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Current frontiers in the clinical 
research of coronary physiology

Abstract: Assessment of coronary physiology has potential diagnostic value when combined 
with invasive angiography for the assessment and treatment of patients presenting with 
chest pain. In this article, we review the rationale and evidence base f r the measurement of 
fractional flow reserve, coronary flow reserve and the index f microvascular resistance in stable 
coronary artery disease and in acute c r nary syndromes. The current and future role of these 
physiological tests in utine clinical practice is also considered.

Keywords: Coronary artery disease, coronary flow reserve, fractional flow reserve, 
index of microvascular resistance, microvascular function

Coronary artery disease (CAD) is the major cause of premature morbidity and mortality, and in 
the UK 726,000 men and 393,000 women aged between 35 and 75 suffer from angina pectoris 
[1,2]. Angina is due to a mismatch in the supply or demand of blood flow to the myocardium 
resulting in the development of ischemia. Factors which may limit myocardial perfusion 
include hypotension, obstructive CAD and increased microvascular resistance. By angiographic 
criteria, flowlimiting coronary artery disease is typically associated with a reduction in the 
diameter of the left main coronary artery by at least 50% or of any other epicardial artery by 
at least 70% [3]. In practice, the relationships between coronary flow and stenosis severity are 
much more complex and an anatomical assessment of CAD alone is inadequate to accurately 
identify functionally significant disease.

Angina and inducible ischemia may occur in the absence of a flow-limiting coronary artery 
stenosis. When the etiology is attributed to coronary microvascular dysfunction then the 
diagnosis is microvascular angina. However, epicardial CAD and microvascular dysfunction 
may coexist in the same patient, explaining why angina may persist after successful stenting 
with percutaneous coronary intervention (PCI).

Recent advances in the assessment of myocardial blood flow based on coronary guidewire 
pressure and temperature sensors have enabled direct measurement of lesion-level ischemia 
and related parameters of microvascular function. Compared with PCI guided by visual 
interpretation of the angiogram, pressure wire guided PCI improves clinical outcomes and is 
cost-effective. This technology also has the potential to provide clinically relevant information 
in patients with angina and a normal or near normal coronary angiogram.
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Theoretical basis of coronary physiology

Fractional flow reserve

Within the physiological range of perfusion pressures, 
vasoconstriction and vasodilatation of the distal coronary 
resistance vessels (those with a diameter <500 μm) 
preserve myocardial perfusion through auto-regulation of 
microvascular tone. In the presence of an obstructive epicardial 
coronary artery stenosis, there is reduced perfusion pressure 
over the stenosis resulting in compensatory vasodilatation of 
these autoregulatory resistance vessels [4]. When coronary 
resistance is minimized with the use of a potent vasodilator, 
such as adenosine, there is an approximately linear 
relationship between coronary perfusion pressure and blood 
flow within the physiological blood pressure range. Therefore, 
a decrease in pressure across a stenosis leads to a reduction 
in myocardial blood flow. The ratio of the pressure distal to 
a coronary artery stenosis (Pd) and aortic pressure (Pa) can 
then be used to estimate the functional severity of the lesion 
during hyperemia.

The fractional flow reserve (FFR) is an index of the physiological 
significance of a coronary stenosis and is defined as the 
ratio of maximal blood flow in a stenotic artery to normal 
maximal flow. FFR is calculated as: FFR = Pd/Pa, during 
maximal hyperemia. When compared with the use of multiple 
noninvasive tests, the FFR threshold for discriminating lesion-
level ischemia is approximately 0.75, with a normal value for 
all arteries of 1.0. In order to increase measurement sensitivity, 
a threshold of 0.80 has been adopted [5], therefore FFR values 
between 0.75 and 0.80 are within an intermediate ‘gray-zone,’ 
in which physician decision-making informed by the totality 
of clinical information becomes even more important. FFR 
may be corrected for collateral blood flow by measuring a 
coronary wedge pressure (FFRmyocardial = FFRcoronary + 
FFRcollateral) [6]. In all cases, the treatment decision based on 
FFR should be informed by coronary stenosis characteristics, 
including lesion location and feasibility of revascularization, 
and patient factors, such as the presence or absence of 
symptoms, disease severity and co-morbidities.

Hyperemia
FFR, by definition, requires a reduction in microvascular tone 
through inducible coronary hyperemia. Hyperemia may 
be induced by systemic or intracoronary administration of 
vasodilator drugs, including adenosine, nicorandil, papverine, 

sodium nitroprusside or even radiographic contrast media. 
Currently, adenosine is used most frequently, although 
nicorandil and papaverine are alternative options that are 
commonly used in by cardiologists in Asia. Adenosine activates 
A2 receptor subtypes in vascular smooth muscle resulting 
in vasodilation and a hemodynamic response to systemic 
adenosine would be expected [7]. If a submaximal response 
to adenosine occurs then the FFR may be overestimated 
resulting in underestimation of the functional significance of 
a coronary lesion [8]. Theoretically, a submaximal response 
may also occur in patients with diffuse coronary disease, 
acute myocardial infarction (MI), myocardial bridging and in 
patients with marked elevation of central venous pressure 
(e.g., acute heart failure). Regadenoson is a specific A2A 
adenosine receptor agonist, unlike adenosine which acts on 
A1, A2A, A2B and A3 receptors. Compared with adenosine, 
regadenoson is better tolerated but much more expensive, at 
least out with the USA [9].

Adenosine-free coronary artery lesion assessment: 
Resting Pd/Pa& iFR
Resting translesional coronary pressure gradients have also been 
proposed as a measure of stenosis severity in order to minimize the 
use of adenosine and its associated side effects. This concept was 
first considered many years ago and considered to be diagnostically 
inferior to hyperemic indices [10]. Nevertheless, resting pressure 
indices have been revisited and now include resting Pd/Pa (whole 
cardiac cycle) and diastolic indices of coronary pressure, including 
the instantaneous wave-free ratio (iFR) and diastolic Pd/Pa.

Although initially proposed as an ‘adenosine-free’ index with 
an ischemic threshold of 0.83, the implementation of iFR has 
evolved into a hybrid with adenosine and with a different ischemic 
threshold (0.89) allowing for imprecision in the measurement 
(range 0.86–0.93). Whereas FFR averages the relative distal 
coronary pressure over the whole cardiac cycle, iFR measures 
coronary pressure segmented to a specific part of diastole (25% 
into diastole as defined by the dicrotic notch, to 5 ms before the 
end of diastole). Prospective studies of iFR and Pd/Pa, including 
VERIFY [11], and a pooled analysis (RESOLVE) [12], have found 
iFR and Pd/Pa to have similar and moderate diagnostic accuracy 
compared with FFR.

Fractional flow reserve in stable coronary artery disease
The ‘ischemia hypothesis’ supposes that relief of ischemia by 
coronary revascularization leads to improved clinical outcomes. 
In patients with stable CAD, the neutral results of the Optimal 
Medical Therapy with or without PCI for Stable Coronary 
Disease (COURAGE) and Bypass Angioplasty Revascularization 
Investigation 2 Diabetes (BARI-2D) clinical trials have called into 
question the clinical benefits of revascularization by PCI [13–15].
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In COURAGE, 2287 patients with stable angina and visually 
assessed severe coronary stenosis were randomized to PCI or no 
PCI. At a median follow-up of 4.6 years, there was no difference 
in the composite primary end point of death and MI, or in the 
secondary end points of death, MI, stroke or hospitalization for 
acute coronary syndrome. BARI-2D, randomized 2368 patients 
with both Type 2 diabetes mellitus and stable CAD in a 2 x 2 
factorial design to either prompt revascularization with intensive 
medical therapy or intensive medical therapy alone and to undergo 
either insulin-sensitization or insulin-provision therapy. At 5 years, 
there was no difference in the primary end point of death from 
any cause, or the principal secondary end point (a composite of 
death, MI or stroke), for patients who underwent revascularization 
compared with intensive medical therapy. However, these studies 
used angiography alone to assess the functional significance 
of coronary lesions. This almost certainly led to the incorrect 
categorization of lesions, resulting in inappropriate deferral of PCI. 
In addition, PCI of nonischemic lesions exposes the patient to the 
inherent risks of PCI without any likelihood of clinical benefit and 
with additional unnecessary cost.

The European Society of Cardiology guidelines give FFR a class 1A 
recommendation for the functional assessment of coronary artery 
stenoses of intermediate angiographic severity (50–90%) in order 
to identify those lesions that are likely to require revascularization 
[16], and, partly as a result of this, adoption of FFR has been 
increasing in the UK [17] and internationally [18].

The Fractional Flow Reserve to Determine the Appropriateness of 
Angioplasty in Moderate Coronary Stenosis (DEFER) trial was 
the first prospective randomized trial to demonstrate that patients 
with negative FFR values (defined as >0.75) did not benefit from 
PCI when compared with medical therapy [19]. In DEFER, 
325 patients who were planned to undergo PCI underwent FFR 
measurement. Patients with an FFR ≥0.75 were randomized to 
deferral of PCI or to undergo PCI, whereas those with an FFR 
less than 0.75 underwent PCI as planned. There was no significant 
difference in the primary end point of absence of adverse cardiac 
events at 24 months follow-up. However, angina improved in 
patients with an FFR below the ischemic threshold who were 
treated by PCI.

The Fractional Flow Reserve versus Angiography for Guiding 
Percutaneous Coronary intervention (FAME) trial tested the 
hypothesis that PCI guided by FFR measurement in stable 
patients would alter lesion classification and improve health and 
economic outcomes [5]. After the decision to undertake PCI based 
on angiography, 1005 patients with a greater than 50% stenosis 
were randomized to FFR-guided PCI (PCI performed if the FFR 
was ≤0.8) or to continue with PCI, as guided by angiography 
alone. The composite primary outcome of death, MI or repeat 
revascularization at 1 year was lower in the FFR-guided group 
than in the angiography- guided group, and this difference was 

sustained during longer term follow-up at 2 years. The FFRguided 
strategy also reduced hospital costs. In FAME, approximately 80% 
of PCI-treated patients were free of angina after 1-year follow-
up. However, in COURAGE, only 58% of patients treated with 
optimal medical therapy (OMT) alone were free of angina at 1 
year.

In the Fractional Flow Reserve-Guided PCI versus Medical 
Therapy in Stable Coronary Disease (FAME-2) clinical trial, FFR 
was used to discriminate ischemiainducing lesions (FFR ≤0.80) 
from nonflow-limiting lesions [20]. Twelve-hundred and twenty 
patients with one or more angiographically severe stenoses were 
enrolled. In the subset of patients with lesions with an FFR ≤0.80 
that were amenable to PCI (n = 888 patients), the randomized 
strategy involved PCI of all lesions with OMT versus OMT only 
without PCI. Patients with CAD associated with an FFR greater 
than 0.80 were not randomized and instead entered a followup 
registry involving OMT. On the recommendation of the Data and 
Safety Monitoring Committee, the trial was stopped early because 
of a between-group difference in the primary outcome (composite 
of death from any cause, MI and urgent repeat revascularization 
at 2 years) and that any change to this difference was improbable 
should further patients be randomized. The difference in the 
primary outcome event rates was predominantly influenced by 
an increase in urgent revascularization in patients randomized to 
OMT alone. After follow-up to 2 years, the observed between-
group difference in the primary outcome was maintained [21]. 
Accordingly, the results of the FAME-2 study indicate that patients 
with symptoms and ischemia derive prognostic benefits from PCI 
versus medical therapy alone. The results of FAME-2 refute the 
findings of the COURAGE trial.

In a sub-study of COURAGE, those patients with evidence 
of inducible ischemia on SPECT imaging (≥10% ischemic 
myocardium) who were randomized to PCI had significant 
reductions in inducible ischemia and in the annual rate of death 
and MI [22]. This result led to the hypothesis that PCI may 
improve outcome in those with stable CAD and a moderate-to-
large ischemic burden, and this hypothesis is being tested in the 
International Study of Comparative Health Effectiveness with 
Medical and Invasive Approaches (ISCHEMIA, NCT01471522) 
trial.

The ISCHEMIA trial tests the hypothesis that an initial invasive 
strategy of coronary angiography followed by PCI if feasible, in 
addition to OMT, will reduce the primary composite end point 
of cardiovascular death or nonfatal MI in patients with at least 
moderate ischemia on stress imaging, compared with an initial 
conservative strategy of OMT alone with coronary angiography 
reserved for failure of OMT. The invasive strategy involves FFR-
guided revascularization of ‘intermediate’ coronary stenoses (50–
80% severity), routine revascularization for lesions greater than 
80% severity and no revascularization for lesions less than 50% 
severity. The trial is currently enrolling patients worldwide.
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In the Synergy between percutaneous coronary intervention with 
Taxus and cardiac surgery (SYNTAX) study, 1800 patients with 
left main stem and multivessel CAD were randomized to PCI 
or Coronary Artery Bypass Grafting (CABG) [23]. SYNTAX 
demonstrated significantly increased rates of major adverse cardiac 
or cerebrovascular events at 12 months in those who underwent 
PCI (17.8 vs 12.4% for CABG), failing to meet the criterion of 
noninferiority for PCI. However, coronary lesions were assessed 
angiographically without FFR measurement. The planned 
Comparison of Fractional Flow Reserve-Guided Percutaneous 
Coronary Intervention and Coronary Artery Bypass Graft 
Surgery in Patients With Multivessel Coronary Artery Disease 
(FAME 3, NCT02100722) study will randomize 1500 patients 
with multivessel CAD to FFR-guided PCI or CABG in patients 
with the primary end point of 1-year major adverse cardiac event 
(MACE) rate.

Fractional flow reserve in non-ST-elevation acute coronary 
syndrome
Patients with high-risk non-ST-elevation acute coronary syndrome 
(NSTE-ACS) derive prognostic benefit from early coronary 
angiography and revascularization [24,25]. Treatment decisions 
are based on visual interpretation of the coronary angiogram, 
supported by all other clinical information. Noninvasive stress 
testing is not recommended in clinical guidelines and so is 
usually not available. Accordingly, ad hoc treatment decisions 
may have greater subjectivity in NSTE-ACS patients compared 
with treatment decisions made by clinicians during the elective 
management of patients with stable angina.

While overall, the clinical evidence base favors revascularization 
of obstructive culprit lesions in symptomatic patients, there is a 
lack of evidence to inform treatment decisions for patients with 
mild nonflow-limiting culprit lesions. Current practice is based on 
the premise that PCI in acute coronary syndrome for coronary 
plaque rupture may reduce the risk of recurrent events. However, 
in FFR-negative lesions, OMT may be sufficient. Additionally, 
in NSTE-ACS patients with multi-vessel disease (MVD), it is 
uncertain whether nonculprit coronary lesions should also undergo 
revascularization.

A post-hoc analysis of health outcomes in participants in the 
Acute Catheterization and Urgent Intervention Triage Strategy 
(ACUITY) clinical trial indicated that incomplete coronary 
revascularization was associated with a worse prognosis at 1 year 
[26]. ACUITY was a prospective clinical trial of 13,819 patients 
with moderate- and high-risk NSTE-ACS who underwent 
an early invasive management strategy and were randomized 
to different anticoagulation strategies. Quantitative coronary 
angiography was performed on 2954 patients who underwent 
PCI, and depending on the threshold of residual diameter stenosis 
post-PCI used, incomplete revascularization was present in 17–
75% of patients with NSTE-ACS after PCI. Regardless of the 
diameter stenosis threshold used, incomplete revascularization 

was strongly associated with increased MI at 1-year and ischemia-
driven unplanned revascularization, with a trend toward increased 
mortality. The risk of adverse outcome was related to the number 
of nonrevascularized lesions.

The Fractional Flow Reserve Versus Angiographically Guided 
Management to Optimize Outcomes in Unstable Coronary 
Syndromes (FAMOUS-NSTEMI, NCT01764334) clinical trial 
was designed to address these uncertainties [27,28]. The trial 
took place in six hospitals in the UK between October 2011 and 
April 2014. Three-hundred and fifty NSTEMI patients with 
≥1 coronary stenosis ≥30% severity were randomized following 
coronary angiography to FFR-guided or angiography- guided 
intervention. FFR was measured in culprit and nonculprit lesions 
in all patients, but in line with the randomized strategy, FFR was 
disclosed in the FFRguided group but not in the angiography-
guided group. In the FFR group, an FFR ≤0.80 was an indication 
for revascularization by PCI or CABG. The primary outcome was 
the proportion of patients in each group treated with medical 
therapy alone. One-thousand-twohundred and ninety-seven 
patients were screened and 853 of these patients gave informed 
consent, and 350 of these patients were randomized. Overall, FFR 
was successfully measured in 100% of the patients. There were 706 
lesions and a guidewire dissection occurred in 2 (0.03%) of these 
lesions. The primary outcome occurred in 21.7% of patients in the 
FFR-guided group and 13.2% of the angiography-guided group 
post-randomization, and the lower adoption of revascularization 
was maintained through to 12 months (p = 0.054). Overall, 
the rate of MACE at 12 months was low (∼9%) and there were 
between-group differences in the MACE rates between the groups. 
Health outcomes and quality of life were similar at 12 months.

Fractional flow reserve in STEMI
FFR has also been proposed to guide PCI of nonculprit lesions 
in patients presenting with STEMI. Currently, clinical guidelines 
recommend that STEMI patients with MVD should have culprit-
only PCI unless hemodynamically unstable [3,16]. Recently, 
the Randomized Trial of Preventive Angioplasty in Myocardial 
Infarction (PRAMI) trial has challenged this recommendation. 
In PRAMI, 465 STEMI patients with MVD underwent PCI 
of culprit lesions, and were then randomized to have no further 
PCI or to also have preventative PCI of nonculprit lesions greater 
than 50% [29]. PRAMI was stopped early due to a statistically 
significant decreased incidence of the primary end point of death, 
MI or refractory angina in the preventative PCI group, driven 
primarily by reduced rate of reinfarction and recurrent ischemia. 
The Complete versus Lesiononly Primary PCI Trial (CULPRIT) 
trial addressed a similar question in 296 STEMI patients with 
multivessel coronary disease. By 12 months, 31 (21.2%) patients in 
the infarct artery only group experienced a MACE event compared 
with 15 (10.0%) in the complete revascularization group [30]. The 
ongoing Complete versus Culprit-only Revascularization to Treat 
Multi-vessel Disease After Primary PCI for STEMI (COMPLETE, 
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NCT01740479) trial will randomize 3900 patients within 72 
hours of the index primary or rescue PCI to culprit only PCI, or 
PCI of the culprit lesion and additional PCI of nonculprit lesions 
if FFR ≤0.8. The primary outcome is a composite of cardiovascular 
death or MI. Given that two independent randomized trials have 
provided consistent results in favor of multivessel PCI at the 
time of primary PCI, we think the clinical guidelines committees 
should reconsider the current guideline recommendation against 
additional PCI of nonculprit lesions.

Fractional flow reserve in other circumstances
FFR may be performed following PCI to assess for improvement 
in flow across the treated lesion. In a multicenter registry of 750 
patients, FFR was measured after angiographically successful PCI. 
Following PCI, an FFR greater than 0.90 was associated with a 
good long-term result [31].

In diffuse coronary atherosclerotic lesions, an FFR ‘pull-back’ 
across serial stenoses helps to discriminate which lesions are 
associated with a functionally relevant pressure drop, as revealed 
by a ‘step-up’ in the FFR as the sensor is withdrawn proximally 
across the lesion during hyperemia [32].

FFR measurement in angiographically equivocal left main stem 
stenosis is associated with favorable outcomes. In a cohort study 
of 213 patients with angiographically equivalent left main stem 
disease, the prognosis of patients who were medically managed if 
the FFR greater than 0.80 was similar to those with FFR ≤0.80 
who underwent CABG [33].

The SYNTAX score of the complexity of multivessel CAD was 
modified by the FAME investigators to produce a functional 
SYNTAX score. Lesions were only included in the score if the FFR 
≤0.8. This resulted in a reclassification of angiographically severe 
but functionally insignificant lesions, with 32% of patients being 
moved to lower risk tertiles. The functional SYNTAX score was 
shown to be a better discriminator than the SYNTAX score alone 
for MACE at 1-year follow-up [34–36]. However, it should be 
noted that patients in FAME had less complex CAD compared 
with those in the SYNTAX trial (mean SYNTAX score 14.8 vs 
28.4) and left main stem disease was excluded from the FAME 
trial (Box 1).

Fractional flow reserve in comparison to resting pressure 
indices
The Adenosine Vasodilatation Independent Stenosis Evaluation 
(ADVISE) proof of concept study demonstrated that coronary 
resistance was constant and minimized during the wave-free period 
[37]. The Classification Accuracy of Pressure-Only Ratios Against 
Indices Using Flow Study (CLARIFY) compared iFR and FFR 
to another physiological measure of the severity of stenosis, the 
hyperemic stenosis resistance (HSR) [38]. HSR is defined as the 
ratio between the pressure drop across a stenosis and distal peak flow 
velocity at maximal hyperemia. The use of HSR in clinical practice 
is limited as intracoronary Doppler flow velocity measurements 
are not straightforward to acquire in every day practice and their 
reproducibility can be problematic. CLARIFY showed that iFR 
and FFR had equivalent agreement with classification of coronary 
stenosis severity when compared with HSR.

Verification of Instantaneous Wave-Free Ratio and Fractional 
Flow Reserve for the Assessment of Coronary Artery Stenosis 
Severity in Everyday Practice (VERIFY) was a prospective study 
of 205 patients comparing the diagnostic accuracy of iFR to FFR. 
VERIFY demonstrated a moderate correlation between FFR and 
iFR, but only a weak correlation in the diagnostic range of greatest 
uncertainty for decision-making (FFR = 0.6–0.9). Furthermore, 
evidence was provided that iFR was reduced by adenosine.

The Multicenter Core Laboratory Comparison of the Instantaneous 
Wave-Free Ratio and Resting Pd/Pa with Fractional Flow Reserve 
(RESOLVE) study was implemented in order to further assess 
the relationships between iFR, Pd/Pa and FFR. RESOLVE was 
a retrospective core laboratory-based analysis of coronary pressure 
recordings, and specifically iFR, whole cycle Pd/Pa and FFR in 
1768 patients from 15 hospitals [12]. The results of this analysis 
disclosed a moderate linear correlation between iFR and Pd/Pa 
with FFR as the reference test with a diagnostic accuracy of 80% 
for both resting indices.

Subsequently, a hybrid iFR/FFR approach has been proposed. 
The Adenosine Vasodilator Independent Stenosis Evaluation 
II (ADVISE II, NCT01740895) was an observational, 
nonrandomized registry study of 690 patients [39]. The results 
of this study have been publically presented but have not yet 
been published. Using a hybrid approach with initial resting 
pressure measurement, ADVISE II suggested that stenoses with 
an iFR ≥0.94 may be deferred while those ≤0.85 can be treated 
by revascularization. Stenoses with an iFR between 0.86 and 
0.93 should have further assessment with FFR to guide decision-
making. ADVISE II found that iFR characterized correctly 91.6% 
of the stenoses in terms of hemodynamic severity outside of the 
prespecified ≤0.85 and ≥0.94 values, and that a hybrid iFR/FFR 
approach would avoid adenosine usage in 69.5% of stenosis.

The ongoing Functional Lesion Assessment of Intermediate Stenosis 
to Guide Revascularization (DEFINE-FLAIR, NCT02053038) 
study is comparing FFR-guided versus iFR-guided PCI in 2500 
patients with intermediate coronary lesions and the primary 
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outcome is major adverse cardiac events (death, MI, unplanned 
revascularization). DEFINE-FLAIR has a noninferiority design. 
In the Evaluation of iFR versus FFR in Stable Angina or Acute 
Coronary Syndrome (iFR SWEDEHEART, NCT02166736) 
patients with either stable angina or NSTE-ACS and who have 
an indication for a functional coronary lesion assessment at the 
time of invasive angiography are randomized to either iFRguided 
management or FFR-guided management. The primary outcome 
measure is death, nonfatal MI and unplanned revascularization at 
12 months, and this study has a superiority design.

Invasive assessments of microvascular function in patients with 
angina
Coronary microvascular dysfunction may provoke typical 
symptoms of angina and has evidence of inducible myocardial 
ischemia, without obstructive epicardial CAD. It is proposed that 
in microvascular angina, the coronary microvasculature is unable 
to increase coronary blood flow at times of increased myocardial 
demand. Chest pain occurring in the context of nonobstructive 
CAD may be designated as ‘Syndrome X’ or potentially 
misdiagnosed as noncardiac chest pain (Table 1) [40,41].

Coronary microvascular disease

Type 1 Primary, no myocardial or obstructive coronary artery 
disease

Type 2 In the presence of cardiomyopathy (LVH, HCM, 
DCM, amyloidosis)

Type 3 In the presence of obstructive CAD
Type 4 Postcoronary intervention
Type 5 Postcardiac transplantation
DCM: Dilated cardiomyopathy; HCM: Hypertrophic 
cardiomyopathy; LVH: Left ventricular hypertrophy.

Table 1. Clinical classification of coronary microvascular 
dysfunction.

Angina may occur even in patients with nonobstructive CAD. For 
example, in the FAME-2 trial, 13.6% of symptomatic patients 
initially enrolled had an FFR greater than 0.8. These patients may 
have been misdiagnosed with angina, but in those patients with 
objective evidence of ischemia, microvascular dysfunction is a 
possible explanation. Microvascular disease is more common in 
women, and is associated with an adverse prognosis [42,43].

Coronary blood flow and myocardial perfusion are regulated by 
arterioles (<200 μm) within the myocardium and prearterioles 
(<500 μm) within the epicardium, with these vessels contributing 
50 and 25% respectively to total coronary vascular resistance. In 
the absence of significant stenosis, the epicardial arteries act as 
conductance vessels and offer little resistance to flow. Arterioles and 
precapillaries have vascular smooth muscle cells within their walls, 
which can influence vascular tone, and this can be affected by flow-
related vasoreactivity, intraluminal pressure changes and metabolic 

activity. The pathophysiology of coronary microvascular disease 
involves a reduction in the number of microvascular arterioles, 
and potentially microvascular hypertrophy which may reduce the 
radius and lumen area of these blood vessels [44–46]. Accordingly, 
microvascular resistance increases according to Poiseuille’s Law. 
The coronary microvasculature may be assessed by invasive and 
noninvasive methods.

Coronary flow reserve
Traditionally, microvascular disease has been difficult to diagnose 
as diagnostic tests have been limited. Microvascular capillary 
numbers correlate inversely with symptoms and vasodilator 
capacity as measured by stress testing or coronary flow reserve 
(CFR). CFR represents the vasodilator capacity of the coronary 
microcirculation. It can be measured by indicator thermodilution 
using the coronary pressure wire, where the pressure transducer is 
the distal thermistor and the pressure wire shaft is the proximal 
thermistor. CFR is then calculated as the ratio of resting (Trest) 
to hyperaemic (Thyp) transit time as with a 3 ml bolus of room 
temperature saline, where CFRthermo = T rest / Thyp. CFR 
values are normally above 4, with values less than 2 indicative of 
significant microvascular dysfunction in the absence of epicardial 
coronary stenosis. CFR is not measured in routine practice because 
of problems with reproducibility and uncertainties around its 
clinical and prognostic significance. Recently however, discordance 
between FFR and CFR measurements in those patients with 
an FFR greater than 0.8 but an abnormal CFR value, has been 
associated with microvascular disease and poor prognosis [47].

Pressure wire measurement of microvascular function
The pressure wire can also be used to measure indices of 
microvascular function, which unlike CFR is independent of 
coronary stenosis severity, and has acceptable reproducibility. 
The index of microvascular resistance (IMR) is a measurement of 
microcirculatory function. IMR is calculated from distal coronary 
pressure (Pd) multiplied by the mean transit time of a 3 ml bolus 
of room temperature saline during coronary hyperaemia (Thyp) 
induced by intravenous adenosine (IMR = Pd x Thyp), and as 
hyperemic transit time is inversely correlated with flow it provides 
a quantitative measure of coronary microvascular resistance 
[48]. An IMR less than 25 is normal, with values greater than 
this consistent with microvascular dysfunction [49]. IMR is not 
significantly affected by epicardial coronary artery stenosis and 
therefore allows for the specific measurement of microvascular 
resistance [50]. However, in a severe epicardial coronary artery 
stenosis, there may be an associated recruited collateral supply, 
and in this case the coronary wedge pressure and venous pressure 
must be accounted for (IMRcorr = PaHyp x TmnHyp x [(PdHyp 
– Pw) / (PaHyp – Pw)]) or resistance will be overestimated [51]. 
As IMR is measured at maximal hyperemia, it is independent of 
hemodynamic variations, and therefore has less variability and 
better repeatability than CFR (Figure 1) [52].
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Another novel parameter of microvascular function is the resistive 
reserve ratio (RRR). This is defined as the baseline microvascular 
resistance (Pd x Trest) indexed to microvascular resistance during 
hyperemia (IMR), with vasodilation resulting in a fall in resistance. 
This is a measure of the vasodilatory capacity of the coronary 
microcirculation in response to a pharmacological hyperemic 
stimulus, with an RRR greater than 1 being normal. The RRR 
has a negative correlation with troponin in patients presenting 
with STEMI, which may be explained by the severity of the 
microvascular dysfunction (Figure 2) [53].

It is not known whether therapeutic reduction of IMR or 
treatment decisions based on IMR or RRR may confer 
symptomatic or prognostic benefit. Therapeutic interventions to 
reduce microvascular injury at the time of myocardial intervention 
and PCI are being investigated, including vasodilatory therapy 
(calcium channel blockers, sodium nitroprusside and adenosine), 
antiplatelet agents (glycoprotein IIb/ IIIa) and mechanical agents 
(thrombectomy and distal embolic protection devices). The 
intracoronary abciximab and aspiration thrombectomy in patients 
with large anterior myocardial infarction (INFUSEAMI) trial 
showed a modest effect on infarct size when thrombectomy and 
intracoronary abciximab were used in combination, but not as 
monotherapies [54]. These results support the rationale for new 
approaches to identify patients with acute coronary microvascular 
injury, for example by IMR measurement, which might be 
reversible and amenable to treatment.

IMR can be measured in patients with chronic stable angina 
[55], and also in those with acute MI in which it adds prognostic 
significance [56]. Patients with microvascular obstruction post-
MI as measured on cardiac magnetic resonance have been shown 
to have higher IMR values after PCI than in those who did not 
have evidence of microvascular obstruction [57]. Microvascular 
resistance after primary PCI for STEMI is an independent 
predictor of myocardial salvage (Box 2) [58].

Other methods for assessing coronary microvascular function
The coronary Doppler guidewire is able to quantify coronary 
blood flow and thus derive CFR from the ratio of hyperemic and 
baseline average peak velocity. However, its use is limited by a high 
intrinsic variability and it is not readily available [59]. Noninvasive 
assessment imaging modalities have also been used to assess the 
coronary microvasculature.

Positron emission tomography (PET) perfusion imaging is the gold 
standard for noninvasive quantification of myocardial blood flow. 
PET uses the administration of radiolabeled tracers and dynamic 
measurement of tracer concentration in the myocardium at stress 
and rest allows for the quantification of CFR [60]. However, PET 
imaging is expensive and not widely available for clinical practice. 
Coronary vascular resistance (CVR) can be estimated by dividing 
arterial blood pressure by the PET-derived myocardial blood flow 
at hyperemia. However, in the presence of an epicardial coronary 
artery stenosis, CVR does not differentiate between increased 
CVR due to epicardial stenosis or microvascular disease [61].

Contrast-enhanced cardiac magnetic resonance (CMR) can 
accurately demonstrate infarct size with late gadolinium 
enhancement imaging. If present, a hypoenhanced core represents 
microvascular obstruction which can then be quantified. 
Oxygenationsensitive CMR is an experimental technique to assess 
myocardial blood flow, which exploits the intrinsic contrast of 
deoxygenated hemoglobin in blood which can be used to quantify 
myocardial blood flow [62]. The technique has been validated 
against FFR in patients with CAD [63].

Additionally, acetylcholine provocation testing has been used 
to assess the coronary microvasculature and can demonstrate 
vasomotor abnormalities in conditions such as Prinzmetal’s variant 
angina, but is not easily available in clinical practice (Figure 3) 
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[64].

Conclusion/Future perspective
The use of FFR in daily clinical practice is increasing and functional 
rather than anatomical revascularization is associated with 
improved clinical outcomes for patients in landmark trials such 
as DEFER, FAME and FAME-2. In the future, the ISCHEMIA 
and FAME 3 trials will further define its use in the management of 
CAD. The diagnosis and management of patients with angina who 
have no obstructive CAD at angiography remains a challenge. IMR 
and RRR may allow differentiation of patients with microvascular 
dysfunction from noncardiac chest pain. In the future, this may 
allow the targeting of potential therapeutic interventions such as 
vasodilator therapy and also be used to assess response to therapy.
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Executive summary
• Theoretical basis of coronary physiology.

• Fractional flow reserve (FFR).

• Hyperemia.

• Adenosine-free coronary artery lesion assessment: resting Pd/Pa 
and iFR.

• FFR in stable coronary artery disease.

• FFR in non ST-elevation acute coronary syndrome.

• FFR in STEMI.

• FFR in comparison to resting pressure indices.

• Invasive assessments of microvascular function in patients with 
angina.

• Coronary flow reserve.

• Pressure wire measurement of microvascular function.

• Other methods for assessing coronary microvascular function.

• Future perspective.
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