

Tb=0 
T = - 0.9 Tk= - 4.5 
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Theoretical Background  

 

According to theory, during hyperemia, absolute coronary blood flow (Qb) can be 

calculated as follows: 
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Where Qk represents the volumetric infusion rate of the saline, Tb the temperature of 

the blood before saline infusion, Tk the temperature of the infundate at the tip of the 

infusion catheter, and T the temperature at the sensor in the distal coronary artery 

during steady-state infusion. Because Tb was set to zero and Tk and T expressed as 

the deviation of the respective temperature from Tb, blood flow is easily obtained by:  
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Reproducibility 

 
In all patients, all measurements were repeated with an interval of 3 minutes to assess 

reproducibility. A total of 42 vessels in 35 patients were studied in this way. In 21 

patients with a non-significant epicardial stenosis, measurements were performed as 

decribed. In 14 patients with a significant coronary artery stenosis, absolute flow 

measurements were performed both before and after stenting of the epicardial lesion. 

 

Variation of infusion rate  

 
To determine the effect of a different infusion rate (Qk), in 11 patients the in-duplo – 

measurement of absolute coronary blood flow was repeated using a different infusion 

rate. The infusion rate was varied between 10 and 25 ml/min. No infusion rates below 

10 ml/min were used to avoid unfavourable signal-to-noise ratio, and infusion rates 

above 25 ml/min were not used to avoid excessive cooling of the myocardium with 

possible adverse effects on conduction as will be discussed later. 
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Variation of sensor position 

 
To investigate the influence of distal sensor position on the accuracy of the calculated 

flow values, in 10 other patients the in-duplo measurements were immediately 

repeated using a different position of the pressure/temperature sensor. Sensor position 

was varied between 2.5 cm and 8 cm distal to the tip of the infusion catheter for 

reasons discussed later. 

 

Indirect quantitative validation 

 

Because direct validation of this technique for measuring absolute coronary flow is not 

possible in a closed-chest human model, indirect validation was performed in 14 

patients undergoing stenting in an indirect way as follows:  

At first, volumetric blood flow was measured before the intervention using the 

technique as described. This value was called Qmeas (measured flow) . Next, a stent 

was placed and coronary occlusion pressure (wedge pressure, Pw) during balloon 

inflation was measured. From the hyperemic coronary pressure measurement before 

stenting, during occlusion, and after stenting, coronary fractional flow reserve (FFRcor) 

can be determined before and after stenting and the ratio between FFRcor after and 

before stenting, reliably indicates the percentage increase of maximum coronary blood 

flow achieved by stenting. Finally, volumetric blood flow was measured after stenting, 

again using the new thermodilution technique and this value was multiplied by the ratio 

of FFRcor  before stenting and after stenting, which resulting value was called Qpred 

(predicted flow). Theoretically, this value   Qpred  should be equal to  Qmeas to confirm the 

accuracy of the volumetric flow measurement.  

 

Statistical analysis 

 

Statistical analysis was performed with Graphpad Prism software. All data are 

presented as mean±SD. Simple regression analysis was used to calculate correlations. 

A value of P<0.05 was considered significant.
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Results 
 

Patients and procedural results 

 

Out of the 35 patients, 10, 1 and 3 had a hemodynamic significance stenosis (FFR ≤ 

0.75) in the right coronary artery, left circumflex artery, and left anterior descending 

artery, respectively. In these patients, successful stenting was performed in all of them 

(no visual residual stenosis, FFR 0.90 ± 0.05). The other patients had no significant 

stenosis and the measurements were performed in a normal or almost normal 

coronary artery. In two patients, early in the study, transient AV conduction 

abnormalities occurred when distal blood temperature decreased below 33° C. In all 

subsequent experiments, therefore, infusion rate of saline were chosen in such a way 

that the distal temperature was between 0.4 and 2.0° C below blood temperature 

(infusion rate 8-25 ml/min, depending on the size of the artery and the severity of the 

stenosis).  
 
Table 1. Baseline characteristics 
 

No. of patients      35 

 

Male / female      23 / 12 

 

Age (years ± SD)     55 ± 11 

 

LAD/LCX/RCA      10 / 1/ 31 

 

Current smoking     11 

 

Diabetes      4 

 

Hypertension      14 

 
Dyslipidemia      18 

 

Prior infarction in target area    5 

 
LAD indicates left anterior descending artery; LCx, left circumflex artery; and RCA, right coronary artery. 
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No further complications occurred in any of the patients. In those patients undergoing 

stenting, follow-up treatment was according to local routine. Once the instrumentation 

was achieved, which lasted approximately 10 minutes per patient, the time needed to 

perform thermodilution measurements itself was less than 3 minutes per measurement 

in all patients. The baseline characteristics of the patients are presented in Table 1. 

Absolute hyperemic blood flow in the stenotic coronary arteries was 96±38 ml/min and 

increased to 141±50 ml/min after PCI. This corresponded with FFRmyo of 0.67±0.17 

and 0.89±0.04 respectively and an increase of FFRcor  of 0.58±0.21 to 0.87±0.05, 

respectively. In those coronary arteries with only mild abnormalities and not stented on 

the basis of FFR, absolute blood flow was 141±55 ml/min.  

 

 

Reproducibility 
 

Reproducibility was tested in 42 coronary arteries in 35 patients. An excellent 

reproducibility was obtained (R2 = 0.97, p<0.001). Absolute blood flow was 114±53 

ml/min at the first measurement and 117±55 ml/min at the second measurement and 

the absolute percentual difference was 1.8±11%. The data on reproducibility are 

presented in figure 3A. 

 
 

Variation of infusion rate 

 

In 11 arteries, the measurement was performed at two different infusion rates (10 – 25 

ml/min). Infusion rate was chosen in such a way that distal coronary blood temperature 

at steady-state infusion was in the range between 0.4 to 2.0° C below blood 

temperature. Our experiments rapidly learned us that in a large, almost normal 

coronary artery infusion rate should be between 15 - 25 ml/min and in a stenotic artery 

8 – 20 ml/min. If infusion rate at the initial measurement was chosen too low (resulting 

in a distal temperature during infusion less than 0.2° C below blood temperature), the 

infusion rate was increased as yet. In all these experiments, we started with the lower 

infusion rate and increased this rate by a factor 1.5 – 2. The results of this variation in 

infusion rate are graphically depicted in figure 3B. 
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Variation of sensor position 

 

In 10 coronary arteries, measurements were repeated using a different position of the 

pressure/temperature sensor. This position was chosen between 2.5 cm and 8 cm 

distal to the tip from the infusion catheter. If the sensor position was chosen less than 

2.5 cm from the tip, often undulations in the temperature tracing occurred, most likely 

due to inadequate mixing of the saline and blood and making it difficult to interpret the 

right value for T. A sensor position more than 8 cm distal to the tip of the infusion 

catheter was deemed to be inappropriate because in such case, loss of indicator (cold 

saline) into the wall would not be negligible anymore and flow might be overestimated.  

The results of this testing of sensor position are shown in figure 3C.  It is evident that 

the sensor position within this range, is of no significant influence on the results of the 

measurements.  

 

Indirect quantitative validation 

 

In 14 patients, the in-duplo measurements were performed both before and after 

stenting of a coronary artery stenosis, as described in the method section. Flow, 

directly measured by our thermodilution technique before stenting was called Qmeas. 

This Qmeas was compared to flow measured after successful stenting and multiplied by 

FFRcor, before stenting / FFRcor, after stenting ,which value was called Qpred and should equal 

Qmeas. A fair correlation was found between Qmeas and Qpred as shown in figure 3D, 

corroborating the validity of our methodology (R2 = 0.91, p<0.001). 
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Figure 3A. Reproducibility of the absolute coronary flow measurements. All measurements were 
repeated to assess reproducibility. As can be observed, reproducibility of this technique is excellent 
Figure 3B. Effect of variation of the infusion rate. All measurements were repeated using 2 different 
infusion rate of saline, to assess the influence of infusion rate on the measured flow. Infusion rate was 
varied between 8 and 25 ml/min. No significant differences in calculated absolute blood flow were noted. 
In the graph, stenoses with a FFR<0.55 are represented by a  “ ▬ “ , stenoses with a FFR between 0.55 
and 0.75 by a “ ■ “ and stenoses with a FFR>0.75 by a “ ● “. 
Figure 3C. Effect of variation of sensor position. All measurements were repeated using a different 
position of the distal sensor, to assess the influence of sensor position on the measured distal 
temperature and thus on the calculated coronary blood flow. Sensor position was varied between 2.5 
and 8 cm distance of the tip of the infusion catheter. It is clear that, within this range of variation, sensor 
position does not significantly influence the calculated absolute coronary flow values. In the graph, 
stenoses with a FFR<0.55 are represented by a  “ ▬ “ , stenoses with a FFR between 0.55 and 0.75 by 
a “ ■ “ and stenoses with a FFR>0.75 by a “ ● “. 
Figure 3D. Calculated absolute coronary flow vs predicted coronary flow. In a subset of patients, flow 
measurements were performed both before and after stenting of a coronary artery stenosis. Also, during 
stenting, coronary wedge pressure was measured. In these patients, calculation of coronary fractional 
flow reserve (FFRcor = (Pd-Pw) / (Pa-Pw)) before and after stenting makes it possible to predict 
absolute coronary blood flow before stenting on the basis of the measured blood flow after stenting and 
the ratio of FFRcor before stenting and FFRcor after stenting. 
In this graph, the predicted absolute coronary flow before stenting (Qpred) is plotted against the actually 
measured coronary flow using the continuous infusion technique (Qmeas). A good correlation was found 
between the predicted and the actually measured coronary blood flow before stenting. 
In the graph, stenoses with a FFR<0.55 are represented by a  “ ▬ “ , stenoses with a FFR between 0.55 
and 0.75 by a “ ■ “ and stenoses with a FFR>0.75 by a “ ● “. 
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Discussion 
 
We showed that this novel technique for measuring absolute blood flow in selective 

coronary arteries is feasible and extremely reproducible. Furthermore, to our 

knowledge, the accuracy achieved in this study is higher than for any other method for 

measuring absolute coronary blood flow in conscious man. In contrast with traditional 

coronary sinus thermodilution technique, this novel method makes it possible to 

selectively determine blood flow in different coronary arteries.9,11 Its variability is much 

less, due to better mixing (as will be discussed later), instrumentation is less 

complicated and measurements can be performed easily and quickly with standard 

equipment during coronary interventions because the diagnostic pressure/temperature 

guidewire has excellent guidewire characteristics.  

Besides the selectivity of this method and rather simple instrumentation, there are 3 

important reasons why variability of the measurement is so low compared to traditional 

coronary sinus thermodilution. In the first place, we found in a model study that if saline 

is infused from the tip of a traditional infusion catheter and flows down retrogradely (as 

is the case in the coronary sinus), a variable amount of the indicator flows downward, 

being “sticked” to the catheter itself and resulted in inadequate mixing. In contrast to 

thermodilution in the coronary sinus, when the flow of the saline is retrograde 

compared to the catheter position, in a coronary artery it is anterograde and this 

problem is less pronounced.  

Secondly, we used an infusion catheter with six small side holes, ensuring adequate 

mixing. Thirdly, the phasic motion of blood flow in the coronary artery is much more 

pronounced compared to a vein, thereby favouring adequate mixing. Most likely, it is 

the better mixing of blood and saline which explains the superiority of the present 

method above traditional coronary sinus thermodilution. The other flip of the coin in our 

study was, that the design of the infusion catheter (with sideholes over a distance of 3 

cm) prevented measurement in an arterial segment with major side branches, a major 

limitation in the present study. In the meantime, we developed a special infusion 

catheter with six small laser punched side holes over a distance of 0.5 cm to overcome 

this problem.  

Our results also show that, provided adequate mixing of the indicator and blood 

occurs, the exact position of the sensor in the coronary artery is not crucial, indicating 
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that within certain limits, heating of the indicator through the arterial wall is negligible 

using this technique. Also, the amount of infused indicator can be varied within certain 

limits without affecting the accuracy of the measurements which is in accordance to 

theory9. We learned that the amount of infused indicator has to be kept within a certain 

range (8-25 ml/min, depending on the artery), because higher amounts of infused 

saline could cause excessive cooling of the myocardium, potentially resulting in 

conduction disturbances, which occurred twice in our series with a distal temperature 

below 33° C. Therefore, we choose the infusion rate in such a way that distal 

temperature decreased at steady-state to a value 0.4 – 2.0° C below blood 

temperature. On the other hand, too low infusion rates of saline affect the signal/noise-

ratio and unfavourably influence the accuracy of the measurements. 

Being able to determine absolute coronary blood flow in the catheterization laboratory 

in a fairly simple and straightforward way, has several advantages. First, it enables us 

to really quantitatively express coronary blood flow in selective coronary arteries in 

ml/min, using an invasive technique. This has not been possible before. Secondly, 

when performing PCI, also myocardial blood flow Qmyo and microvascular blood flow 

Qmicro can be calculated because also Pw can be measured by the same guidewire 

thereby providing separate contribution of coronary and collateral flow to myocardial 

blood flow7. Thirdly, because also distal coronary pressure is measured simultaneously 

by the same sensor, myocardial resistance of a specific myocardial territory can be 

easily calculated: myocardial resistance equals myocardial perfusion pressure 

(measured by the sensor) divided by myocardial blood flow14,15 (calculated as 

described above). Quantification of myocardial resistance will give a better insight into 

microcirculatory dysfunction, and will make it possible to selectively study the 

microcirculation, whereas the fractional flow reserve, simultaneously measured by the 

same equipment, selectively interrogates the epicardial artery. Further studies in 

particular group of patients in whom microcirculatory (dys)function is important, will be 

possible in this way, such as in patients after myocardial stem cell therapy, or during 

invasive follow-up of patients after myocardial infarction or heart transplantation. 
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Limitations 
 
Although absolute coronary blood flow has been considered as  the ultimate goal for 

coronary physiologists for decades, the concept itself has several limitations for 

practical purposes. Absolute coronary blood flow can not be interpreted without 

knowledge of the size of the perfused myocardial territory. Moreover, it is dependent 

on hemodynamic variations in blood pressure, pulse rate, and contractility. Therefore, 

one specific value is not so easy to interpret. For practical purposes of assessing 

epicardial stenosis severity, therefore, fractional flow reserve remains the gold 

standard for interventional decision making.  

Secondly, it is not coronary but myocardial blood flow which is most important for a 

patient, preferably calculated during maximum hyperemia. In normal coronary arteries, 

it can be hypothesized that myocardial blood flow equals coronary blood flow but in the 

presence of a stenosis, the collateral component plays an increasing role with 

increasing stenosis severity14,15. Fortunately, if stenting is performed in such situation, 

coronary wedge pressure can be measured and myocardial blood flow is directly 

“known” from coronary blood flow by multiplying it by FFRmyo * FFRcor. Also collateral 

blood flow can be calculated quantitatively in that situation by subtracting coronary 

blood flow from myocardial blood flow.  

Furthermore, except from the conceptual limitations outlined above, the technique in 

itself has some limitations. Firstly, the instrumentation of the vessel itself is somewhat 

more complicated then in a regular diagnostic intracoronary procedure or interventional 

procedure. The pressure wire has to be introduced first and next, the infusion catheter 

should be introduced over the pressure wire, using a second Y-connector connected to 

the infusion pump (figure 1). In our study, these extra steps required approximately ten 

minutes per patient. Once the instrumentation is accomplished, the measurement itself 

can be quickly and easily performed. All measurements were performed within 3 

minutes: It requires approximately one minute to achieve maximum hyperemia after 

switching on the adenosine, whereas the saline infusion itself also takes about one 

minute. 

So far, we always performed the measurements in-duplo with an excellent 

reproducibility as described above.  

A second technical difficulty is the infusion catheter itself. In this human study, we used 

a commercially available infusion catheter (Tracker 18, soft stream side hole catheter), 
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but because the side holes are distributed over a length of 3 cm, we could only study 

patients in whom no major side branches where originating from the segment 

scheduled for measurement. In the meantime, a specific infusion catheter was 

designed with 6 small laser punched side holes over the last 0.5 cm (OCCAM 

International, Eindhoven, The Netherlands), and we have used this catheter in the 

meantime, both in animals and men. The limitation of major side branches has been 

removed in that way. 

Finally, if the technique is used in patients with a very severe stenosis with diminished 

resting coronary blood flow, blood flow can be so slow that indicator (cold) will be lost 

through the arterial wall, making the methodology unreliable. Especially in those 

patients, this problem will be more pronounced with a more distal location of the 

sensor. For clinical purposes, that phenomenon does not seem to be very relevant, 

since the technique is especially usefull for investigating microcirculatory function in the 

absence of significant epicardial coronary disease or after PCI. 

 

 

Conclusions 
 

We described a new technique for direct measurement of coronary blood flow in 

selective coronary arteries, using a thermodilution technique with continuous infusion 

of saline at room temperature. The method is fairly simple to perform and extremely 

reproducible. In addition, measured flow values are in accordance with physiologic 

predictions and correlated well with FFRcor – based predicted flow rates. No major 

influence of sensor position and infusion rate was noted, within reasonable limits. 

Together with distal coronary pressure measurement, measured by the same sensor 

simultaneously, also absolute resistance of the coronary artery and coronary 

microcirculation can be calculated. This methodology, therefore, constitutes the first 

true volumetric blood flow measurement in selective human coronary arteries and 

facilitates the assessment of microcirculatory function. It might be particularly useful in 

patients after heart transplantation, myocardial infarction, or stemcell transfusions. 
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Beyond angiography 
 
Coronary artery disease is one of the leading causes of death in the western world. 

Fortunately, medical science is developing rapidly to cope with this burden of 

cardiovascular disease. Numerous drugs that inhibit or stop the progress of 

atherosclerosis have been developed and improved over the years, leading to 

decrease of cardiovascular mortality and morbidity. Also, invasive therapeutic 

modalities have developed at fast pace. More specifically, the use of percutaneous 

coronary interventions has risen almost exponentially over the past 30 years, and has 

developed from a treatment option for 1-vessel disease to an accepted therapy for 

complex multivessel disease. Practically, this means that nowadays, coronary 

angiography and percutaneous coronary interventions play a pivotal role in the 

treatment of coronary artery disease. Despite the important role of angiography and 

PCI, their shortcomings have to be acknowledged. Stenting or dilating a functionally 

non-significant coronary lesion carries a greater risk of adverse cardiac events than 

treating it medically. Yet as explained in chapter 1, visual estimation of stenosis 

severity is often unreliable and will lead to over- as well as underestimation of stenosis 

severity in a substantial number of patients. This implies that non-significant lesions will 

be stented if no other means of assessing stenosis severity are used. Also the 

opposite is true: underestimation of lesion severity will lead to deferral of a  PCI while it 

should be performed, thus imposing patients to an increase risk of premature 

myocardial infarction or death.  In conclusion, more accurate means of interrogating 

the coronary vasculature than coronary angiography are indispensable. 

 

 

Functional assessment of epicardial disease 
 

The development of the concept of fractional flow reserve (FFR) has been a big step 

forward in the diagnosis and treatment of coronary artery disease. It helps the clinician 
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to decide whether a stenosis will really cause myocardial ischemia -and should thus be 

stented- or not, and can also be used to evaluate the result of a coronary intervention. 

As is explained in chapter 2, FFR is measured during maximum hyperemia, and thus is 

not dependent on baseline coronary flow. This fact is advantageous for easy use of  

FFR in everyday clinical practice, as opposed to other invasive diagnostic tools, as will 

be discussed in the next paragraph. Because FFR is measured at maximum 

hyperemia, the coronary microcirculation will be maximally vasodilated and thus 

microvascular resistance will be fixed at its lowest achievable level in the specific 

patient. In other words, the epicardial lesion can be investigated regardless of the 

capability of the microcirculation to vasodilate. It is thus a specific measure for 

epicardial lesion severity, independent of the presence of microvascular disease.  

 

 

Importance of maximum hyperemia  

 
Of paramount importance when measuring FFR is that  true maximum hyperemia is 

induced. Extensive research has shown that adenosine in a dose of 140 μg/kg/min 

administered through a central vein, or at least 40 μg intracoronary, or papaverin in a 

dose of   20 mg intracoronary, is generally sufficient to ensure maximum hyperemia. 

Several reports, however, have questioned the potency of adenosine in patients with 

microvascular dysfunction, because of the impaired coronary blood flow regulation in 

these patients. Theoretically, adding an alphablocking agent could possibly augment 

the vasodilatory response in patients with microcirculatory dysfunction. In chapter 3, 

we investigated if such an additional hyperemic response was present, and if present, 

if it was clinically significant. We conclude that there is indeed a small and statistically 

significant additional decline in microvascular resistance if an alphablocker is 

administered to patients with microvascular disease, but its clinical significance is 

negligible. This means that in everyday clinical practice, even in patients with extensive 

coronary artery disease, the conventionally used hyperemic stimuli are sufficient to 

reliably interrogate the coronary arterial system.  
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Invasive  assessment of the coronary microcirculation 
 
In contrast to the epicardial lesion, which can reliably be investigated using FFR, 

interrogating the microvascular compartment in the catheterization laboratory has 

always been cumbersome and thus, for interventional cardiologists, the 

microcirculation has always been a black box. It should be said, for the practical 

interventionalist or cardiac surgeon, the microcirculation was of less importance as this 

part of the coronary circulation is not accessible for mechanical interventions and 

should be treated medically anyway. Nevertheless, reliable information on the status of 

the microcirculation is not only scientifically interesting, but helps in the understanding 

and interpretation of complaints in several groups of patients, such as diabetes, long-

lasting, complex and generalized atherosclerosis, syndrome X and others.  

Theoretically, by combining FFR (a measure specific for the epicardial artery)  and 

coronary flow reserve (CFR, an index which is dependent on both the epicardial artery 

as well as the microcirculation) assumptions on the presence of microvascular disease 

can be made. In that respect, a reliable and feasible way to measure CFR and FFR 

simultaneously with one single guidewire would be of great advantage. Untill recently 

CFR, in contrast to FFR, was difficult to obtain, mainly  because of technical difficulties 

concerning stable positioning of the Doppler-guidewire. In chapter 4, the investigation if 

CFR can be measured in a more practical and convenient way using intracoronary 

thermodilution (CFRthermo), is presented. From the results of this study, it can be 

concluded that measuring CFRthermo is feasible, the technique is straightforward and 

reliable, and no additional hardware is needed. However, similar as with Doppler, 

reliable measurements cannot be obtained in 20 to 30% of the patients due to 

technical issues. 

Furthermore, regarding the concept of CFR, several aspects of this index make it 

difficult to interpret, irrespective of the methodology how it is obtained. At first, to 

calculate CFR, hyperemic coronary flow (or a derivative thereof) is divided by baseline 

coronary flow. It is virtually impossible to obtain true baseline flow in the catheterization 

laboratory, and furthermore it is influenced by age, blood pressure, heart rate etc. A 

second drawback of CFR for clinical decision making is the fact that the range of 

normal values is large. Normal CFR varies between 2.5 and 5.0, so a value of , for 
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example, 2.3 might be almost normal in one person but indicate severe disease in the 

other. 

 

 

IMR: specific index for microcirculatory disease 

 
The difficulties related to the concept of CFR descibed above led us to investigate if a 

specific measure for microvascular disease could be found. In this thesis, a new index 

of microcirculatory resistance, IMR, is introduced and validated. This index can be 

calculated by combining coronary thermodilution and intracoronary pressure 

measurements at hyperemia, using one single guide wire and dedicated software.  In 

chapter 5, IMR is validated in a sophisticated and physiologically representative in-vitro 

model, mimicking the epicardial coronary arteries and microcirculation. In this model, 

the new index could be validated over the complete physiological and pathological 

range of stenosis severity and conditions of microvascular impairment. A close 

correlation between coronary thermodilution-derived mean transit time(Tmn) was found 

and IMR correlated well to true myocardial resistance.  

Proceeding towards a clinical application of IMR, we performed the animal study in 

chapter 6, in which IMR was validated against true myocardial resistance in a porcine 

model.  Also, in this study, we adressed the role of collateral flow in case of a severe 

coronary stenosis. We proved that IMR is a specific measure for microvascular disease 

not dependent on epicardial stenosis severity, provided that coronary wedge pressure 

is known, so that collateral flow can be accounted for.  

In chapter 7, IMR was studied in humans. Again, its independence of stenosis severity 

and specificity for the microcirculation was proved, and moreover, we showed that IMR 

can safely and easily be calculated in conscious humans during coronary intervention.   

 

 

Absolute coronary blood flow and resistance 
 
Although IMR is a specific measure for microcirculatory disease, it is still a relative 

index, and it will be clear that measuring absolute myocardial resistance would be 

preferable. To obtain an absolute value of microcirculatory resistance, absolute 
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coronary flow should be known, an entity which has been impossible to measure in the 

catheterization laboratory so far and has always been an unreachable goal in 

consciuos humans. Ganz et al. many years ago developed a technique of coronary 

sinus thermodilution to assess myocardial blood flow. This technique could not be used 

in selective coronary arteries due to technical, methodological, and conceptual 

shortcomings in the early days.  Using the principles of thermodilution, we investigated 

if hyperemic absolute coronary and myocardial blood flow can reliably be measured in 

selective coronary arteries during coronary interventions. The first study of this newly 

developed technique in humans is described in chapter 8. In this chapter, we 

demonstrate that this new technique for direct measurement of coronary blood flow in 

a specific coronary artery is fairly simple to perform and extremely reproducible. 

Combined with intracoronary pressure measurements, absolute resistance of the 

coronary microcirculation can now be calculated, which results in a useful tool in the 

invasive assessment of microcirculatory heart disease. More knowledge about this 

rather unexplored field in invasive cardiology will be helpful in diagnosis, treatment and 

follow-up of patients with complex disease, diabetes , after myocardial infarction or 

stem cell transplantation, as well as heart transplant patients and syndrome X. 

Extensive further research is mandatory to establish the role of assessing myocardial 

resistance in these (and other) specific patient groups. 
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Coronary angiography and percutaneous coronary interventions have played a pivotal 

role in the diagnosis and treatment of coronary heart disease. However, it has to be 

realized that angiography is a purely anatomical way of assessing coronary artery 

narrowings, and therefore has its limitations. In chapter 1, the introduction of this 

thesis, it is explained that coronary angiography and several other anatomy-based 

diagnostic modalities to interrogate the coronary circulatory system are hampered by 

the lack of functional information to decide whether or not an epicardial lesion will be 

responsible for myocardial ischemia. For example, whether or not ischemia will result 

from a specific coronary stenosis will also depend on the size of the perfusion territory 

of that artery or the presence of collaterals. Fractional flow reserve (FFR) and coronary 

flow reserve (CFR) are introduced as functional measures of the coronary circulation.  

Furthermore, in this chapter, the role of the microcirculation in coronary disease is 

discussed as well as the current lack of diagnostic techniques to specifically assess the 

microcirculatory compartment in the catheterization laboratory. Especially the 

quantitative assessment of myocardial flow is often problematic because myocardial 

flow is the sum of coronary flow and collateral flow, while with most techniques used 

thus far, only coronary flow is measured and collateral flow is often neglected. 

 

For a good understanding of the different techniques that are used to measure 

coronary and myocardial flow and resistance, knowledge of the normal and 

pathological coronary circulation is required. In chapter 2, a basic overview of the 

coronary circulation is provided. For simplicity, the coronary arterial system is 

schematically divided into 3 functional compartments of conductive vessels, pre-

artioles and arterioles. Importantly, the epicardial coronary arteries are conductive 

vessels, in which there is no resistance to flow. The pre-arterioles and arterioles are 

resistive vessels, which can control coronary blood flow according to the metabolic 

needs of the myocardium, through metabolic, neurogenic and vascular messenger 

systems. The principle and importance of coronary autoregulation to maintain coronary 

blood flow within wide limits of blood pressures is discussed in this chapter. The role 

and importance of coronary collateral flow is explained, and the processes of 

angiogenesis and arteriogenesis are described. The indices FFR and CFR, which were 

introduced in chapter 1, are extensively explained and discussed in this chapter.  
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For accurate measurement of the fractional and coronary flow reserve, the presence of 

hyperemia is of paramount importance. It has been suggested that the effect of the 

conventionally used hyperemic stimulus, adenosine, could be submaximal in patients 

with microvascular disease, and that adding alpha-blocking agents could augment the 

hyperemic response in these patients. In chapter 3, we studied the effect of the non-

selective alpha-blocking agent phentolamine, which was administered in addition to 

adenosine after achieving hyperemia, in patients who had microvascular disease and 

those who did not. Although statistically significant, the observed additional decrease in 

microvascular resistance after addition of phentolamine we found in patients with 

microvascular disease was small and did not affect clinical decision making in any 

patient. We conclude therefore that routinely adding an alpha-blocking agent to 

adenosine does not affect clinical decision making.  

 

Chapter 4 deals with the concept and practical use of coronary flow reserve. CFR and 

FFR provide complementary information on the coronary circulation. More specifically, 

as explained in chapter 2,  by combining CFR and FFR, assumptions can be made on 

the status of the microcirculation. However, in contrast to FFR, CFR is an index which 

is not so easy to obtain reliably in the catherization laboratory. Using a pressure wire, it 

is possible to calculate CFR by thermodilution, so that FFR and CFR can be measured 

with a single guide wire, making a diagnostic procedure quicker and less complicated. 

In this chapter, this new method for measuring CFR is validated against the gold 

standard of Doppler-derived CFR. We conclude that thermodilution-derived CFR is 

feasible and reliable, allowing simultaneous assessment of CFR and FFR using a 

single guide wire. The safety and swiftness of assessing FFR and CFR with one single 

guide wire greatly facilitates evaluation of the coronary circulation. 

 

In chapter 5, in an attempt to quantify microvascular disease, a novel index of 

microcirculatory resistance, IMR, is introduced and tested in an in-vitro model in the 

laboratory. By combining intracoronary pressure and thermodilution-derived flow 

parameters, IMR can be calculated. In this chapter, it was demonstrated that 

thermodilution-derived mean transit time (Tmn) was closely correlated to absolute 

coronary blood flow. Furthermore, the feasibility of calculating IMR (IMR = Pd . Tmn ) 

was excellent and the new index proved to be independent on epicardial stenosis 

severity in an in-vitro setup. Therefore, by combining this index with simultaneously 
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determined FFR, the contribution of epicardial and microvascular abnormalities to 

ischemic heart disease can be quantified in a simple and straightforward way by single 

guide wire technology. Importantly, in this first in- vitro study on IMR, recruitable 

collateral flow was not incorporated into the measurements.  

 

To further validate IMR in animals and to assess the effect of epicardial stenosis 

severity and collateral flow on myocardial microvascular resistance, the study in 

chapter 6 was performed. In an open-chest porcine model, distal coronary pressure 

was measured with a pressure wire, and microvascular resistance was calculated 

using thermodilution and the new index IMR as introduced in chapter 5. In this study, 

IMR was compared with true microcirculatory resistance, measured directly with a flow 

probe around the coronary artery. The contribution of collaterals was taken into 

account by coronary wedge pressure. It was proved  that IMR was closely correlated to 

true myocardial resistance. Without consideration of collateral flow, apparent 

microvascular resistance increased progressively and significantly with increasing 

epicardial stenosis. If collateral flow was accounted for, true minimum microcirculatory 

resistance was found to be independent of epicardial stenosis severity. It was therefore 

concluded that the minimum achievable microvascular resistance is not affected by 

increasing epicardial artery stenosis. 

 

To evaluate the feasibility and reliability of IMR in humans, a human validation study 

was carried out as descibed in chapter 7. In this study we used a unique protocol to 

create variable coronary artery stenoses in humans: after stent placement, a smaller-

sized balloon was placed within the stented segment and inflated with increasing 

pressures to create different degrees of area stenoses. 

This study again shows that IMR can be easily calculated in conscious humans in the 

presence of an epicardial stenosis. Furthermove, it proves that minimal 

microcirculatory resistance, if calculated appropriately and accounting for collateral 

flow, is independent of epicardial stenosis severity.  

 

For calculating absolute microcirculatory  resistance, true volumetric blood flow  

measurement is necessary. So far however, a methodology for volumetric blood flow 

measurement in selective coronary arteries has not been available in intact humans. In 

chapter 8, a method for direct measurement of coronary blood flow is introduced, 
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using a technique of continuous low rate infusion of intracoronary saline and 

thermodilution. Reproducibility of this technique was proven to be excellent, and a 

good correlation with FFRcor -based predicted flow rates was seen. Together with distal 

coronary pressure measurement, measured by the same sensor simultaneously, also 

absolute resistance of the coronary artery and coronary microcirculation can be 

calculated. Though additional studies are warranted, this new methodology therefore 

might be a useful diagnostic tool to assess microvascular disease. 
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Hartcatheterisatie, en meer specifiek coronair angiografie en dotterbehandeling spelen 

een zeer belangrijke rol bij de diagnostiek en behandeling van kransslagaderziekten. 

Het is echter belangrijk om te beseffen dat angiografie een puur anatomische manier is 

om naar kransslagadervernauwingen te kijken, en daardoor een aantal belangrijke 

beperkingen heeft. In hoofdstuk 1, de inleiding van dit proefschrift, wordt uitgelegd dat 

coronair angiografie en andere “anatomie gebaseerde” diagnostische methoden soms 

tekortschieten doordat ze geen functionele informatie geven over de ernst van een 

vernauwing. Met andere woorden: of een specifieke vernauwing wel of geen 

zuurstoftekort in de hartspier (ischemie) zal veroorzaken. Bijvoorbeeld de grootte van 

het gebied van de hartspier dat van een bepaalde kransslagader afhankelijk is speelt 

hierbij een rol, evenals de mate van pre-existente of nieuw gevormde collateralen 

vanuit andere kransslagaders naar dat gedeelte van de hartspier. Twee functionele 

manieren om de ernst van kransslagaderziekte te beoordelen worden in dit hoofdstuk 

geïntroduceerd: de fractionele flow reserve (FFR) en de coronaire flow reserve (CFR). 

Verder wordt in dit hoofdstuk de rol van de microcirculatie besproken en het ontbreken 

van betrouwbare diagnostische technieken om deze microcirculatie in de 

catheterisatiekamer te onderzoeken. Vooral het kwantificeren van myocardiale 

bloedstroom (de totale bloedstroom door de hartspier) is erg lastig, omdat deze 

myocardiale bloedstroom de som is van coronaire bloedstroom (de bloedstroom door 

de kransslagader) en collaterale bloedstroom (de bloedstroom door collateralen). Met 

de technieken die tot nu toe werden gebruikt werd de collaterale bloedstroom altijd 

verwaarloosd, en dus alleen coronaire bloedstroom gemeten. 

 

Voor een goed begrip van de verschillende technieken die gebruikt worden om 

coronaire en myocardiale bloedstroom en weerstand te bepalen, is kennis van de 

coronaire circulatie vereist in normale en pathologische omstandigheden. In 

hoofdstuk 2 wordt een basaal overzicht van de coronaire circulatie gegeven. Het 

kransslagadersysteem is daarbij voor de eenvoud onderverdeeld in een 3-

compartimenten model van conductieve, “geleidende” vaten, pre-arteriolen en 

arteriolen. De pre-arteriolen en de arteriolen zijn resistieve, “weerstands”-vaten die de 

bloedstroom door het myocard kunnen reguleren en variëren afhankelijk van de 

metabole behoeften van het myocard. Dit gebeurt via metabole, neurogene en 

vasculaire regelsystemen. Het principe en het belang van coronaire autoregulatie om 

de coronaire bloedstroom constant te houden binnen een grote variatie van de 
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bloeddruk wordt in dit hoofdstuk besproken. Verder wordt het belang van collaterale 

bloedstroom behandeld en worden het proces van angiogenese en arteriogenese 

beschreven. De indices FFR en CFR, die in hoofdstuk 1 werden geïntroduceerd, 

worden uitgebreid toegelicht in hoofdstuk 2. 

 

Voor een betrouwbare meting van FFR en CFR is het zeer belangrijk dat een toestand 

van maximale hyperemie wordt bereikt. Dat betekent dat door middel van een 

medicijn, bijvoorbeeld adenosine, de bloedstroom door de kransslagaders zo hoog 

mogelijk wordt gemaakt. Omdat verschillende studies suggereerden dat bij patiënten 

met microvasculaire aandoeningen de reactie van het hart op adenosine niet maximaal 

is, en dus niet de werkelijk maximale hyperemie wordt bereikt, wordt in hoofdstuk 3 

onderzocht of toediening van fentolamine, een zogenaamde “alpha-blocker”, de door 

adenosine gestimuleerde bloedstroom door de kransslagaders nog verder kan doen 

toenemen. Hierbij werd een groep patiënten met microvasculaire ziekte vergeleken 

met een groep patiënten zonder microvasculaire ziekte. De conclusie van dit 

onderzoek luidt dat er weliswaar een statistisch significante verdere toename van de 

bloedstroom is na toediening van fentolamine bij patiënten met microvasculaire ziekte, 

maar dat deze toename zeer klein is en daardoor vanuit klinisch oogpunt 

verwaarloosbaar in de dagelijkse praktijk. Met andere woorden, het is dus niet nodig 

om routinematig een alpha-blocker toe te voegen aan adenosine om maximale 

hyperemie te bereiken. 

 

In hoofdstuk 4 wordt het concept en het praktisch gebruik van coronaire flow reserve 

behandeld. CFR en FFR verschaffen complementaire informatie over de coronaire 

circulatie. Meer specifiek is het zo dat we door FFR en CFR te combineren een 

uitspraak kunnen doen over de conditie van de microcirculatie. Echter, terwijl FFR een 

heel gemakkelijk te hanteren index is in de catheterisatiekamer, is het meten van CFR 

wat lastiger en minder betrouwbaar. Door gebruik te maken van thermodilutie-

technieken kan met de pressure wire (de specifieke voerdraad waarmee FFR gemeten 

wordt) ook CFR gemeten worden. Dit maakt het mogelijk om met één en dezelfde 

voerdraad beide indices te meten, hetgeen een diagnostische procedure eenvoudiger 

en sneller maakt. In dit hoofdstuk wordt deze nieuwe techniek om CFR te meten 

vergeleken met de gouden standaard voor het meten van CFR, namelijk Doppler. 

Uitkomst van deze studie is dat de thermodilutie-methode voor het meten van CFR 
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goed uitvoerbaar en bovendien betrouwbaar is. Door beide metingen met dezelfde 

voerdraad te kunnen doen wordt bovendien een volledige evaluatie van de coronaire 

circulatie veel gemakkelijker. 

 

In een poging om microvasculaire ziekte in maat en getal uit te drukken wordt in 

hoofdstuk 5 een nieuwe parameter geïntroduceerd en getest in een proefopstelling in 

het laboratorium: IMR. IMR staat voor “index of microcirculatory resistance”, en wordt 

berekend door intracoronaire drukmeting te combineren met thermodilutie-meting. In 

dit hoofdstuk laten we zien dat de zogenaamde “mean transit time” (Tmn), dat is de tijd 

die een hoeveelheid koude vloeistof erover doet om in de kransslagader van plaats A 

naar plaats B te stromen, omgekeerd gecorreleerd is met de absolute coronaire 

bloedstroom.  Verder werd aangetoond dat IMR gemakkelijk te berekenen is door het 

product van distale coronaire druk en Tmn, en dat deze index niet afhankelijk is van de 

ernst van een eventuele vernauwing in de kransslagader. Door nu IMR te combineren 

met FFR (welke met dezelfde voerdraad simultaan gemeten wordt) is het mogelijk om 

op relatief eenvoudige wijze de specifieke bijdrage van epicardiale afwijkingen en 

microvasculaire afwijkingen aan ischemische hartziekte te kwantificeren. In deze 

laboratoriumstudie is de bijdrage van collateralen aan de totale bloedstroom door de 

hartspier buiten beschouwing gebleven. 

 

Om de nieuwe index IMR verder te valideren en om het effect hierop van 

kransslagadervernauwingen en collaterale bloedstroom verder te bestuderen werd de 

studie in hoofdstuk 6 gedaan. Het betreft hier een dierstudie in varkens, waarbij de 

borstholte geopend werd en de bloedstroom door de kransslagader direct kon worden 

gemeten door van buitenaf een sensor rondom de kransslagader te bevestigen. In 

deze proefdieren werd door middel van intracoronaire druk- en thermodilutiemetingen 

IMR gemeten, en kon deze worden vergeleken met de werkelijke myocardiale 

weerstand zoals die kon worden berekend uit de directe flow metingen. Verder werd in 

deze studie de bijdrage van collaterale flow ook meegenomen, omdat de coronaire 

wiggedruk kon worden gemeten, dat is de druk in het bloedvat indien dit volledig is 

afgesloten. We konden in deze studie bewijzen dat IMR sterk gecorreleerd is met de 

werkelijke microvasculaire weerstand. Verder bleek duidelijk dat wanneer de bijdrage 

van collaterale bloedstroom  aan de totale myocardiale bloedstroom in beschouwing 



samenvatting 

 142

genomen wordt, de minimale microvasculaire weerstand niet beïnvloed wordt door de 

aanwezigheid van een vernauwing in de kransslagader.  

 

Om de toepasbaarheid en de betrouwbaarheid van IMR bij mensen te onderzoeken 

werd de humane validatie studie gedaan zoals beschreven in hoofdstuk 7. In dit 

onderzoek hebben we op unieke manier verschillende graden van vernauwingen 

gecreëerd, door in een tevoren gestent segment van de kransslagader succesievelijk 

een kleine ballon op te blazen met verschillende diameters. In deze studie wordt 

aangetoond dat IMR gemakkelijk berekend kan worden in mensen tijdens een 

dotterprocedure. Bovendien konden we ook hier aantonen dat de minimale 

microvasculaire weerstand, mits juist berekend en mits de collaterale flow in 

aanmerking genomen wordt, niet wordt beïnvloed door de ernst van een vernauwing in 

de toevoerende kransslagader.  

 

IMR is een relatieve maat om de microvasculaire weerstand te bepalen. Om absolute 

microvasculaire weerstand te berekenen is het nodig om de precieze volumetrische 

flow te kennen. Tot dusverre was het onmogelijk om directe volumetrische flow te 

meten in afzonderlijke kransslagaders. In hoofdstuk 8 introduceren we een methode 

om direct de bloedstroom in een kransslager te meten. Hierbij wordt een techniek 

gebruikt van continue infusie van een fysiologische zoutoplossing op 

kamertemperatuur en thermodilutie metingen. Deze studie toont aan dat de 

reproduceerbaarheid van de beschreven techniek uitstekend is, en dat er een goede 

correlatie is met de op basis van FFRcor voorspelde bloedstroom. Doordat tegelijkertijd 

de druk in de kransslagader wordt gemeten met dezelfde sensor, kan ook de absolute 

weerstand van de kransslagader en de microcirculatie worden berekend. Hoewel nog 

meer studies noodzakelijk zijn om deze techniek te valideren, lijkt het een nuttig 

diagnostisch instrument om microvasculaire ziekte vast te stellen en is het voor het 

eerst mogelijk om absolute flow te meten in kransslagaders van een patient in de 

catheterisatiekamer. 
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Appendix 1: mathematical derivation and scientific background of the pressure-flow equations1 
 

It should be kept in mind that all of the theoretical considerations in this appendix apply to a system at 

maximal vasodilation. Therefore, the resistances R and Rc in figure 1 on page 130 are minimal and 

constant. 

First, it will be proved that the ratio between mean arterial pressure (Pa) and coronary wedge pressure 

(Pw), both after subtraction of venous pressure (Pv) is constant. For that purpose, suppose in figure 1, at 

any arbitrary pressures Pa and Pv, that Rs = ∞ and Qs =0, as with total occlusion; then, Q = Qc and Pd = 

Pw by definition. In that case: 
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Equation 1a can also be rearranged into the following two forms, which will be helpful in later 

considerations: 
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where C1, C2 and C3 are all different constants characterizing collateral resistance relative to the 

resistance of the myocardial bed supplied by the collaterals at maximum vasodilation. 

The second step is the calculation of fractional flow reserve of the stenotic coronary artery (FFRcor). By 

definition, 
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Because 0=N
cQ : 
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Substitution of the constant value C2, obtained from equation 1b, gives the following: 
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Next, fractional flow reserve of the myocardium is calculated as follows: 
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The contribution of collateral flow to total flow now is calculated as follows. By definition, 
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and because NN
s QQ = , this can be written as the following: 
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In the case of coronary interventions, it should be realized that flow at maximum vasodilation is directly 

proportional to the driving pressure (Pa –Pv). Therefore, the ratio between maximum flow through the 

coronary artery before (situation 1) and after (situation 2) can be written as follows: 
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By substitution of equations 1b and 2: 
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Note that for evaluation of the functional improvement of a stenotic artery after PCI, )1()2( / corcor FFRFFR  

theoretically is a better measure than )1()2( / ss QQ  because the first expression is independent of arterial 

pressure. From equation 2 it is clear that 
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The expression )1()2( / corcor FFRFFR  represents the improvement of FFRcor of the dilated artery. Equation 

5a can also be derived directly from figure 1 by the following: 
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and by substituting equation 1b. 

 

Theoretically, maximum blood flow through the myocardium can be compared before and after the 

intervention by: 
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or, if correction for pressure changes is made, by: 
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Finally, the theoretical relation between collateral flow at different degrees of stenosis can be obtained. 

From figure 1, it is clear that cdac RPPQ /)( −= . Therefore: 
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or, if correction for pressure changes is made: 
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In fact, equation 7 states that decrease of hyperemic ΔP by improved stensosis geometry after PCI 

induces a proportional decrease of the relative contribution of collateral flow to total myocardial flow. 

 

Pa

Pd

R

perfusion pressure = Pd - Pv

Qc

AO

Pv RARc

Qs Q Q
Rs

 
Figure 1: Schematic model representing the coronary circulation. AO, aorta; Pa, arterial pressure; Pd, 
distal coronary pressure; Pv, venous pressure; Q, blood flow through the myocardial vascular bed; Qc, 
collateral blood flow; Qs, blood flow through the supplying epicardial coronary artery; R, resistance of the 
myocardial vascular bed; Rc, resistance of the collateral circulation; Rs, stenosis in the supplying 
epicardial coronary artery; RA, right atrium. 
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Appendix 2: mathematical derivation of the index of microcirculatory resistance (IMR) 

 

According to the principles of indicator dilution theory:2,3 

 

mnTVF /=       (1) 

 

Where F is coronary blood flow, V is the epicardial volume between the injection site and the position of 

the sensor, and Tmn is the mean transit time of a bolus of indicator.  

True myocardial resistance (TMR) equals myocardial perfusion pressure divided by myocardial blood 

flow. In the absence of a stenosis, myocardial flow can be represented by coronary flow and   

 

VTPFPTMR mndd // ⋅==                  (2) 

 

And because V is constant, 

 

TMR ~ mnd TP ⋅   (or because without stenosis Pd equals Pa,  TMR ~ mna TP ⋅ ) 

 

This product Pd . Tmn was called index of microcirculatory resistance: 

 

mnd TPIMR ⋅=      (3) 

 

Equation 3, however, does not take into account the collateral circulation, and is only valid when 

myocardial flow can be represented by coronary flow, i.e. in the absence of an epicardial stenosis. In 

case of a stenosis with collaterals, IMR as defined in equation (3) progressively overestimates true 

myocardial resistance, which can be explained as follows. In animals and humans, not coronary flow F 

but myocardial flow should be taken into account, the latter being the sum of coronary flow and collateral 

flow (figure 1 in appendix 1). Myocardial resistance remains a finite entity because neither distal 

coronary pressure nor myocardial flow reach zero. Therefore, at total occlusion, myocardial resistance 

equals wedge pressure divided by collateral flow. To describe this phenomenon quantitatively and to 

correct IMR (or any other index) when using coronary blood flow parameters instead of myocardial flow, 

the following algorithm can be applied. In the mathematical derivation of that algorithm standardized 

nomenclature will be used as in the initial study introducing the concept of FFR4, and in appendix 1. 

 

Let’s use the following terminology: 

 

Qmyo  = myocardial blood flow 

Qcor  = coronary artery blood flow (=F) all measured at maximum vasodilation 

Qc  = collateral blood flow 
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The “normal” values of these indexes at maximal vasodilation are indicated by the superfix N: 

 

QN
myo , QN

cor , QN
c 

 

Equation (1), in this terminology, states that  Qcor ~ 1 / Tmn  (1a), which has also been validated both 

experimentally and clinically. 5-7 

 

Rmyo = myocardial resistance at maximum vasodilation. 

 

Myocardial flow equals the sum of coronary artery flow and collateral flow, so: 

 

ccormyo QQQ +=  

 

Furthermore, it is assumed that QN
c = 0   and that   QN

myo = QN
cor 

 

FFRmyo  and FFRcor  are defined as follows (see also appendix 1).4 

 

N
myomyomyo QQFFR /=  

N
corcorcor QQFFR /=  

 

The different pressures are defined as follows: 

 

Pa = aortic pressure  

Pd = distal coronary pressure    at maximum vasodilation 

Pw = coronary wedge pressure 

Pv = central venous pressure 

 

It has been demonstrated in appendix 1 that FFRcor and FFRmyo can be expressed in terms of pressures 

as follows4. 
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True myocardial resistance equals: 
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By multiplying the numerator and denominator by Qcor, this can be re-written as follows: 

 

myo

cor

cor

vd

myo

vd
myo

Q
Q

Q
PP

Q
PPR ⋅

−
=

−
=  

 

And by substituting equation (1a): 
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Because QN
cor = QN

myo , it is obtained that: 
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Therefore: 
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Or, in case Pv is close to zero, 
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Note that if there are no collaterals as in case of a normal artery, FFRcor = FFRmyo and eq (6b) equals eq 

(3), as should be the case. 
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Equation (6a) can be re-written in terms of measured pressures by substitution of equation (4) and (5) as 

follows: 
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And by neglecting Pv, we obtain: 
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Or expressed in a different way:   

 

cormna FFRTPIMR ⋅⋅≈                         (7b) 

 

In summary, equation (7a) constitutes the general form of IMR, universally applicable both in the 

presence and absence of a significant stenosis. If studies are performed in patients without significant 

epicardial disease, the more simple equation (3) can be used for IMR. Also when Doppler derived 

indexes of microvascular resistance are used 8-11 , these should be corrected in a similar way as in 

equation (6b) by multiplying them by (FFRcor / FFRmyo ). 

 

Finally, it is clear that the overestimation of microvascular resistance when neglecting collateral flow, 

both increases with increasing stenosis severity and with increase of recruitable collateral flow. This 

percentage overestimation can be defined as 
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As can be seen, indeed there is no overestimation when Pw equals zero, while the overestimation 

approaches infinity when the stenosis approaches total occlusion and Pw ≈ Pd. To investigate this 

percentage overestimation specifically in relation to Pw  in the individual patients studied in chapter 7 but 

for a similar degree of stenosis (FFR=0.53) and arterial pressure, such “normalized” percentage 

overestimation can be calculated by using the values of 100, 53 and (Pw / Pa . 100) for Pa, Pd, and Pw, 

respectively. In this way, the actual measurements can be compared to the predicted hyperbolic relation 

for every degree of stenosis (fig. 4 in chapter 7). 
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