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Abstract
Physicians cannot rely solely on the angiographic 

appearance of epicardial coronary artery stenosis when 
evaluating patients with myocardial ischemia. Instead, 
sound knowledge of coronary vascular physiology and of 
the methods currently available for its characterization 
can improve the diagnostic and prognostic accuracy of 
invasive assessment of the coronary circulation, and 
help improve clinical decision-making. In this article we 
summarize the current methods available for a thorough 
assessment of coronary physiology. 
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Core tip: Assessment of the coronary circulation in the 
cathlab cannot be limited to angiography nowadays. The 
interventional cardiologist needs to be aware of current 
knowledge on coronary physiology and of the methods 
and measurements available for its characterization in 
clinical practice and research. In this article we review 
the main methods to assess the functional severity of 
coronary stenosis, myocardial blood flow, microvascular 
circulation, and endothelial function.
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INTRODUCTION
Physicians rely on angiography to assess the coro
nary vasculature of patients with symptoms of myo
cardial ischemia. However, angiography has a low 
interobserver agreement[1], and acknowledged limi
tations for the assessment of myocardial ischemia in 
a variety of settings, such as intermediate, eccentric 
or diffuse coronary stenosis[2]. Notably, intermediate 
lesions are the most frequently found in coronary 
angiography[3]. The importance of determining which 
lesions truly produce ischemia and thus require 
intervention is underscored by clinical trials showing 
that revascularization of nonischemia inducing stable 
lesions does not improve patient outcomes, and 
may in fact be deleterious[46]. Also, a considerable 
percentage of patients referred to the catheterization 
laboratory for angina, or even myocardial infarction, 
have angiographically normal, or only mildly diseased, 
coronary arteries[7], which highlights the importance 
of factors beyond epicardial fixed stenosis in the 
development of myocardial ischemia. Among these 
factors, coronary microvascular disease and coronary 
tone dysregulation due to endothelial dysfunction 
are frequent causes of myocardial ischemia[810]. 
Furthermore, a normal coronary angiogram does not 
accurately predict prognosis in all patients, since patients 
with microvascular or endothelial dysfunction have an 
increased risk of major adverse cardiac events[11].

This article reviews the most important methods 
currently available to the invasive cardiologist for a 
comprehensive physiological assessment of the coronary 
circulation. After a brief reminder of the coronary 
structure and the physiology of flow regulation, we 
will discuss the contemporary methods used to assess 
coronary flow, flow reserve, epicardial stenosis, 
microvascular function, and, finally, endothelial function. 

CORONARY STRUCTURE AND 
PHYSIOLOGY
From a physiological perspective, the coronary circulation 
is structured in three main compartments. The first 
compartment (R1) is formed by the large epicardial 
coronary arteries, with a size over 500 µm. These are 
the conduction vessels, which offer minimal resistance 
to flow under normal conditions, accounting for less than 
10% of the overall resistance of the coronary circulation. 
Accordingly, blood pressure remains unaltered along 
these vessels. The second compartment (R2) is formed 
by extramyocardial prearterioles, 100500 µm in 
diameter. The third coronary compartment is formed 
by arterioles (< 100 µm) and capillary vessels. The 
second and third compartments, generically known as 
“microcirculation”, are accountable for over 90% of the 
total coronary resistance, and therefore are the main 
regulators of flow[3,12].

The microvascular compartments are responsible 
for coronary autoregulation of flow. Because myocardial 

extraction of oxygen is very high at rest, an increase 
in oxygen demands must be met with an increase 
in coronary blood flow. Intramyocardial arterioles 
respond to metabolic signals, directly diffused from 
the myocardium, with vasodilation or vasoconstriction. 
When arterioles relax to reduce resistance and increase 
myocardial flow, proximal prearterioles and large 
epicardial arteries respond with flow-mediated dilation, 
which happens mainly through the release of nitric 
oxide by the endothelium[12].

In pathological conditions, when a severe epicardial 
stenosis develops, epicardial resistance increases 
causing a pressure drop in the distal circulation. This 
is registered by the prearterioles, which respond with 
vasodilation to maintain a normal flow and pressure 
in the arteriolar compartment. It is through this auto
regulation that the coronary circulation manages to 
maintain myocardial blood flow within a normal range 
in the face of moderate or even severe coronary athero
sclerosis. It is also because of this mechanism that 
the functional significance of a coronary stenosis may 
be obscured to the interventional cardiologist at rest, 
and become evident only under conditions of maximal 
hyperemia.  

CORONARY BLOOD FLOW 
MEASUREMENT
There are currently two methods available for measur
ing coronary blood flow in clinical practice: Doppler 
velocity and thermodilution. Both methods require 
engaging the coronary artery with a guide catheter, 
and introducing an intracoronary diagnostic 0.014 wire 
in the vessel. Heparin must be administered before 
the procedure, at the same doses as used during 
percutaneous coronary intervention. 

Doppler-velocity coronary flow measurement
Coronary blood flow can be assessed by blood 
velocity measurement using an intracoronary Doppler 
wire (Flowire, Volcano Corp, San Diego, CA, United 
States)[13]. After engaging the coronary artery with a 
guiding catheter and administering heparin, the Doppler 
wire is positioned into the artery, usually at a proximal 
segment. Dopplerderived blood flow velocity is 
recorded in a dedicated console, and the average peak 
velocity (APV) is calculated with the use of integrated 
automatic software. Coronary flow is then estimated 
from the APV and the crossectional vessel area, 5 mm 
distal to the tip of the wire. The vessel area can be 
calculated from the angiographic vessel diameter, or 
directly measured by intravascular ultrasound or optical 
coherence tomography. Thus, the formula to calculate 
the coronary blood flow by Doppler is: 

CBF = 0.5 x APV x (D2 p )/4

where CBF is coronary blood flow (cm3/s); APV is 
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average peak velocity (cm/s); and D is coronary 
diameter (cm). 

Thermodilution coronary blood flow measurement
Coronary blood flow can be estimated by the indicator 
dilution method, using an intracoronary thermodilution 
wire (PressureWire, St Jude Medical Inc.; St. Paul, 
MN, United States)[14]. This wire has two temperature 
sensors, located at its proximal and distal parts. The 
wire is introduced into the coronary artery, until the 
more distal sensor is at least 50 mm away from the 
catheter tip. A bolus of 3 mL of saline injected through 
the guiding catheter produces a change in temperature 
that is recorded by both sensors, and a thermodilution 
curve is recorded. This is repeated 3 times and the 
results are averaged. Flow is derived from the thermo
dilution formula: 

CBF = V/Tmn

were CBF is coronary blood flow (cm3/s); V is vessel 
volume (cm3) between the injection site and measuring 
site; and Tmn is mean transit time (s), which is calcu
lated by the system console from the thermodilution 
curve. 

As can be appreciated, both methods for measuring 
coronary blood flow require estimation of the vessel 
crossectional area or the vessel internal volume, which 
introduces a source of inaccuracy, and limits their 
actual use in clinical practice. Fortunately, however, 
both methods are well suited for a simple and reliable 
estimation of the most important flow-derived measure-
ment: coronary flow reserve. 

CORONARY FLOW RESERVE
Coronary flow reserve (CFR) is defined as the ratio 
between coronary blood flow at maximal hyperemia 
and at baseline condition[15]. It expresses the capacity 
of the coronary circulation to respond to a physiological 
increase in oxygen demands with a corresponding 
increase in blood flow. In animals and healthy subjects 
CFR is usually over 3, meaning their coronary circulation 
can triple the baseline flow when needed. In humans 
with chest pain and angiographically normal coronary 
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arteries, however, the average CFR is lower, at 2.7 ± 
0.6[16]. Therefore, a cutoff value of 2.0 has been widely 
accepted for CFR in the clinical practice[3]. Because it is 
a ratio of two flows, CFR is dimensionless. 

Two different methods of assessing CFR invasively 
are available, based on the previously described sys
tems for coronary flow measurement: Doppler and 
thermodilution. In both cases, flow determination is 
made at baseline, and then repeated under maximal 
hyperemia. Hyperemia can be achieved with several 
drugs, such as papaverine, nitroprusside or adenosine, 
but most often the latter is used. A complete description 
of the main substances used in the catheterization 
laboratory is shown in Table 1.

Adenosine produces a direct, endotheliumindepen
dent vasodilation of the coronary microcirculation, while 
having no appreciable effect on the epicardial vessel. 
It can be administered intravenously, at a dose of 
140 µg/kg per minute[17], which usually achieves maxi
mal stable hyperemia in 23 min. A central vein or a 
large brachial one must be used for the drug to reach 
sufficient concentration in the coronary circulation. 
Alternatively, hyperemia can be achieved by a single 
intracoronary bolus of adenosine administered through 
the guiding catheter. Doses for intracoronary injection 
range from 3060 µg in the left coronary artery, and 
2030 µg in the right[3]. Higher doses, however, have 
been shown to be safe[18,19].

CFR can be assessed by coronary Doppler, using 
the method described above for flow measurement[13]. 
After engaging the artery with a guiding catheter, the 
wire is advanced and positioned at a segment where a 
stable Doppler signal is obtained, away from a coronary 
stenosis and branch ostia. The wire must not move 
between baseline and hyperemia measurements. Thus, 
since adenosine does not induce epicardial vasodilation, 
and the wire position does not change throughout the 
procedure, the crossectional area of the vessel can be 
assumed constant and removed from the flow equation, 
which leaves a simplified formula for CFR estimation: 

CFR = APVh/APVb

where APVh is average peak velocity (cm/s) during 
maximal hyperemia, and APVb is average peak velocity 

  Substance Doses Site of action Endothelium response Effect

  Adenosine Iv: 140 µg/kg per minute
Ic: 20-150 µg bolus

Microvascular Independent Direct vasodilation

  Acetylcholine Ic: 10-6 M/10-5 M/ 10-4 M Micro and macrovascular Dependent Vasodilation if normal endothelial function; 
vasoconstriction if endothelial dysfunction

  Nitroglycerin Ic: 200 µg bolus Macrovascular Independent Vasodilation
  Nitroprusside Ic 0.3-0.9 µg/kg bolus Micro and macrovascular Independent Vasodilation
  Papaverine Ic: 8-20 mg bolus Micro and macrovascular Independent Enzyme Phosphodiesterase inhibition

Vasodilation
  Regadenoson Iv: 400 µg bolus Microvascular Independent Adenosine receptor agonist

vasodilation

Table 1  Substances used in the catheterization laboratory for coronary vascular function assessment
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effects associated are those described to this substance: 
bradycardia, hypotension, flushing, dyspnea and chest 
discomfort; however, the effects of adenosine disap
pear in seconds after the infusion is stopped or the 
bolus is administered, so concerning side effects are 
exceptional. Probably the only truly serious complication 
of adenosine administration is persistent bronchospasm, 
which is why it should be avoided in asthmatic pati
ents[20]. If bronchospasm occurs, adenosine may be 
antagonized with theophylline[21].

The procedure is safe in experienced hands. How
ever, physicians must be aware of the generic potential 
complications related to the insertion of guiding cathe
ters and wires in the coronary arteries, such as coronary 
thrombosis, dissection, and spasm.  

CFR has two main limitations. First, when an abnor
mal CFR value is obtained in a stenotic artery, it does 
not pinpoint the exact level at which flow is limited  
that is, it does not help differentiate between epicardial 
and microvascular flow limitation. Second, given that 
CFR arises from the ratio of hyperemic to baseline 
flow, any disturbances in the baseline condition of the 
patient (tachycardia, stress, vasoactive drugs, abnormal 
loading conditions, etc.) will alter the ratio, thus possibly 
rendering a falsely abnormal CFR value. 

Since CFR assesses the whole coronary vascular tree 
(i.e., macrovascular and microvascular compartments), 
a normal CFR value reflects a basically healthy coronary 
circulation. The best CFR cutoff value for the detection 
of inducible ischemia is around 2.0, according to most 
studies[2227]. The same cutoff value is useful to decide 
safe deferral of percutaneous coronary intervention when 

(cm/s) at baseline condition. Figure 1 shows an example 
of CFR measurement with intracoronary Doppler. 

Similarly, CFR can be calculated with the use of 
the thermodilution technique, by comparing mean 
transit time between hyperemia and baseline[17]. The 
pressuretemperature wire must be advanced distally 
into the artery, since mean transit time is more repro
ducible when the distal thermistor is at least 50 mm 
away from the catheter tip[14]. Care should be taken 
not to move the wire from the original position where 
baseline measurements are made. After three baseline 
thermodilution curves are obtained, hyperemia is 
achieved by intravenous infusion of adenosine.It is 
important to use intravenous administration, because 
the effects of an intracoronary bolus only last a 
few seconds, and will thus not suffice to obtain the 
thermodilution curves under stable maximal hyperemia. 
Finally, CFR is calculated with the equation: 

CFR = Tmn.b/Tmn.h

where Tmn.b is mean transit time at baseline (s), and 
Tmn.h is mean transit time during hyperemia (s). Note 
that, because transit time is inversely related to flow, in 
this equation the hyperemia factor is in the denominator, 
and the baseline in the numerator, conversely to the 
Doppler method. An example of this technique can be 
found in Figure 2. 

Pitfalls and contraindications
Since both thermodilution and Doppler techniques 
require the use of adenosine, the most common side 

Figure 1  Microvascular function measured by intracoronary Doppler. A shows an intracoronary Doppler tracing at baseline condition, with an APV of 22 cm/s; B 
shows Doppler at the same position during maximal hyperemia, induced with an adenosine intracoronary bolus of 200 µg, with an APV of 53 cm/s. CFR is therefore 2.4, 
indicating a normal endothelium-independent microvascular function; in C and D, increasing doses of intracoronary acetylcholine have been administered; the APV is 
compared with the baseline tracing to determine the degree of microvascular vasodilation induced by acetylcholine, which in this case is normal, suggesting a normal 
endothelium-dependent microvascular function. CFR: Coronary flow reserve; APV: Average peak velocity.

A B

C D
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state of hyperemia, these pressures can be considered 
proportional to flow. Thus fractional flow reserve (FFR) 
arises from the ratio of the maximal flow achievable 
by the coronary artery with the epicardial stenosis, 
compared with the theoretical maximal flow of the 
same artery without the stenosis. Because in normal 
conditions the intracoronary pressure does not vary 
along the epicardial artery, the blood pressure at the 
tip of the guiding catheter is chosen to represent the 
theoretical pressure of the nonstenotic artery; this is 
compared to the pressure detected by a pressure wire 
distal to the stenosis. Although theoretically venous 
pressure should be taken into account, in clinical practice 
it is disregarded, and the simplified equation for FFR is 
used: 

FFR = Pd/Pa

where Pd is the mean pressure distal to the stenosis 
(mmHg), recorded by the pressure wire, and Pa is the 
mean aortic pressure (mmHg), recorded by the tip of 
the guiding catheter. 

To measure FFR, the coronary artery should be 
engaged with a guiding catheter, as with previous 
methods. Intracoronary nitroglycerin is administered 
to abolish epicardial reactivity, and a pressure wire 
(PressureWire, St Jude Medical Inc., St. Paul, MN, 
United States; or PrimeWire Prestige, Volcano Corp., 
San Diego, CA, United States) is advanced into the 
artery. Pressure is balanced against the fluid filled 
guiding catheter placing the wire transducer at the tip 
of the catheter, and then the lesion under investigation 
is crossed with the wire. Maximal hyperemia is induced, 
and the simultaneous pressure tracings of the wire 
and the catheter are recorded. FFR is automatically 
calculated with integrated software, using the men
tioned equation. 

Hyperemia is usually achieved with adenosine, 
either intravenous (140 µg/kg per minute)[33] or by 
intracoronary bolus. Adenosine bolus doses vary from 
40 to 150 µg[33,34], although higher doses have been 

assessing angiographically intermediate lesions[28,29]. A 
reduced coronary flow reserve, on the other hand, is 
an independent predictor of poor clinical outcomes in 
diverse settings, such as angina without severe coronary 
stenosis[30] and percutaneous coronary intervention[31].

Conclusion
In conclusion, CFR is a simple measurement of flow, 
which evaluates both the epicardial and microvascular 
compartments, and usually reflects normal physiology 
and good prognosis when it is found to be within nor
mal limits. But other measures are needed in order 
to specifically investigate epicardial and microvascular 
disease. These measures are described and discussed 
below.  

MEASURES OF EPICARDIAL CORONARY 
OBSTRUCTION
Fractional flow reserve 
As we described earlier in this article, the small vessels 
of the heart, below 400 µm, are responsible for most of 
the coronary resistance, and therefore for the regulation 
of myocardial flow. These vessels autoregulate their 
resistance with the purpose of maintaining a constant 
myocardial blood flow independently of blood pressure, 
across a wide range of pressures. Similarly, when a 
coronary stenosis appears, the microvascular circulation 
regulates the resistance to flow to compensate for the 
stenosis.

In a state of steady maximal hyperemia, as can be 
achieved with adenosine, coronary autoregulation is 
abolished, and coronary blood flow is directly propor
tional to blood pressure. This principle has been used 
to substitute the measurements of flow by the more 
simple and reproducible measurements of pressure[32]. 
Because epicardial stenoses produce a pressure 
drop due to friction and separation of flow across the 
obstruction, different pressures can be obtained proxi
mally and distally to a coronary stenosis, and, in a 

Figure 2  Coronary flow reserve measured by thermodilution. A 60-year-old woman with episodes of atypical chest pain was referred to the catheterization 
laboratory for coronary angiography. A and B: Show angiographically normal epicardial coronary arteries. A microcirculation study was performed, using a 
thermodilution PressureWire, and intravenous adenosine for hyperemia; C: Shows the thermodilution curves, with a mean transit time of 0.70 s at baseline and 0.15 
s during hyperemia, and a resulting coronary flow reserve of 4.5. Index of Microvascular Resistance was 15, within normal range. We concluded that microvascular 
function was preserved. 

A B C
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to obtain maximal hyperemia. 
Finally, FFR is not recommended to assess unstable 

thrombotic coronary lesions, i.e., in acute myocardial 
infarction, or when thrombus or instability are evident, 
since pressure drop across the stenosis would provide 
an incomplete assessment of the risk associated with 
this kind of lesions.

Conclusion
In conclusion, FFR has become an indispensable tool 
in the catheterization laboratory to make decisions 
on revascularization of intermediate lesions. It can 
be performed in almost all elective clinical situations, 
providing functional information with relevant clinical 
implications and limited pitfalls. Figure 3 shows an 
example of an FFR procedure to decide revascularization 
in multivessel disease. 

INSTANTANEOUS WAVE FREE RATIO 
One of the few pitfalls of FFR is the necessity for 
maximal hyperemia. Without maximal microvascular 
vasodilation, the linear relation between pressure and 
flow that supports the use of FFR disappears. Coronary 
resistance, however, is not constant throughout the 
cardiac cycle; and we have already mentioned how, in 
some cases, stable maximal hyperemia is suboptimal 
or dubious, and in other rare cases adenosine may be 
contraindicated. To overcome these difficulties, a new 
physiologic measure of obstruction has been developed: 
instantaneous wave free ratio (iFR). 

Using wave intensity analysis of simultaneous 
pressurevelocity recordings, Sen et al[47] identified 
a period of the cardiac cycle when there are no com
pression or expansion waves, and the coronary micro
vascular resistance at rest is minimal and stable, and 
very similar to the averaged resistance achieved with 
adenosine. The wavefree period is calculated beginning 
25% of the way into diastole, and ending 5 ms before 
the end (covering around 75% of diastole). 

A pressure wire (Verrata, Volcano Corp, San Diego, 
United States) is inserted in the coronary artery, follow
ing the same steps and precautions as with FFR, 
except that no hyperemia is induced. The wire is 
attached to a console with builtin proprietary software, 
which identifies the diastolic period of interest and 
automatically calculates iFR. The formula of iFR is 
identical to FFR, but instead of the averaged pressure 
of the whole cardiac cycle, it only uses the averaged 
pressure of the mentioned interval: 

iFR = Pd/Pa

iFR is highly reproducible and has excellent correlation 
with FFR (r = 0.90; P < 0.001)[47]. A cutoff value of 
≤ 0.90 has been set, which has an overall diagnostic 
accuracy of 80% to predict an FFR ≤ 0.80[48]. Because 
dichotomic agreement is logically lower around the 
cutoff values, a hybrid strategy has been proposed 

proposed and deemed safe[18]. Alternatively, other 
drugs may be used, such as papaverine, at doses of 
820 mg[33]; regadenoson, in a single intravenous bolus 
of 400 µg[35]; or nitroprusside, in intracoronary bolus 
of 0.30.9 µg/kg[36,37]. These three have the advantage 
of providing a longer hyperaemic plateau than intraco
ronary adenosine, but have been less extensively tested 
in the clinical setting. 

The theoretical normal value of FFR in a coronary 
artery without stenosis is 1, since there should be no 
appreciable pressure drop along the vessel. A cutoff 
value of 0.75 (expressing a maximal-flow reduction of 
25% attributable to the epicardial stenosis) accurately 
predicts inducible ischemia[3840]. The most important 
clinical studies, however, set a cutoff of 0.8 for safe 
deferral of coronary intervention[41,42], and accordingly, 
the current European[43] and American[44] guidelines for 
revascularization recommend intervention in cases of 
coronary stenosis with FFR ≤ 0.8. As pointed out by 
Pijls et al[33], less than 10% of lesions fall into this grey 
area between 0.75 (almost certain ischemia) and 0.8 
[safe deferral of percutaneous coronary intervention 
(PCI)]. In these cases, sound clinical judgement should 
be applied. It should also be noted that, while great 
emphasis has been made on cutoff points, the FFR 
values express a continuous rather than dichotomic 
function of risk[45], which highlights the importance of 
keeping a clinical perspective and evaluating the global 
risk/benefit profile all treatment options[46].

Pitfalls and contraindications
FFR is a feasible and reproducible technique, mini
mally modified by the baseline characteristics and 
hemodynamic status of the patient. Despite its repro
ducibility, some pitfalls and limitations have been 
reported. 

Pharmacological side effects of adenosine are the 
same as those described in CFR. Accordingly, the 
patient must be in a stable hemodynamic condition, 
and adenosine should be avoided in patients with 
bronchospasm, severe hypotension, bradycardia or 
conduction disturbances.

In patients with sequential lesions or diffuse coronary 
disease, FFR does not provide precise information on 
which specific lesion is responsible for the ischemia. In 
such patients, the pressure pullback recording during 
stable hyperemia may allow identification of the culprit 
lesion. In order to perform this pullback recording, 
intravenous adenosine should be used, since an intra
coronary bolus will not provide stable hyperemia. 

Attention should always be paid to careful technique. 
The pressure wire signal must be carefully balanced at 
the tip of the catheter, and the balancing checked at the 
end of the procedure to rule out pressure drift. The tip 
of the catheter must be correctly positioned, to avoid 
damping of the pressure signal and obstruction of the 
coronary ostium. Submaximal hyperemia may occur, 
especially if a small peripheral vein is used. In this case, 
a central vein or an intracoronary bolus should be used 
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when both measurements are made, many patients 
exhibit a degree of discordance between CFR and FFR 
determination of ischemia[52,53]. In this context, an 
index of epicardial resistance that includes information 
from flow and pressure may have an additional value. 
The Hyperemic Stenosis Resistance index (HSR) is 
calculated from simultaneous pressure and Doppler 
intracoronary tracings, using a pressure-flow guidewire 
(Combowire, Volcano Corp, San Diego, United States). 
HSR is defined as the ratio of hyperemic stenosis 
pressure gradient (PaPd) and hyperemic average peak 
velocity:

HSR = (Pa  Pd)/APV

where HSR represents hyperemic stenosis resistance 
(mmHg × s/cm); Pa represents mean aorta pressure 
(mmHg); Pd distal pressure (mmHg); and APV average 
peak velocity (cm/s). In normal epicardial arteries, no 
pressure gradient is expected, so the HSR should be 0. 
The best cutoff value has been identified at 0.8, and it 

and tested[49,50], which would involve using an upper 
cutoff of 0.93, above which the coronary stenosis is 
considered non-significant, and a lower cutoff of 0.86, 
below which the stenosis is considered significant 
and PCI is indicated. When iFR falls between these 
two values (0.860.93, the “adenosine zone”), FFR is 
indicated, and the clinical decision is made according to 
the FFR value. This strategy may allow for two thirds of 
patients to be studied without hyperemia, maintaining a 
95% agreement with an FFRforall strategy[50]. Benefits 
of this strategy would include reductions in cost and 
time, and assessment of patients who are unsuitable 
candidates for adenosine administration such as those 
with asthma, bradycardia and hypotension.  Upcoming 
important clinical trials, such as the SYNTAXII[51] should 
establish the clinical usefulness of this strategy.

HYPEREMIC STENOSIS RESISTANCE 
INDEX
Both CFR and FFR show good correlation with non-
invasive testing for inducible ischemia. However, 

A

B

C

Figure 3  Functional assessment of epicardial stenosis. A 77-year-old woman with exertional angina was referred for coronary angiography. Two intermediate 
lesions were found in the proximal and distal segments of the left anterior descending artery (LAD) (A), and in the proximal and mid segments of the right coronary 
artery (RCA) (B). Fractional Flow Reserve was non-significant on the LAD (FFR 0.84) and significant on the RCA (FFR 0.74). Accordingly, percutaneous coronary 
intervention was performed with a drug-eluting stent on the RCA (C). A post-intervention FFR confirmed that the good angiographic result was also associated with 
functional improvement (FFR 0.91). Six months after the procedure the patient remains asymptomatic. FFR: Fractional flow reserve.
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Medical Systems, St Jude Medical Inc.; St. Paul, Minn). 
Mean transit time correlates inversely with flow, so its 
inverse is used to substitute absolute flow. Theoretically, 
wedge coronary pressure and central venous pressure 
should be included in the equation to account for 
collateral flow and loading conditions. However, as this 
is usually impractical in the clinical setting, it is most 
common to disregard both measurements and use the 
simplified equation: 

IMR = Pd × Tmn

where IMR is index of microcirculatory resistance 
(mmHg×s); Pd is distal pressure (mmHg); and Tmn 
is mean transit time (s)  all measured during stable 
hyperemia. In practice, this simplified equation is 
usually correct, unless there is severe epicardial disease 
in the artery, in which case collateral flow may be a 
confounding factor. In such circumstances, the wedge 
coronary pressure can be measured during PCI, or 
alternatively an empirical corrected formula[57] may be 
used: 

IMR = Pa × Tmn × [1.35 × (Pa/Pd) 0.32]

An IMR higher than 25 is considered abnormal[58], 
expressing a damaged coronary microcirculation.

Elevated IMR is related to adverse clinical outcomes 
in acute myocardial infarction[59], percutaneous inter
vention[60], and angina with apparently normal epicardial 
arteries[61].

In conclusion, when simultaneous measurement of 
pressure and flow indexes is performed, the calculation 
of a microvascular resistance index (either Doppler or 
thermodilution derived) adds specific information on the 
status of the microcirculation, and allows for a better 
diagnostic and prognostic assessment. 

ENDOTHELIAL FUNCTION
The vascular endothelium is a monolayer of cells that 
covers the internal lumen of all the blood vessels, 
separating the blood from the vascular wall and organ 
tissues. The endothelium is a major determinant of 
coronary resistance and flow. In response to physio
logical triggers, the vascular endothelium regulates 
arterial smooth muscle tone through the release of 
vasodilators  mainly nitric oxide and prostacyclin  
and vasoconstrictors, such as endothelin1. When the 
vascular endothelium is damaged or dysfunctional, this 
function of coronary flow regulation is altered, which 
results in an insufficient vasodilation, or even paradoxical 
vasoconstriction, in response to a physiological increase 
in oxygen demands, such as exercise or stress. This 
flow dysregulation can be the cause of chronic angina 
or acute coronary syndromes, even in the absence of 
coronary epicardial stenosis. 

The coronary vasomotion can be assessed directly 
and invasively by coronary angiography, using mainly 

shows better diagnostic accuracy for ischemia than FFR 
and CFR[52]. The main limitation of HSR is that it requires 
the use of a Dopplerpressure wire, which increases 
the cost of the procedure. Also, it is less validated in 
clinical practice than FFR and CFR. An index of stenosis 
resistance derived from thermodilution flow calculations 
has not been validated to date.

MEASURES OF MICROVASCULAR 
RESISTANCE
As mentioned above, the main determinant of myo
cardial blood flow in physiological conditions is the 
microcirculation. FFR, iFR and HSR give specific informa-
tion on the resistance to flow of epicardial stenoses; 
on the other hand, CFR provides an estimation of the 
overall resistance to flow in the coronary circulation.  
Thus, if a patient has a low CFR with normal FFR, this 
is usually attributed to microvascular dysfunction. 
This may not always be correct, however, as diffuse 
epicardial disease or altered resting conditions may 
have an impact of CFR independent of the microvascular 
circulation[53]. For this reason, resistance indices that 
provide specific information about the microcirculation 
have been developed. 

HYPEREMIC MICROVASCULAR 
RESISTANCE
Using a Combowire for simultaneous determination 
of intracoronary pressure and Doppler velocity during 
adenosineinduced hyperemia, a resistance index called 
hyperemic microvascular resistance (HMR)[54], can be 
determined from this equation: 

HMR = Pd/APV

where HMR is hyperemic microvascular resistance 
(mmHg×s/cm); Pd is the pressure in the distal part 
of the artery (mmHg); and APV is the average peak 
velocity at the same point (cm/s). Note that venous 
pressure is here disregarded to simplify the calculations. 
There are no clearly set cutoff values for HMR, but 
Meuwissen et al[54,55] have shown that the median HMR 
of patients with abnormal CFR is 2.4, compared with 1.9 
of patients with normal CFR.

INDEX OF MICROCIRCULATORY 
RESISTANCE
Fearon et al[56] first described the index of microcir
culatory resistance (IMR) in 2003, representing minimal 
microcirculatory resistance measured during conditions 
of hyperemia. IMR is calculated from the average 
pressure in the distal part of the coronary artery and the 
coronary blood flow measured by thermodilution, with 
the use of a specific pressure wire (PressureWire, Radi 
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is evaluated using intracoronary Doppler. 
Before the endothelial function test, no nitroglycerin 

should be administered, to allow for epicardial reac
tivity. Ideally, the patient should be off vasoactive 
medication for 48 h, although in clinical practice this is 
not always feasible. The coronary artery  most often 
the left  is engaged with a guiding catheter, and 
a baseline angiography is performed to serve as a 
reference. A coronary microcatheter is advanced into 
the proximal part of a main vessel, usually the left 
anterior descending artery, and a Doppler wire (FloWire 

acetylcholine as a trigger of endotheliumdependent 
vascular reactions[6264]. In the presence of a healthy 
endothelium, acetylcholine at the doses used induces 
NO release, which results in coronary vasodilation, 
both epicardial and microvascular; conversely, if the 
endothelium is dysfunctional, NO release will be blunted 
and the predominant net effect will be vasoconstriction 
due to muscarinic stimulation of smooth muscle. Macro
vascular vasodilation or vasoconstriction is evaluated 
by successive angiographies; the microvascular com
partment, being the major determinant of flow velocity, 

Figure 4  Thorough physiological assessment: Fractional flow reserve, microvascular and endothelial function. A 66-year-old man with typical angina, both 
resting and exertional, was referred for coronary catheterization. The coronary angiogram showed moderate lesions on the posterior descending artery of the RCA 
(50%) and on the middle LAD (40%). Panel A depicts the coronary stenosis of the RCA on the left box; FFR of this lesion on the centre box, with a value of 0.91; and 
microvascular study on the right box, with a CFR of 1.5 (low) and IMR of 33 (elevated); Similarly, Panel B shows the angiogram of the LAD (left), the FFR of 0.82 
(centre), and the microvascular study (right), with a CFR 1 (low) and IMR 24 (borderline); Panel C shows the successive angiograms at baseline (C1), after 20 µg of 
acetylcholine (C2), and after 200 µg of nitroglycerin (C3). As can be appreciated, a severe diffuse spasm of the left coronary artery was induced by acetylcholine. We 
concluded that both coronary stenosis were non-significant, and decided on optimal medical therapy. The study also revealed microvascular endothelium-independent 
dysfunction, and macrovascular vasospasm due to endothelial dysfunction. CFR: Coronary flow reserve; FFR: Fractional flow reserve; IMR: Index of microcirculatory 
resistance; LAD: Left anterior descending artery; RCA: Right coronary artery.

A

B

C1 C2 C3
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2 to 100 µg, for example 220100 µg; each infusion 
over 3 min), and perform exclusively macrovascular 
angiographic assessment. This approach, although 
admittedly less complete than the first, still frequently 
offers valuable information.  

Pitfalls and contraindications
Acetylcholine should be avoided in patients with 
severe intestinal and/or urologic obstructive disease, 
as it may enhance muscular contractions. Special 
attention should be paid to patients with bradycardia or 
hypotension. Generally, the coronary spasm related to 
macrovascular endothelial dysfunction is easily reverted 
with intracoronary nitroglycerin. In any case, vasospasm 
may cause serious complications, so the patient must be 
monitored and the procedure must be conducted with 
utmost care. 

Conclusion
Endothelial dysfunction limits maximal coronary flow, 
and can be the cause of angina without epicardial 
stenosis[67,68]. It is an important risk factor for poor 
outcomes in this setting[11], as well as in stable coronary 
artery disease[69], acute myocardial infarction[70], heart 
failure[71], and heart transplant[72]. A more detailed 
account of the importance of endothelial function in 
coronary heart disease can be found in our recent 
review[73]. The finding of severe acetylcholineinduced 
spasm can also assist the physician in the optimization 
of the medical therapy. 

or ComboWire, Volcano Corp., San Diego, United 
States) is advanced through the microcatheter into 
the artery. After checking for signal quality, a baseline 
tracing of Doppler is recorded. Next, three consecutive 
infusions of acetylcholine are administered through 
the microcatheter, at concentrations of 106 mol/L, 
105 mol/L and 104 mol/L, at a rate of 1 mL/min, 23 
min per infusion. After each infusion, the Doppler 
APV and a coronary angiogram are recorded. Finally, 
200 µg of nitroglycerine are administered intracoronary, 
to evaluate macrovascular endotheliumindependent 
response.

The epicardial endothelial response is considered 
normal if vasodilation  or at least no vasoconstriction  
is observed. The response is considered pathological if 
a reduction ≥ 20% in coronary artery diameter occurs. 
A normal microvascular response to acetylcholine would 
be a 50% increase in APV. If a lower vasodilation, 
or even vasoconstriction occurs, the microvascular 
endothelial response is considered abnormal[64].

Most studies o endothelial function have followed 
this protocol approximately. It has the advantage of 
evaluating both the macrovascular and microvascular 
compartments, and the added safety of injecting the 
drug directly into the LAD. However, other protocols 
have been described and found safe. The study of the 
microvascular response by thermodilution, although 
seldom used, is feasible and has been validated[65]. 
Some groups[9,66] inject acetylcholine directly into the 
left main artery (at increasing doses ranging from 

Figure 5  Summary of the proposed evaluation algorithm of patients with symptoms of ischemia without significant coronary lesions. CFR: Coronary flow 
reserve; IMR: Index of microcirculatory resistance; FFR: Fractional flow reserve; hMR: Hyperemic microvascular resistance; hSR: Hyperemic Stenosis Resistance index.
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laboratory is essential to help decision making in 
patients with coronary artery disease, providing 
functional and prognostic information. Physicians, 
especially interventional cardiologists should implement 
its use in daily clinical practise.
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CONCLUSION
Coronary physiology assessment in the catheterization 

  Technique Cutoff value Implications Commentary

  CFR < 2 Unspecific macrovascular and microvascular inability 
to increase flow

Patients with CFR > 2 have favorable outcomes

  FFR ≤ 0.8 Functionally significant epicardial stenosis Extensive clinical validation
Requires vasodilation

  iFR ≤ 0.9 Functionally significant epicardial stenosis Functionally significant epicardial stenosis
Vasodilation-Independent

  HSR 0.8 mmHg × s/cm Functionally significant epicardial stenosis Requires doppler-pressure wire
Convenient in the presence FFR/CFR discordances

  HMR > 2 mmHg × s/cm Microvascular dysfunction Requires doppler-pressure wire
  IMR > 25 mmHg × s Microvascular dysfunction Thermodilution method

Table 2  Main parameters available to assess coronary macrovascular and microvascular circulation

CFR: Coronary flow reserve; FFR: Fractional flow reserve; iFR: Instantaneous wave free ratio; HSR: Hyperemic stenosis resistance index; HMR: Hyperemic 
microvascular resistance index; IMR: Index of microcirculatory resistance.
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