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Myocardial ischemia occurs when myocardial oxygen de-
mand exceeds the coronary blood supply. "e etiology is
usually atherosclerotic obstructive epicardial coronary artery
disease (CAD) presenting with the features of chronic
coronary syndrome (CCS). Fractional flow reserve (FFR) has
become the gold standard for assessing myocardial ischemia
due to coronary artery stenosis. As demonstrated in the
DEFER study, long-term prognosis after deferral of PCI of
an intermediate coronary stenosis based on FFR >/� 0.75 is
excellent. "e risk of cardiac death or myocardial infarction
related to this stenosis is <1% per year and not decreased by
stenting [1]. In the FAME study, it was shown that routine
guidance of revascularization with measurement of FFR in
patients with multivessel coronary artery disease, who are
undergoing PCI with drug-eluting stents, significantly re-
duced the rate of the composite endpoint of death, nonfatal
myocardial infarction, and repeat revascularization at 1 year
[2]. In the FAME 2 trial, the investigators extended their
findings by showing that in patients with stable coronary
artery disease, FFR-guided PCI, as compared with medical
therapy alone, improved the outcome. Furthermore, patients
without ischemia had a favorable outcome with medical
therapy alone [3].

"ese studies are dependent on the use of full hyperemia
using vasodilating agents like adenosine. As a non-hyper-
emic surrogate to FFR, the so-called instantaneous wave-free
ratio (iFR) and a number of comparable non-hyperemic
pressure indices have been proposed [4]. Although these
indices have been demonstrated to be noninferior to FFR in

studies in relatively low-risk patients (Define Flair [5] and
Swede Heart [6]), these are not as well validated and lack the
clinical outcome data existing for FFR [7]. In the current
issue of the journal, Ebihara et al. explored the effect of rate
pressure product (RPP) on instantaneous wave-free ratio
(iFR) [8]. By adding these extra parameters, the values might
be more accurate and reproducible. "ey found that the best
cutoff value of the iFR for predicting an FFR of 0.8 was 0.90
for all lesions. However, when the study population was
divided into the low-RPP and high-RPP groups according to
the median RPP, they found different iFR values predicting
an FFR of 0.8, 0.93 for the low-RPP group and 0.82 for the
high-RPP group. Consequently, the RPP has been demon-
strated to affect the relationship between the FFR and iFR.
With FFR as the gold standard, the iFR may underestimate
and overestimate the functionality of ischemia in the low-
and high-RPP groups, respectively.

However, with this being said, the angiographic evidence
of “normal” or mildly diseased epicardial coronary arteries,
usually defined as the absence of a luminal diameter re-
duction of <50% (or <70% of the luminal area reduction), is
a common finding. "is condition is usually defined as is-
chemia with no obstructive coronary artery (INOCA) dis-
ease and is likely related to the so-called coronary
microcirculatory or microvascular dysfunction (CMD).
Angina with no obstructive coronary arteries (ANOCAs) is
the clinical term when a clinical diagnosis of ischemia is
made in a patient without significant obstructive coronary
artery disease, without the necessity of having demonstrated
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inducible ischemia. In reported studies on ANOCA, is-
chemia has been demonstrated in approximately 50% of the
patients. Nevertheless, the two terms INOCA and ANOCA
are often interchangeably used.

1. Epidemiology

Up to 40% of patients undergoing coronary angiography
with signs and symptoms of angina pectoris are charac-
terized with INOCA [9]. In the American College of Car-
diology National Cardiovascular Data Registry from January
2004 through April 2008, at 663 hospitals, slightly more than
one-third of patients without known disease who underwent
elective cardiac catheterization had obstructive coronary
artery disease. "e authors of this report suggested better
strategies for risk stratification to inform decisions and to
increase the diagnostic yield of cardiac catheterization in
routine clinical practice [7]. Moreover, estimates from the
WISE database indicate that there are at least 3-4 million
patients in the USA with signs and symptoms of ischemia
despite no evidence of obstructive CAD [10]. However, this
might be an old fashion approach to the problem of re-
current angina. In patients with residual angina or recur-
rence of angina after percutaneous coronary intervention
(PCI), functional mechanisms are responsible for the vast
majority of cases [11]. "e large proportion of patients with
angina and near-normal or normal coronary angiogram is
thus a large challenge for the cardiology society because a
vast number of patients are not appropriately diagnosed.
Recently, a large study using intracoronary flow wires in 151
patients with INOCA demonstrated microvascular dys-
function in approximately 75% of the patients [12].

2. Definition

In 1988, Cannon and Epstein proposed that dysfunction of
small intramural prearteriolar coronary arteries might be the
pathogenic cause of a syndrome introduced as “microvas-
cular angina” (MVA) in this patient population. "is con-
dition was characterized by heightened sensitivity of the
coronary microcirculation to vasoconstrictor stimuli and a
limited microvascular vasodilator capacity [13], mainly
caused by dysfunction of small intramural prearteriolar
coronary arteries [14]. Tests to identify this syndrome are
typically performed using mediators of full hyper-
emia—adenosine or dipyridamole. However, functional
etiology for angina also comprises endothelial dysfunction-
associated vasospasm of large epicardial arteries. In 1959,
Prinzmetal and his colleagues described a syndrome char-
acterized by angina at rest, with transient ST-segment ele-
vation, in patients with diseased coronary arteries [15].

"is might be diagnosed during provocation tests with
acetylcholine during coronary angiography. Acetylcholine
binds vascular muscarinic acetylcholine receptors inducing
endothelial NO release with subsequent arterial dilatation
when endothelial function is intact. However, in the pres-
ence of endothelial dysfunction, acetylcholine induces
conduit vessel arterial constriction due to direct smooth
muscle cell constriction.

Reproduction of typical symptoms, ECG changes, and
angiographically verified vasospasm is diagnostic [16].
Unlike the focal spasm and ST elevation seen with classic
Prinzmetal’s angina, diffuse vasospasm is the usual pattern
with endothelial dysfunction detected with acetylcholine. In
the CorMica study, a vasospastic pattern was seen in about ¼
of the INOCA cohort [17]. Many subjects will have both
microvascular and conduit vessel abnormalities. Finally,
typical symptoms and ECG alterations might also occur
without obvious changes of the coronary angiogram in
response to acetylcholine indicating small-vessel vasospasm.
All of these conditions are more or less associated with the
progressive process of coronary atherosclerosis initiated by
endothelial dysfunction. It is also important for clinicians to
be aware that the vast majority of patients presenting with
chest pain and minimal CAD do have an underlying ab-
normality of coronary vasomotion even if they do not have
manifest ischemia on noninvasive testing. "is is still not
widely recognized amongst the cardiology community.
Interventional cardiologists doing diagnostic procedures are
critical in conveying this message to patients and referring
physicians.

In addition, in a substantial proportion of patients with
acute coronary syndromes, normal or near-normal coronary
angiograms are found [18]. "is condition is known as
myocardial infarction with no obstructive coronary arteries
(MINOCAs). Moreover, microvascular dysfunction is a
major player in the no-reflow phenomenon in primary
percutaneous coronary intervention (PCI) for STEMI [19].
However, in this issue, we focus on the microvascular
dysfunction described above.

3. Etiology

Risk factors for MVD are the same as for CCS. Endothelial
dysfunction is the first step in this process, and inflammation
is central in the progression of the disease. Patients with
coronary endothelial dysfunction are recognized to have
significant health service use and morbidity as well as an
increased risk of developing flow-limiting coronary artery
disease and myocardial events, including death [20].

Additionally, recent studies have shown that especially
vasospastic angina is associated with an early inflammatory
coronary artery condition documented with the presence of
low-grade inflammation-related endothelial dysfunction
with resulting diffuse intimal thickening and impaired nitric
oxide production [21]. Endothelial dysfunction, the pre-
cursor for CAD, is associated with MVD [22]. However, also
nonendothelial-dependent vascular dysfunction is associ-
ated with the typical risk factors for atherosclerosis like aging
[23], hypertension [24], diabetes [25], dyslipidemia, and
insulin resistance [26]. "e mechanisms underlying the
development of MVD are thus multifactorial and only partly
explained by current research.

In a small mechanistic study following PCI, both large-
and small-vessel vasoconstriction were seen as manifested by
a reduction in coronary conduit vessel diameter and in CBF.
"ese effects were reversed by NTG. Serum levels of LDL
were modestly related to the reduction of CBF and to the
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degree of NTG-induced vasodilatation of the coronary
microvasculature [27].

4. Classification

In 2007, Camici and Crea presented a clinical classification
with 4 subtypes of coronary microvascular dysfunction on
the basis of the clinical settings in which it occurs: dys-
function occurring in the absence of CAD and myocardial
diseases, dysfunction in the presence of myocardial diseases,
dysfunction in the presence of obstructive epicardial CAD,
and iatrogenic dysfunction [28].

"e paper by Zelis et al. in the current issue sheds light
on the coronary microvascular dysfunction in the presence
of myocardial disease, i.e., aortic stenosis (AS) [29]. "ey
describe the disadvantages of secondary cardiomyopathy in
AS: diastolic dysfunction, insufficient capillary density, and
diffuse fibrosis.

"ey refer to the area under the aortic (or, in situations of
aortic stenosis, LV) curve during systole (systolic pressure
time integral (SPTI)), which has been shown in animal
models to have a very high and direct correlation with
myocardial oxygen demand, even superior to the rate
pressure product [30]. Furthermore, they refer to the dia-
stolic pressure time integral (DPTI) which is an analog for
“coronary perfusion pressure.”"e ratio of these DPTI/SPTI
balances supply and demand into a single unitless ratio,
although this formulation ignores other factors such as
arterial oxygen content and relative LV mass and wall
tension [31].

After reviewing the available literature, they found that
existing data support an increase in hyperemic flow after
TAVI due to a change in the myocardial load line. "is
change is due to a reduction in wedge pressure, largely
“reflecting” LV filling pressures that fall after AS has been
treated.

5. Diagnosis and Methods

Established diagnostic tools for assessing microvascular
disease are not readily available in most cath. labs, leaving
many patients with no or a wrong diagnosis. "erefore, a
growing part of the interventional cardiology community is
looking for an available means to diagnose and quantify
microvascular dysfunction to find the appropriate and ac-
curate diagnosis for the individual patient.

For the last 2 decades, studies employing positron
emission tomography (PET) have been used to describe the
normal range of absolute myocardial blood flow (MBF, mL/
min/g) and of coronary flow reserve (CFR)."is is a measure
of coronary circulatory capacity defined as the ratio of MBF
during maximal coronary vasodilatation to baseline MBF
[32].

"e invasive methods presently used to assess micro-
vascular function, CFR and Index of Microvascular Resis-
tance (IMR), are operator dependent and are based on
adenosine to induce hyperemia. In the current issue,
Keullards et al. reviewed the new thermodilution-based
method for the measurement of absolute coronary blood

flow and microvascular resistance [33]. "e measurements
are easy to perform using the Rayflow® infusion catheter andCoroventis® software."emethod is accurate, reproducible,
and completely operator independent and has been vali-
dated noninvasively against the current golden standard for
flow assessment: PET-CT [34].

It has recently been shown that a comprehensive invasive
assessment of these patients at the time of coronary angi-
ography can be performed safely and provides important
diagnostic information that may affect treatment and out-
comes [35]. "is should be integrated in modern invasive
diagnostics in that conventional stress testing is insufficient
for identifying occult coronary abnormalities that are fre-
quently present in patients with angina in the absence of
obstructive CAD. A normal noninvasive test for ischemia
does not rule out a nonobstructive coronary etiology of
angina, nor does it negate the need for comprehensive in-
vasive testing [36].

In addition to PET, intracoronary Doppler mea-
surements are considered close to the gold standard for
determining CFR. However, both types of examinations
are associated with a certain load of ionizing radiation in
addition to the obvious invasive nature of intracoronary
Doppler measurements. In the search for less-invasive
methods, transthoracic Doppler echocardiography
(TTDE) has emerged as a robust method to assess CRF
[37].

In the current issue of the journal, Bechsgaard and
Prescott described the method of TTDE for assessing
coronary flow velocity reserve [38] as an established
method of assessment of coronary microvascular function
with a well-documented prognostic significance [39]. "ey
review the use of adenosine infusion as a microvascular
dilatator by activation of A2A receptors yielding a 3- to 4-
fold increase in coronary blood flow in a normal epicardial
vessel [40]. Furthermore, they describe the ratio of hy-
peremic to resting coronary flow velocity, coronary flow
velocity reserve (CFVR), as an established physiological
estimate of coronary microvascular function, which is
closely correlated with CFVR measured using an intra-
coronary Doppler guidewire in patients undergoing an-
giography for suspected obstructive CAD [41].
Dobutamine cMRI stress can yield useful information
about wall motion abnormalities, and ischemia can be
assessed using adenosine in INOCA subjects [42]. Due to
the lack of radiation of both TTDE and cMRI, these
methods might be particularly advantageous for young
women with chest pain syndrome requiring diagnostic
work-up.

6. Prognosis

Patients with MVD show persistence and even worsening of
symptoms over time [43], and they constitute a therapeutic
problem with considerable residual morbidity associated
with functional limitations and reduced quality of life in
addition to the increasing economic burden of the health
authority system [44]. Impaired CFR is associated with
increased mortality in patients with INOCA [45, 46].
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Furthermore, impaired CFR without any concomitant im-
pairment of regional or global left ventricular function has
additional prognostic significance [47]. In a large study
evaluating the prognostic significance of both stress myo-
cardial blood flow (MBF) and myocardial flow reserve
(MFR) and the ratio of stress to rest MBF [48], the re-
searchers found MFR to be substantially more consistent,
regardless of the choice of input function derivation method
and the extraction model used [49].

"e link between MVD and flow-mediated vasodilation
is further underlined in regard to prognosis in a study
evaluating hyperemic velocity, the stimulus for flow-medi-
ated dilation. Hyperemic velocity was a significant risk
marker for adverse cardiovascular outcomes."e prognostic
value is additive to traditional risk factors and carotid in-
tima-media thickness [50]. "is suggests that microvascular
dysfunction may be systemic, and that peripheral testing
may be useful in diagnosis and prognosis.

"e size of the problem and the lack of therapeutic
intervention justify the increasing efforts to develop diag-
nostic tools and to identify new treatment strategies when
assessing patients with INOCA.

7. Treatment

Reduced physical activity is one of the major avoidance
behaviours in patients with coronary heart disease [51]. On
the other hand, several studies have documented the positive
effect of exercise training (ET) in this population [52].
Psychological morbidity with great impact on daily living is
well known in both patients with cardiovascular disease and
in patients with chest pain with no obvious physical disease.
"is includes patients with INOCA. "ese patients consti-
tute a relatively large proportion of patients taken care of by
the health authority system, indicating that this issue has
economic consequences for the society that is not neglect-
able [2].

"erefore, a major end point in the treatment of these
patients is symptom control [53].

In patients with MVA, lifestyle modifications such as
smoking cessation and weight loss, which are known to
improve endothelial dysfunction, are as essential as in the
prevention and treatment of CAD [54]. Notably, exercise
training has been shown to improve symptoms in this
population [55]. A small observational study also indicates
that an improvement in VO2 peak is associated with increased
CFR and improved endothelial function. Importantly [56],
these effects were followed by an improvement in quality of
life [57].

Long-term treatment with carvedilol can significantly
increase coronary flow reserve and reduce the occurrence of
stress-induced perfusion defects, suggesting a favorable ef-
fect of the drug on coronary microvascular function in
patients with IDC [58]. Additionally, Neglia and coworkers
showed a beneficial effect of perindopril on coronary blood
flow after 6 months of perindopril treatment. "is treatment
has also been shown to improve myocardial blood flow and
reverse remodeling in myocardial arterioles in spontaneous
hypertensive rats [59]. A large randomized multicentre,

prospective, randomized, blinded outcome study evaluating
intensive medical therapy including high-intensity statins,
ACE-Is or ARBs, and aspirin, vs. usual care in 4422
symptomatic women with INOCA will probably give the
answer if patients with MVD should be treated as patients
with CAD. A large randomized multicentre, prospective,
randomized, blinded outcome study evaluating intensive
medical therapy including high-intensity statins, ACE-Is or
ARBs, and aspirin, vs. usual care in 4422 symptomatic
women with INOCA, (Women's IschemiA TRial to Reduce
Events In Non-ObstRuctive CAD, (WARRIOR)), will
probably give the answer if patients with MVD should be
treated as patients with CAD [60].

"e purpose of the CorMica trial was to evaluate
whether an interventional diagnostic procedure (IDP)
linked to stratified medicine improves health status in
patients with INOCA. Patients without angiographical
obstructive CAD (n � 151–39%) were immediately ran-
domized 1 : 1 to the intervention group (stratified
medical therapy) or the control group (standard care,
IDP sham procedure). "e IDP consisted of guidewire-
based assessment of coronary flow reserve, index of
microcirculatory resistance, and fractional flow reserve,
followed by vasoreactivity testing with acetylcholine. "e
primary endpoint was the mean difference in angina
severity at 6 months. "e authors concluded that strat-
ified medical therapy, including an IDP with linked
medical therapy, was routinely feasible and improved
angina in patients with no obstructive CAD [17]. "is
strategy leads to marked and sustained angina im-
provement and better quality of life at 1 year following
invasive coronary angiography [61]. "e findings from
this trial underline the need for an extended diagnostic
framework when evaluating patients with INOCA. "e
correct diagnosis is a prerequisite for proper medical
therapy and lifestyle intervention to increase quality of
life in this population.

8. Conclusions

Microvascular dysfunction is responsible for angina in a
substantial number of patients admitted for coronary
angiogram. Diagnostic options are very limited in most
centers, although these patients may have significant effects
from cardiovascular risk reduction programs and tailored
medical treatment, both in terms of symptoms and
prognosis. Interventional cardiologists must lead the ex-
pansion of testing for microvascular angina so that the
patients and the referring clinician have the correct di-
agnosis, which will aid in improved quality of life in these
subjects.
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More than half of the patients with symptoms suggestive of myocardial ischemia presenting at invasive angiography have no
obstructive coronary artery disease (CAD). A large proportion of these patients have ischemia caused by coronary microvascular
dysfunction, a condition associated with adverse cardiovascular prognosis. Measurement of coronary flow velocity reserve by
transthoracic Doppler echocardiography is a feasible and reproducible method for the evaluation of coronary microvascular
function.,is review provides a practical overview of the method in a clinical setting of angina and noobstructive CAD, including
technical details and prognostic significance.

1. Introduction

,e discrepancy between angina symptoms, positive stress
tests, and no evidence of flow-limiting stenosis on invasive
angiography is a common diagnostic challenge, more
prevalent in women than in men [1–3]. No evidence of
obstructive coronary artery disease (CAD) often results in
no diagnosis and limited treatment options, yet follow-up
has revealed an increased risk of cardiovascular events in
these patients compared with an age- and sex-matched
reference population [2, 4]. Over the last two decades, ab-
normalities of cardiac microvascular function have received
increased attention, including coronary microvascular
dysfunction (CMD), as the possible explanation for the
continued symptoms and adverse cardiovascular prognosis
in these patients [5, 6]. CMD is a dysfunction of the coronary
resistance vessels, causing a mismatch between coronary
blood supply andmyocardial oxygen demand. Transthoracic
Doppler echocardiography (TTDE) is an establishedmethod
of assessment of coronary microvascular function with a

well-documented prognostic significance [7]. ,e main
focus of this review is to provide a practical overview of the
TTDE-guided evaluation of coronary microvascular func-
tion, including technical details and common pitfalls.

2. The Concept of Coronary Flow
Velocity Reserve

,e coronary arterial system comprises a network of vessels
with distinct functional properties. Epicardial arteries are
conductance vessels with capacitance function offering little
resistance to coronary blood flow. Prearterioles and arte-
rioles are resistance vessels sensitive to changes in shear
stress and perfusion pressure, responsible for the regulation
and distribution of coronary blood flow.,eirmain function
is to prevent myocardial ischemia by matching the oxygen
supply with the dynamics of myocardial oxygen demand.
,e energy production in the normal heart primarily de-
pends on oxidative phosphorylation; thus, an increase in
cardiac activity demands for an adequate increase in oxygen
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supply. Because the myocardium already extracts more than
70% of the oxygen delivered, this can only be met by an
increase in coronary blood flow. Under physiological con-
ditions, the mechanism of autoregulation allows for up to a
5-fold increase in coronary blood flow to meet the oxygen
demand with increased cardiac activity [8].

Coronary microvascular vessels are beyond the resolu-
tion of the current angiographic systems; however, their
function can be assessed indirectly, e.g., through measure-
ments of steady-state coronary blood flow velocities during
rest and pharmacologically induced hyperemia using TTDE.
In the absence of significant obstructive CAD, the ratio of
hyperemic to resting coronary flow velocities (m/s), coro-
nary flow velocity reserve (CFVR), is an established phys-
iological estimate of coronary microvascular function
(Figure 1) [9]. ,e measured increase in coronary flow
velocity equals the increase in total myocardial flow if
epicardial vessel diameter is constant. TTDE CFVR is
measured on a continuous scale, and cutoffs of 2 or 2.5 have
been used and are associated with adverse cardiovascular
outcomes in angina patients with no obstructive CAD [10].

3. Technical Considerations

TTDE assessment of coronary microvascular function is
summarized in Table 1. Coronary flow velocities can be
measured in all three major coronary arteries, and the choice
of the vessel is often determined by feasibility. ,ere are no
large-scale studies comparing CFVR in all three vessels in
unselected patient cohorts; however, the existing literature
suggests the highest CFVR feasibility rates (up to 100%) in
the left anterior descending artery (LAD), followed by the
right and circumflex coronary arteries [11, 12].,e following
review is, therefore, focused on the LAD-CFVR evaluation.

Proximal to distal segments of LAD can be visualized by
a 2D color Doppler in a modified parasternal short-axis
view, parasternal long-axis view, and foreshortened apical
four- or two-chamber views, using a 2.7–8MHz transducer,
with the patient laid in a stable left lateral decubitus position
[13]. ,e color Doppler velocity range is set between 10 and
25 cm/s, and the baseline color scale is set between 1.00 and
2.50 kHz, depending on low or high flow velocities, re-
spectively [11, 14, 15].

Several factors may affect the quality and validity of a
CFVR assessment. Use of adenosine, dipyridamole, or
regadenoson as a stressor requires 24-hour abstinence from
drinks and food containing significant amount of methyl-
xanthines (e.g., coffee, tea, soda, energy drinks, chocolate,
and banana) which block adenosine receptors. [16] Medi-
cations containing dipyridamole should be paused for at
least 48 hours, and medications affecting myocardial per-
fusion or myocardial metabolic activity (e.g., nitrates,
β-blockers, and antihypertensives) should be paused for at
least 24 hours. ,orough patient preparations, including
breathing exercises and comfortable positioning, are of
essence to prevent probe displacement due to body move-
ments or increased breathing activity during hyperemia.

Identification, alignment, and fixation of the vessel are
the most important and time-consuming steps in the process

(Figure 2). ,e artery is identified using Doppler flow
mapping. Color gain can be adjusted to obtain the optimal
image quality. Moreover, if visualization is challenging,
intravenous contrast enhancement in refracted doses can be
used. Coronary flow velocity is measured by using a pulsed-
wave Doppler as a laminar flow signal directed toward the
transducer. ,e ultrasound beam should be aligned as
parallel to the coronary flow as technically possible. Angle
correction for coronary flow velocity measurements is not
routinely applied due to CFVR being a ratio; however, it is
essential that the ultrasound beam is kept under the same
angle during both rest and hyperemia to avoid measurement
errors. ,e pattern of coronary flow is biphasic with the
highest flow during diastole. Both 2D color Doppler and
pulsed-wave Doppler images should be stored frequently
throughout the examination to document probe positioning
and sampling angle and to capture the peak flow velocities
during rest and hyperemia. In addition, heart rate and blood
pressure should be documented frequently during rest,
hyperemia, and once after discontinuation of the
vasodilator.

3.1. Vasodilators. ,e most common vasodilators used for
TTDE CFVR evaluation are adenosine, dipyridamole, and
regadenoson. Adenosine (0.14mg/kg/minute; infusion)
induces microvascular dilatation through activation of
A2A receptors [17]. ,is results in a 3- to 4-fold increase
in coronary blood flow in a normal epicardial vessel. Due
to the short half-life of adenosine (<10 seconds), there is
no need for an antidote and most side effects resolve in a
few seconds after discontinuation of the adenosine in-
fusion. ,e most common side effects are flushing, chest
tightness, and shortness of breath. Less common but more
serious side effects are AV block and bronchospasm [18].
In some patients, shortness of breath during adenosine
infusion can be dominating, leading to an increased chest
movement and higher risk of probe dispositioning and
measure error. Dipyridamole (0.84mg/kg; infusion) in-
hibits reuptake of endogenic adenosine and has a similar
effect on coronary microcirculation. ,e side effect profile
is, however, slightly different. ,e most common side
effects are dizziness, chest and abdominal discomfort, and
headache [19]. Dipyridamole has a significantly longer
half-life, and administration of an antidote (aminophyl-
line; 50–250mg) is often necessary. Like adenosine, the
selective A2A receptor agonist regadenoson (0.4 mg; rapid
injection) dilates the coronary microvasculature by acting
on the smooth muscle cells. ,e most common side effects
are shortness of breath, headache, and flushing, which
resolve within 15 minutes of administration. Persisting
adverse reactions can be attenuated using aminophylline.
,ese three vasodilators assess the nonendothelial de-
pendent pathway of coronary microvascular function in
the absence of epicardial coronary stenosis, although the
effect is also to some part mediated by endothelial release
of nitric oxide [20]. Furthermore, adenosine and dipyr-
idamole have previously been considered equal to achieve
hyperemia and are used interchangeably in TTDE [21].
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Simultaneous assessment of left ventricular regional wall
motion can be performed during dipyridamole and
adenosine infusions [22].

3.2. Feasibility and Variability. Published reports show that
TTDE CFVR in the LAD is highly reproducible in experi-
enced hands. In a large study of angina patients with no
obstructive CAD (n� 947), CFVR of the LAD was feasible in
97% of patients, with only 6% of all examinations performed

using an intravenous contrast agent [11]. Smaller studies
have reported feasibility rates between 66% and 100%
[23–27]. ,e feasibility is lower in the circumflex and right
coronary arteries. Common factors affecting feasibility are
operator experience and patient-related factors (high BMI,
diabetes, and presence of nonobstructive atherosclerosis)
[11]. Good repeatability (repeated examinations) of CFVR in
the LAD has previously been reported for both healthy
volunteers and various patient populations [6, 23, 28–31].
Low intra- and interreader variations have been reported by

CFVR = 

Rest HyperemiaLAD

Peak diastolic CFV hyperemia
Peak diastolic CFV rest

Figure 1: Coronary flow velocity reserve (CFVR) measured in the left anterior descending artery (LAD).

Table 1: Noninvasive assessment of coronary microvascular function by transthoracic Doppler echocardiography.
Summary of noninvasive assessment of coronary microvascular function by transthoracic Doppler echocardiography
Physiological pathway: nonendothelial dependent
Preferred coronary artery: left anterior descending artery
Measurement: coronary flow velocity reserve (CFVR) ratio of hyperemic to resting coronary flow velocities (m/s); continuous scale
Cutoff for coronary microvascular dysfunction: CFR <2.0
Common vasodilators: adenosine (0.14mg/kg/minute; intravenous infusion); dipyridamole (0.84mg/kg; intravenous infusion); and
regadenoson (0.4mg; intravenous injection)
Patient preparation: absence from methylxanthines and medications affecting myocardial perfusion or myocardial metabolic activity;
breathing exercises
Examination steps:
(i) Identification of the coronary flow signal using a 2D color Doppler or intravenous contrast enhancement in case of poor visualization
(ii) Alignment of the coronary flow signal of the ultrasound beam as parallel to the coronary flow as possible
(iii) Maintenance of probe position and measuring angle throughout the examination
(iv) Documentation of characteristic flow curves during rest and hyperemia
(v) CFVR quality considerations [11]
Common pitfalls:
(i) Loss of coronary flow signal/change in measuring angle due to patient/probe displacement
(ii) Alternating peak flow velocities due to coronary tortuosity/multiple vessels
(iii) Noise artefacts mimicking/blurring coronary flow signal

(a) (b) (c) (d)

Figure 2: 2D color Doppler view of the left anterior descending artery (LAD) demonstrating the importance of artery identification and
alignment for accurate CFVR estimation. (a) Optimal visualization of the LAD segment in a foreshortened two-chamber view. Suboptimal
artery identification compromising quality of CFVR evaluation: (b) only a short segment of the artery visible; (c) tortuous artery; and
(d) multiple vessels in the same frame.
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several research groups, suggesting good reproducibility
(repeated readings) of CFVR [6, 28, 32]. ,e good repeat-
ability and reproducibility of TTDE CFVR supports the use
of CFVR in serial evaluations in both clinical and research
settings, as well as an outcome measure.

TTDE CFVR in the LAD is closely correlated with CFVR
measured using an intracoronary Doppler guidewire in
patients undergoing angiography for suspected obstructive
CAD [23, 25–27]. A few studies have explored the agreement
between TTDE CFVR and the current noninvasive gold
standard for the evaluation of coronary microvascular
function, positron emission tomography, in various patient
populations, reporting a wide range of correlation coeffi-
cients (ranging between 0.27 and 0.91), and there is no clear
agreement between the methods [28, 30, 31]. However, also
test-retest properties of positron emission tomography are
suboptimal with a CoV of approximately 20% in healthy
individuals [33]. Other noninvasive methods include cardiac
magnetic resonance imaging and CT-perfusion. ,ese have,
however, not yet been standardized or validated for use in
diagnosing coronary microvascular function. Small studies
have found nonsignificant correlations between coronary
microvascular function assessed using TTDE and cardiac
magnetic resonance perfusion imaging, suggesting perhaps
that techniques measuring coronary flow and myocardial
perfusion are not interchangeable in the evaluation of
coronary microvascular function [34, 35].

3.3. Factors Affecting the Quality of Coronary Flow Velocity
Measurement. Several patient- and non-patient-related
factors may influence the quality and validity of CFVR
measurements (Figures 2–4). To date, there is no consensus
on the quality score for TTDE CFVR. ,e iPOWER (Im-
prove Diagnosis and Treatment of Women with Angina
Pectoris and Microvessel Disease) research group has sug-
gested a semiquantitative quality score, based on a large,
unselected sample of women (n� 947) with angina and no
obstructive disease [11]. ,e score (0 [nonfeasible], 1 [low
quality], 2 [medium quality], and 3 [high quality]) was based
on 4 main criteria, including (1) vessel identification, (2)
maintenance of probe position throughout the examination,
(3) visibility and configuration of coronary flow in the 2D
color Doppler mode, and (4) characteristics of flow curves in
the pulsed-wave mode [11]. Identification of a single vessel
without confounding side branches, good visibility and
parallel alignment of beam direction to the vessel flow,
consistent probe positioning throughout the entire exami-
nation, and characteristic biphasic flow curves gradually
increasing during hyperemia with well-defined peaks would
classify as a high-quality examination.

,emost common pitfall during CFVR assessment is the
loss of coronary flow signal or significant shift in mea-
surement angle due to patient or probe displacement (e.g.,
uncomfortable positioning) or increased chest movements
due to side effects of the stress agent, underscoring the
importance of proper patient preparation. Another pitfall is
alternating peak flow velocities due to arterial tortuosity or
multiple vessels measured by the pulsed wave (Figure 2).

Furthermore, noise from the pericardial space (fluid or fat)
can sometimes mimic coronary flow, producing unchar-
acteristic flow curves. ,ese errors lead to nonfeasible ex-
aminations and, if not recognized, to under- or
overestimation of CFVR.

3.4. Factors Associated with CFVR. According to the current
European guidelines, CFVR <2 indicates impaired coronary
microvascular function [36]. ,e current cutoff is based on
studies investigating a broad spectrum of patients with
various risk factor profiles and stages of CAD, ranging from
normal epicardial arteries to obstructive CAD [15]. CFVR
has previously been associated with several risk factors,
including age, hypertension, diabetes, smoking status,
resting heart rate, and dyslipidemia [37–43]. However, re-
cent studies investigating women with angina and no ob-
structive CAD have come to a conclusion that conventional
cardiovascular risk factors account for little of the variation
in CFVR in these patients [37, 39, 44]. A CFVR cutoff of 2
has also been associated with significant CAD and regional
myocardial ischemia [45–48]. A few studies have reported
the usefulness of TTDE CFVR to assess the functional
significance of intermediate coronary artery stenosis
[48, 49]. Currently, there is a knowledge gap on the asso-
ciation between CFVR and plaque burden in patients with
nonobstructive CAD.

4. Prognostic Value of CFVR

Increasing amount of literature suggests that CMD evaluated
by TTDE CFVR predicts adverse cardiovascular outcomes in
patients without obstructive CAD. In a meta-analysis per-
formed by our group, including 4 prognostic studies evaluating
patients with stable angina and no obstructive CAD (4.516
patients; 284 events), the pooled relative risk for cardiovascular
events (incident fatal and nonfatal coronary heart disease) was
4.57 (95% CI 3.43–6.08) [7, 50–53]. A similar prognostic value
of CFVR assessed by PET has been reported [7, 54].

5. Clinical Application of TTDE CFVR

Angina patients without obstructive CAD are often
underdiagnosed and undertreated and at higher risk of
hospital readmissions, repeated invasive diagnostic proce-
dures, depression and vital exhaustion, reduced quality of
life, and premature exit from the workforce [55–57].
Evaluation of coronary microvascular function using TTDE
CFVR in these patients is recommended by ESC guidelines
(Class IIb recommendation); however, despite TTDE being a
noninvasive, low-cost, and radiation-free method, it is not
routinely implemented in clinical practice due to its limited
availability [36]. TTDE is an operator-dependent imaging
modality; thus, the quality of CFVR largely depends on
operator skills and experience. TTDE CFVR performed by
an experienced operator is feasible, reproducible, and cor-
relates well with the invasive gold standard. Increasing
knowledge and awareness of the adverse prognosis associ-
ated with myocardial ischemia in the absence of flow-lim-
iting CAD warrants a wider use of noninvasive diagnostic
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techniques, including TTDE, in clinical evaluation of cor-
onary microvascular function.

Evaluation of coronary microvascular function can
benefit angina patients in terms of a diagnosis and symptom
management. Currently, there is no evidence-based treat-
ment of CMD; however, management of lifestyle factors and
risk factors may have a beneficial effect [55]. According to
the recent CorMica (Coronary Microvascular Angina) trial,
a patient-centered approach, including evaluation of coro-
nary microcirculation as an add-on procedure to diagnostic
invasive angiography, linked together with medical therapy
(antianginal and prevention therapies, including lifestyle
modification), is feasible and improves angina in patients
with no obstructive CAD [58]. Looking beyond angina
patients with nonobstructive CAD, CMD can be present in
other clinical settings, including myocardial diseases (e.g.,
hypertrophic or dilated cardiomyopathy and amyloidosis),
aortic stenosis, and obstructive CAD [59]. However,

evidence on the effect of therapy on CMD associated with
these conditions is largely lacking.

6. Conclusions

,e noninvasive assessment of coronary microvascular
function by TTDE CFVR in the LAD is an established
method with documented prognostic significance. Com-
pared with other noninvasive methods (e.g., cardiac mag-
netic resonance imaging or positron emission tomography),
TTDE CFVR is an inexpensive, readily available, non-
radiative procedure and can be performed simultaneously
with diagnostic transthoracic echocardiography as an add-
on examination. CFVR by TTDE is feasible and repro-
ducible; however, the method is technically challenging and
requires extensive operator experience.,ere is currently no
agreement upon the quality score for CFVR. Large, multi-
center trials are warranted to establish the value of TTDE
CFVR in cardiovascular risk stratification in patients with no
obstructive CAD. Furthermore, the role of TTDE CFVR in
guiding symptommanagement and evaluation of prevention
and potential treatment therapies is yet to be established.
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During the last two decades, there has been a sharp increase in both interest and knowledge about the coronary microcirculation.
Since these small vessels are not visible by the human eye, physiologic measurements should be used to characterize their function.
+e invasive methods presently used (coronary flow reserve (CFR) and index of microvascular resistance (IMR)) are operator-
dependent and mandate the use of adenosine to induce hyperemia. In recent years, a new thermodilution-based method for
measurement of absolute coronary blood flow and microvascular resistance has been proposed and initial procedural problems
have been overcome. Presently, the technique is easy to perform using the Rayflow infusion catheter and the Coroventis software.
+e method is accurate, reproducible, and completely operator-independent. +is method has been validated noninvasively
against the current golden standard for flow assessment: Positron Emission Tomography-Computed Tomography (PET-CT). In
addition, absolute flow and resistance measurements have proved to be safe, both periprocedurally and at long-term follow-up.
With an increasing number of studies being performed, this method has great potential for better understanding and quan-
tification of microvascular disease.

1. Invasive Diagnosis of Microvascular Disease:
Time for a Leap Forward?

In the last two decades, there has been a sharp increase in
publications about the coronary microcirculation with
more than 200 new articles per year. It reflects a new in-
terest for the microcirculation. It is fully accepted nowa-
days that epicardial coronary artery disease is not the only
pathologic entity in ischemic heart disease and that the
microcirculation has been underappreciated for years. It
has been recognized that 25–50% of patients with chest
pain visiting the catherization laboratory do not present
with significant epicardial stenosis: so-called Angina with
Nonobstructive Coronary Artery (ANOCA) disease or

Myocardial Infarction with Nonobstructive Coronary
Artery (MINOCA) disease [1]. Moreover, a considerable
number of patients continue to have chest complaints even
after successful percutaneous coronary intervention (PCI)
of epicardial lesions [2]. Due to this mismatch between
patients’ symptoms and epicardial angiography, assess-
ment of the coronary microcirculation or microvasculature
has gained interest [3].

Coronary microvascular disease (CMVD) can be divided
into roughly three categories: (1) CMVD in the absence of
obstructive coronary artery disease (primary CMVD), (2)
CMVD secondary to myocardial diseases, for example, left
ventricular hypertrophy and Takotsubo, and (3) CMVD in
the presence of obstructive coronary artery disease [4]. Most
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likely, primary microvascular dysfunction is caused by a
combination of factors being intimal thickening, smooth
muscle cell proliferation, and molecular mechanisms [4].
+e microcirculation is too small to be depicted by tradi-
tional invasive imaging methods. +erefore, only functional
methods can be used to evaluate the microcirculation in the
catheterization laboratory. +ere are several invasive and
noninvasive methods focusing on microcirculatory pressure
and flow.+is review discusses a new and promising invasive
method for easy and accurate assessment of absolute cor-
onary blood flow and microvascular resistance using ther-
modilution and low rate infusion of saline.

2. When to Assess Microvascular Function
and/or Coronary Vasospasm?

Due to the increased interest and recognition of micro-
vascular coronary artery disease and coronary vasospasm,
more of such patients present at the outpatient clinic or
emergency ward. +e question that remains is who should
undergo further invasive analysis and which investigational
methods can be used.

+e diagnosis ANOCA, as mentioned, is used to char-
acterize patients with chest pain but with normal/near-
normal coronary arteries. Many different pathologies can
cause ANOCA as previously mentioned. +e first suspicion
for the physician follows from the anamnesis and/or cardiac
enzymes or functional testing. It is important to realize that
patients presenting with “chest pain” are not always com-
parable and that patients with ANOCA often present with
slightly different symptoms, that is, chest tightness after
exercise or at rest, dyspnea, and so forth [5].

Some patients present with a myocardial infarction and
marked elevated cardiac enzymes without coronary ste-
nosis (MINOCA). Most of these patients with obvious
chest/dyspnea complaints undergo some sort of additional
noninvasive diagnostic test like bike-treadmill testing or
coronary CT-angiography. When no abnormalities are
found but clinical suspicion remains, an invasive coronary
angiogram can be planned. In the cath lab, the endothe-
lium-dependent and endothelium-independent causes of
ANOCA can be distinguished. +e current EAPCI con-
sensus document on INOCA states that vasospastic cor-
onary artery disease could, and sometimes should, be
assessed within the invasive angiography session (class IIa
recommendation) [5]. Coronary vasospasm is also called
endothelium-dependent microvascular disease and can be
assessed after the administration of increasing doses of
intracoronary acetylcholine (ACH). ACH normally binds
to the ACH-receptor and causes vasodilatation in the
endothelial cell. ACH always causes slight simultaneous
constriction of the vascular smooth muscle cell, but in
healthy endothelium the net product is vasodilatation [6].
In case of abnormal endothelial cells, ACH binds to the
ACH-receptor and does not cause vasodilatation and the
slight simultaneous constriction of the smooth muscle cells
leading to a net constriction. During ACH testing, a
standard approach involves sequential infusion of ACH at
concentrations approximating 10−6, 10−5, and 10−4mol/L.

Epicardial spasm can be diagnosed when the epicardial
coronary artery is narrowed >90% after administration of
the ACH, accompanied by recognizable complaints and
ECG changes corresponding to ischemia. +e full protocol
is also presented in the consensus document mentioned
above [5].

Existing high microvascular resistance is called endo-
thelium-independent microvascular disease. Maximal vas-
odilatory hyperemia is always caused by the intracoronary
(or intravenous) administration of endothelium-
independent vasodilators, that is, saline in the case of ab-
solute flow and resistance measurement using the dedicated
Rayflow catheter (but also adenosine/regadenoson when
measuring IMR/CFR). +e full description of the mea-
surement method is explained in the chapter below. IMR
and CFR measurement has already been explained exten-
sively previously [7] and goes beyond the scope of this
article. +e overall diagnostic path that can be followed for
ANOCA is displayed in Figure 1.

3. Measurement of Absolute Blood Flow
and Resistance

To apply this technique, cardiac catheterization and/or FFR
can be performed according to routine by either femoral or
radial access. Guiding catheters should be advanced as
usual and next a pressure/temperature wire (Pressure wire
X™ Abbott, Saint Paul, MN, USA) is introduced in the
ostium of the coronary artery. After intracoronary ad-
ministration of 200 micrograms of nitroglycerin and
proper equalization of pressures, the pressure wire can be
further advanced into the coronary artery in addition to, if
desired, assessment of epicardial abnormality using FFR or
nonhyperemic pressure ratios (NHPR). Fractional flow
reserve (FFR) is measured by intravenous administration of
adenosine; RFR (available using the Coroventis software)
does not require adenosine and is preferred in some
centers. Following epicardial assessment, a dedicated
monorail infusion catheter (Rayflow™, Hexacath, Paris) is
advanced over the pressure wire and positioned with its tip
in the proximal part of the coronary artery (Figure 2).

+is infusion catheter has an outer diameter of 0.84mm
(2.5 French) and it consists of a 25 cm long rapid exchange
inner monorail lumen for the 0.014″ pressure wire and an
infusion lumen along the complete length of the catheter.
+e catheter is equipped with 4 infusion holes at a distance of
7mm from its tip mandatory for rapid and complete mixing
of saline with blood in the coronary artery (Figure 3). In
addition, the infusion catheter has two inner side holes
approximately 1 cm from the tip between the infusion lumen
and the monorail lumen to record precisely the temperature
of saline at the spot where it enters the coronary artery.
Before saline infusion starts, the temperature is calibrated
and body temperature is set to “zero” (reference tempera-
ture, Figure 4, panel 1), where after all changes in tem-
perature are related to this reference temperature. During
the measurement, the sensor of the pressure/temperature
wire is positioned in the distal part of the coronary artery.
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Flowchart evaluation of patients with ANOCA

Noninvasive:
(i)

(ii)
Patient evaluation
Functional imaging, coronary CT angiography

Clinical suspicion ANOCA

Invasive coronary angiogram
+

+
FFR or resting indices in case of diffuse disease

Assessment of microvascular dysfunction
and vasospastic angina

Measurement of absolute folw
and microvascular resistance

Or IMR/CFR mesaurement

Acetylcholine testing

High microvascular resistance or vasospasm→treatment

Typical angina meets all 3 of the following
characteristics:

(1)
(2)
(3)

Pressure or tight substernal chest dicomfort
Provoked by exertion or emotional stress
Relieved by rest and/or nitrates within minutes

Discomfort at rest as well as following exercise
Discomfort may last longer than minutes
Discomfort responds less to nitrates
Crescendo-decrescendo character to pain
Symptoms can be stress-related
Dyspnoea, pain between shoulder blades

ANOCA may present with:
(1)
(2)
(3)
(4)
(5)
(6)

Figure 1: +e evaluation of ANOCA patients in a flowchart. ANOCA: Angina with Nonobstructive Coronary Arteries, CT: computed
tomography, FFR: fractional flow reserve, IMR: index of microvascular resistance, and CFR: coronary flow reserve.

Figure 2: Pressure wire and infusion catheter position. In the left panel, a normal circumflex artery is shown. +e middle panel shows the
pressure wire X, which is placed in the distal coronary artery, and the Rayflow catheter in the proximal artery. +e Rayflow is visible by a
radiopaque dot at the tip. In this position, the measurement starts. +e right panel shows the position of the pressure wire when it is pulled
back towards the inner side holes of the Rayflow catheter. Now the infusion temperature is assessed. Ti: the infusion temperature of the saline
as measured at the infusion holes of the Rayflow catheter; T: the distal coronary temperature after complete mixing of blood and saline
measured by the pressure wire after calibration to body temperature.

Regular infusion catheter

Incomplete and variable mixing

Rayf low® monorail infusion
catheter

Direct and complete mixing

Figure 3: Difference in infusion between normal catheter and Rayflow. In the upper panel, an in vitro setup of a coronary artery is shown.
+e regular infusion catheter is placed in the “vessel” filled with saline and the infusate is dyed black with ink. It is visible that there is
incomplete and variable mixing in case of the regular infusion catheter (arrow indicates tip of infusion catheter). In the lower panel, the
Rayflow is used. Here immediate and complete mixing is shown, starting directly at the infusion holes (indicated by the arrow).
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Next, saline infusion is started at a rate of 15–25ml/min
(Qi) and absolute blood flow in the coronary artery is cal-
culated as previously described [8–10]. Maximum hyper-
emia in the respective coronary artery is induced by the
saline infusion itself within 10–20 seconds [11, 12].

During steady-state infusion, the temperature of the
completely mixed blood and saline (T) is measured in the
distal coronary artery after a steady state has been reached
(Figure 4, panel 3); the pressure wire is pulled back in the
Rayflow catheter to determine the infusion temperature of
the saline (Ti) (Figure 4, panel 4). Absolute blood flow is then
calculated by the following equation:

Qb � 1.08
Ti

T
Qi, (1)

whereQb is the hyperemic coronary blood flow in ml/min. Ti
is the infusion temperature of the saline as measured at the
infusion holes of the Rayflow catheter. T is the distal
coronary temperature after complete mixing of blood and
saline measured by the pressure wire. Both T and Ti
are measured as a difference to body temperature (calibrated
to 0). Qi is the infusion rate of saline in ml/min. +e
constant value 1.08 relates to the difference between the
specific heats and densities of blood and saline.

Because also distal coronary pressure (Pd) is recorded
simultaneously, the microvascular resistance (R) can be
calculated in analogy to Ohm’s law by dividing the

distal pressure and flow by the following simplified
equation:

R �
P d

Qb
. (2)

All signals are instantaneously displayed on the regular
cath lab monitor by dedicated software (Coroflow®,Coroventis, Uppsala, Sweden; Figures 4 and 5).+is software
displays not only all pressure parameters and fractional flow
reserve but also absolute blood flow, the normal value of
absolute blood flow (obtained by Qb/FFR), and microvas-
cular resistance (in mmHg/L/min or WU).

4. Advantages Compared to Present Methods

+e first and most important advantage of the absolute flow
and resistance measurement is the ability to measure ab-
solute blood flow and microvascular resistance truly
quantitatively. CFR reflects the ratio between basal and
hyperemic coronary flows. +is tells us something about
both the epicardial and microcirculatory functions lumped
together but does not enable distinguishing between these
two compartments. CFR can be estimated by a ratio of flow
velocities, measured by Doppler. CFR can also be approx-
imated by thermodilution during an IMR measurement
using a bolus of saline tomeasuremean transit time (Tmn) at
rest and during maximum hyperemia. CFRthermo is

1 2 3 4 5 6

Figure 4: Measurement screen, step-by-step.+is figure shows the software screen during the flow and resistance measurement. Panel 1: the
temperature measured by the pressure wire is zeroed, which means it is calibrated at body temperature. Panel 2: the infusion of saline starts
at 20ml/min in this case; the fast decrease in temperature is visible here. Panel 3: steady-state maximum hyperemia has been reached here
and T is recorded. Panel 4: the pressure wire is pulled back to the tip of the Rayflow to measure the infusion temperature of the saline. +is
pullback is indicated by the fast decrease in temperature and sudden increase in distal pressure. Panel 5: the infusion temperature
measurement reaches steady state and Ti is calculated. Panel 6: the infusion pump is stopped and the temperature of the blood reaches
starting values within 30 seconds. Further, the timeline in the figure indicates the time in seconds. Here, it can be appreciated that it takes
approximately 20 seconds for hyperemia to occur. Red tracing: aortic pressure; green tracing: distal coronary pressure; blue tracing: coronary
temperature. )e numerical values of all relevant parameters are displayed in the right side of the Coroventis screen. Ti: the infusion
temperature of the saline as measured at the infusion holes of the Rayflow catheter; T: the distal coronary temperature after complete mixing
of blood and saline measured by the pressure wire after calibration to body temperature.
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represented then by the ratio of mean transit times [7]. Use
of CFR in clinical practice is limited because of its variability
due to blood pressure, heart rate, vessel diameter, age, and
others. +is causes a large variation in “normal” values and
values can vary significantly within the same patient over
time. In addition, Doppler techniques are sensitive to slight
motion of the patients, breathing, and minimal position
changes of the sensor and as such are operator-dependent.
IMR itself is not influenced by blood pressure, heart rate, or
vessel diameter but is still operator-dependent due to the
injection technique of boluses of saline. IMR software tries to
limit variability by taking the mean of three measurements.
In contrast, the absolute flow and resistance measurements
are completely operator-independent: once the infusion of
saline has started, the operator stands back, while steady-
state measurements are performed. Measurements can be
repeated quickly if desired.

Also, by infusing saline though the dedicated Rayflow
catheter, maximum hyperemia occurs within 10–20 sec-
onds after start of infusion and no additional hyperemic
stimulus is necessary as tested extensively by De Bruyne
et al. [11–13]. +e absence of need for adenosine makes this
method very patient-friendly, since hyperemia by the saline
infusion itself is not causing chest discomfort in the vast
majority of patients. In a large safety study in only 2% of the
patients, mild chest discomfort was noticed [8, 14]. +is is
in contrast to the frequently observed (although innocent)
chest pain observed during hyperemia induced by

intravenous adenosine [15, 16]. +erefore, although gen-
erally 30–60 seconds is sufficient to perform the flow and
resistance measurements, these measurements can be safely
continued for minutes if desired and without any side
effect.

+e safety of absolute flow and resistance method has
been investigated, both periprocedurally and at long-term
follow-up [14]. Except for short rapid transient conduction
disturbances in 2.6% of measurements, no noticeable side
effects were observed periprocedurally and at follow-up of 30
days and 1 year; no adverse event or index vessel related
revascularization could be attributed to these measurements.

Reproducibility is excellent [8] and the complete mea-
surement procedure takes only a few minutes in addition to
FFR or RFRmeasurement. As such, a complete evaluation of
both the epicardial and themicrovascular compartments can
be performed easily and quickly. Lastly, the method was
validated against the current golden standard for flow as-
sessment: the PET-CT [13].

5. Short Overview of the Necessary Equipment

In contrast to IMR, to perform the measurement as
explained above, some specific equipment is needed in
addition to the pressure wire. First, as a matter of fact the
Rayflow multipurpose monorail infusion catheter is man-
datory to infuse the saline and to guarantee complete mixing
of blood and saline, a prerequisite for reliable measurement

Equipment for absolute blood f low
and resistance measurement

Physiological saline

The Abbott pressure wire X

The Rayf low catheter

Infusion pump (heat element
switched off and able to infuse
at high pressure and in ml/min)

Coroventis software and radio receiver

(i)

(ii)

(iii)

(iv)

(v)

Figure 5: Equipment. All equipment needed for the thermodilution-based assessment of absolute blood flow and resistance is displayed
here. +e Rayflow catheter is shown in the upper panel, clearly indicating the 4 infusion holes at 0°, 90°, 180°, and 270°. +e middle panel
shows the infusion pump. +e lower panel shows the pressure wire with the necessary software.
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(Figures 3 and 5). Second, a programmable infusion pump is
used, which should be able to infuse saline at a rate of
15–25ml/min at high pressure. Finally, for rapid and in-
stantaneous recording of all relevant parameters and the
calculations made, presence of Coroflow software and a
radio receiver (Coroflow®, Coroventis, Uppsala, Sweden) ismandatory. All equipment is summarized in Figure 5.

6. Practical Issues

Like with every invasive imaging modality, there are some
practical issues to keep in mind when using this technique.
First, the Rayflow catheter is compatible with a 6F guiding
and 6F introducer sheath. Next, the heating element of the
infusion pump should be switched off. Next, it is to make
sure there is enough saline in the infusion pump to complete
the whole measurement. For one measurement, generally
50 cc of saline is needed. Further it is important to wait long
enough till maximum hyperemia occurs and all values (Pa,
Pd, and T) stabilize before pulling back the pressure wire
into the Rayflow catheter for measurement of Ti. Such steady
state is generally achieved within 20–30 seconds and this
ensures correct values and high reproducibility.

In the event of an AV-block (sometimes seen in small
RCA when using an infusion rate above 15ml/min), the
infusion pump should be stopped and AV-conduction re-
covers immediately. After several seconds, the pump can be
adjusted to a lower infusion rate and the measurement can be
repeated. All cases of AV-block in the aforementioned safety
study disappeared immediately after stopping the infusion
and medication was never required to recover AV-conduc-
tion [14]. Finally, it should be kept in mind that calculated
flow refers to maximum flow distal to the tip of the Rayflow
catheter and that resistance refers to minimal resistance of the
myocardium corresponding to that position.

7. Studies Performed Previously, Limitations,
and Future Applications

As a matter of fact, patients with ANOCA, MINOCA,
syndrome X, mismatch between epicardial abnormalities
and chest pain, and a multitude of primary myocardial
diseases will be the focus for quantifying microvascular
function. In that regard, and for any interindividual com-
parison, need for normal values is obvious. In a large re-
cently performed study, ranges of normal values were
defined and were as expected quite large due to dependency
of resistance on the mass of the myocardial territory distal to
the spot of measurement [17].

To exclude the extent of the myocardial territory as a
variable, it is recommendable to express flow per gram of
tissue (ml/min/g) and resistance as resistance× gram of
tissue (WU× g). In that case, mass should be obtained from
coronary CT and MRI. +at has been done recently and
when doing so, circumscribed narrow ranges of normal
minimal resistance were obtained, equal for all 3 major
perfusion territories [18].

For intraindividual follow-up of microvascular disease
and effects of treatment, this methodology is extremely

suitable because every patient or myocardial territory has its
own control. A number of studies have been performed or
are presently performed in this respect. Already years ago,
when equipment was less refined, Wijnbergen et al. [19]
studied changes in myocardial resistance from directly after
STEMI PPCI to days to weeks of follow-up. It was suggested
that a normal or increased value of resistance measurement
after PPCI, which restored considerably at follow-up, was
associated with favorable outcome, whereas a persistent high
resistance would be unfavorable [19]. Larger studies are
mandatory to relate such measurements to outcome, in
analogy to IMR studies [7, 20].+ismethod was also recently
used to better understand the recovery of the microcircu-
lation after PCI of chronic occlusions [21, 22]. Here flow and
resistance measurements were performed directly after CTO
PCI and at follow-up. Recovery of both absolute blood flow
and myocardial resistance was observed over time.

Currently there are a couple of interesting trials using
this technique. +e ongoing IMPACT-CTO 2 trial (Clin-
icalTrials.gov Identifier: NCT03830853) combines absolute
flow and resistance assessment, FFR, RFR, and IMR with
intracoronary imaging within the same patient after CTO
PCI and at long-term follow-up. +ese measurements might
provide further insight into coronary physiology and
anatomy after CTO PCI. Another study to be mentioned in
this context is the prospective multicenter randomized
placebo-controlled EDIT-CMD (EudraCT number: 2018-
003518-41) study, where patients with chest pain of un-
certain origin, microcirculation, and effects of calcium an-
tagonists, are studied before treatment and after 6 weeks of
calcium-antagonist treatment.

Finally, in case of attempted pharmacologic treatment or
risk factor modification of microvascular disease, the
measurements described in this paper may prove a suitable
instrument for recording progression or regression of dis-
ease. Larger studies are required to draw more definite
conclusions, especially in different clinical scenarios, with-
out limiting ourselves to ANOCA/MINOCA. With the wide
field of applications of this harmless technique, the studies
mentioned are only the tip of the iceberg. Multiple areas of
further research exist.

8. Absolute Flow and Resistance Measurement:
the Future Invasive Standard for the
Coronary Microcirculation?

Taking into account its ease of use, safety, accuracy, re-
producibility, and the capability for specific and quantitative
characterization of the coronary microvasculature, the
measurement of absolute coronary blood flow and micro-
vascular resistance can be proposed as the future standard
for invasive assessment of microvascular (dys)function.

Abbreviations

ANOCA: Angina with Nonobstructive Coronary Arteries
CAG: Coronary angiogram
CFR: Coronary flow reserve
CMVD: Coronary microvascular disease
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FFR: Fractional flow reserve
IMR: Index of microvascular resistance (U)
LAD: Left anterior descending
LCx: Ramus circumflex
MINOCA: Myocardial Infarction with Nonobstructive

Coronary Arteries
PCI: Percutaneous coronary intervention
Pd: Distal pressure (mmHg)
Q: Flow (ml/min)
R: Resistance (wood units)
RCA: Right coronary artery
T: Distal coronary temperature (°C)
Ti: Infusion temperature (°C)
WU: Wood units (mmHg/L/min).
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With the increasing prevalence of aortic stenosis (AS) due to a growing elderly population, a proper understanding of its
physiology is paramount to guide therapy and define severity. A better understanding of the microvasculature in AS could
improve clinical care by predicting left ventricular remodeling or anticipate the interplay between epicardial stenosis and
myocardial dysfunction. In this review, we combine five decades of literature regarding microvascular, coronary, and aortic valve
physiology with emerging insights from newly developed invasive tools for quantifying microcirculatory function. Furthermore,
we describe the coupling between microcirculation and epicardial stenosis, which is currently under investigation in several
randomized trials enrolling subjects with concomitant AS and coronary disease. To clarify the physiology explained previously, we
present two instructive cases with invasive pressure measurements quantifying coexisting valve and coronary stenoses. Finally, we
pose open clinical and research questions whose answers would further expand our knowledge of microvascular dysfunction in
AS. (ese trials were registered with NCT03042104, NCT03094143, and NCT02436655.

1. Introduction

(e seminal 4-group classification of coronary microvascular
dysfunction proposed in 2007 placed aortic stenosis (AS) into
a category with other myocardial diseases, both primary and
secondary [1]. (e importance of microcirculatory dys-
function due to AS has become even more clear given the
confluence of increasing prevalence due to demographic
changes [2] and of expanding treatment since the develop-
ment of transcatheter aortic valve implantation (TAVI) [3].
Nevertheless, clinical observations enabled by refined diag-
nostic testing and less invasive treatment have, if anything,
exposed unresolved physiologic questions regarding how we
should understand, assess, and manage microvascular dys-
function in the patient with AS. (is review addresses this

practical need by summarizing the hemodynamic patho-
physiology linking aortic stenosis and myocardial dysfunc-
tion, describing our invasive tools for quantifying
microcirculatory function including its relationship with
epicardial stenosis, and noting unresolved questions of
clinical importance and how they might be answered. For
clarity, we only focus on AS without coexisting myocardial
pathology like amyloid or other infiltrative diseases.

2. Supply versus Demand

Uniquely among our organs, the heart must pump its own
blood supply and cannot meaningfully augment oxygen
extraction, implying that only increased supply can match
increased need. Wall stress, contractility, and heart rate
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account for most myocardial oxygen consumption. (e law
of Laplace informs us that wall stress is directly proportional
to pressure and to radius but inversely proportional to
thickness. AS increases wall stress through elevated after-
load, and, in response, the heart compensates through in-
creased wall thickness. In other words, left ventricular (LV)
hypertrophy offsets pressure overload to reduce wall stress
and thereby oxygen requirements. However, LV hypertro-
phy brings its own disadvantages, namely, diastolic dys-
function, insufficient capillary density [4], and diffuse
fibrosis [5].

As a semiquantitative and practical metric of coronary
supply versus myocardial demand, a unitless index has been
proposed using pressure measurements [6]. (e area under
the aortic (or, in situations of aortic stenosis, LV) curve
during systole (the so-called systolic pressure time integral
or SPTI) has been shown in animal models to have a very
high and direct correlation withmyocardial oxygen demand,
even superior to the pressure-rate product [7]. (e area
between the aortic (or, in situations of epicardial disease,
distal coronary) and LV pressure curves during diastole (the
so-called diastolic pressure time integral or DPTI) provides a
more sophisticated but similarly motivated metric than
“coronary perfusion pressure” (difference in end-diastolic
pressures between the aorta and LV) and resembles the
supply to the myocardium. DPTI/SPTI balances supply and
demand into a single unitless ratio, although this formu-
lation ignores other factors such as arterial oxygen content
and relative LV mass and wall tension [6]. Directional
changes in an individual patient signal dynamic shifts in
supply versus demand, while its unitless adjustment for
absolute heart rate and blood pressure variation enables
cross-sectional comparison among patients.

Although commonly considered as a single “myocar-
dium,” the subepicardial and subendocardial layers display
distinct patterns of blood flow with differential sensitivity to
pathology. On the one hand, the subepicardium faces
generally low pressures from the pericardial space and
thoracic cavity throughout the cardiac cycle, while, on the
other hand, the subendocardium experiences generally low
LV filling pressures during diastole that rise dramatically
during systole. Even under normal conditions, the LV
pressures during systole compress the subendocardium and
redistribute flow to midmyocardial and subepicardial layers
[8], a phenomenon explained by competing ‘vascular wa-
terfall’ [9] and ‘intramyocardial pump’ [10] models. Con-
sequently, after a 90-second coronary occlusion, the
subepicardium reperfuses more quickly than the sub-
endocardium [11]. Furthermore, during a wide range of
pathologic perturbations, “the decrease in subendocardial
and increase in subepicardial flow were often associated with
normal or even elevated total coronary blood flows” [12],
indicating that transmural maldistribution provides a
unique guide for understanding many disease states. In
animal models, a ratio below 0.8 has been demonstrated via
microspheres to correlate with a reduction in sub-
endocardial flow relative to the subepicardium; values >0.8
have been associated with intact and relatively homogeneous
perfusion among myocardial layers [6].

To apply these principles of supply versus demand to
aortic stenosis, consider the animal model in Figure 1 [12].
Under control conditions, no gradient exists between the LV
and the aorta, DPTI and SPTI have similar areas under their
respective curves (for a supply/demand ratio close to unity),
and coronary perfusion displays a diastolic dominant pat-
tern. As constriction begins using a band around the as-
cending aorta, left atrial pressure (a surrogate for LV filling
pressures) rises, reducing DPTI supply at the same time that
an elevated systolic pressure increases SPTI demand. Cor-
onary flow becomes more dependent on flow during systole.
With progressive constriction, these changes continue with
falling DPTI supply (through a combination of increasing
left atrial pressure and tachycardia), rising SPTI demand (as
the band creates an ever worse supravalvular aortic stenosis),
and emerging systolic-dominant coronary flow pattern. (is
fall in DPTI/SPTI preferentially affects the subendocardium;
other animal studies have demonstrated a uniform endo-
cardial/epicardial ratio of 0.97 and flows above 6 cc/min/g
under normal hyperemic conditions but an imbalanced ratio
of 0.80 (less subendocardial flow) and fall in flow to below
4 cc/min/g with valvular AS [13].

In many ways, Figure 1 provides a conceptual template
for what happens in humans, albeit over a different time
scale. Progressive AS increases SPTI, while rising LV filling
pressures decrease DPTI, leading to a net reduction in the
supply/demand (DPTI/SPTI) ratio. However, acute banding
in animals does not have time to produce LV hypertrophy as
in humans, which further increases the vulnerability of our
subendocardium. Also, note that the tachycardia from acute
banding in an animal model does not occur in humans with
slowly progressive disease, although it represents an addi-
tional mechanism for reducing DPTI. For example, in a
human cohort, with normal angiograms but critical aortic
stenosis (4 subjects, mean gradient 93mmHg, and aortic
valve area 0.48 cm2), undergoing invasive hemodynamic
study, average DPTI/SPTI of 0.34 with net lactate extraction
at baseline 85 beats/minute fell with isoproterenol stress to
DPTI/SPTI of 0.16 and switched to net lactate production at
113 beats/minute [14].(ese observations could explain why
patients can have angina from AS even with normal coro-
nary arteries [15].

3. Myocardial Resistance

Unfortunately, our intuitive notion of “resistance” gained
from daily life and basic electrical circuits often provides a
suboptimal analogy for understanding myocardial behavior.
As a result, much of the literature on “myocardial resistance”
must be reviewed with caution or at least through the lens of
a more sophisticated understanding. (is section discusses
key points relevant to understanding the concept as it applies
to AS since the general topic goes beyond the scope of this
review.

During baseline or resting conditions, myocardial flow
remains relatively stable over a wide range of perfusion
pressures [16] via a large number of homeostatic control
mechanisms referred to in aggregate as “autoregulation.”
Consequently, basal myocardial resistance represents a
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dynamic phenomenon without unique value. Only under
conditions of vasodilation does a largely linear relationship
exist between perfusion pressure and flow, although
somewhat curvilinear at very low perfusion pressures below
the range of stable patients. (e slope of this hyperemic
relationship can be used to estimate resistance. However, in
crucial distinction to an electrical resistor, coronary pressure
does not fall to 0mmHg with complete occlusion of the
epicardial artery. Depending on how it is measured, this
residual pressure has been termed the coronary “wedge
pressure” or “zero-flow pressure” or “back pressure.” When
accounting for venous and aortic pressures, the scaled wedge
pressure quantifies relative maximum collateral blood flow
[17].

Animal models of supravalvular aortic stenosis inform
us about its effects on myocardial resistance. Compared to
normal dogs, animals with LV hypertrophy after 8–10
months of aortic banding displayed a more shallow slope
(less flow for the same coronary pressure) but also a higher
wedge pressure [18] as depicted in Figure 2. More LV hy-
pertrophy was associated with shallower slopes in that study,
implying a dose-response relationship. Additionally, the
wedge pressure was roughly twice as high in the setting of LV
hypertrophy (24mmHg versus 12mmHg) and correlated
with LV filling pressures (Pearson coefficient approximately

0.8, indicating that 0.82 � 64% of the variation can be
explained).

Several aspects add further complexity to this vasodilated
relationship between flow and pressure. First, inotropic
(dobutamine and exercise) and chronotropic stimulation
can change the slope by about 20% in addition to increasing
the wedge pressure [19, 20]. (is change in slope, corre-
sponding to a higher resistance, might reflect the com-
pressive effects of higher LV pressure and/or relatively more
time spent in systole, indicating that a unique “minimum
resistance” cannot be expected. Second, the myocardium
displays capacitive and inductive effects necessitating the
more general concept of impedance to account for phasic
aspects in aortic pressure and flow.While many publications
describe diastolic pressure/flow relationships [21], few ac-
count for these active effects that largely average out over the
entire cardiac cycle. (ird, the subepicardium and sub-
endocardium display different pressure/flow relationships,
generally with a similar slope but a lower zero-flow pressure
in the subepicardium [22].

Before presenting existing resistance data in humans
with AS, several points deserve to be mentioned. First, two
main invasive techniques exist to measure coronary flow
(Doppler flow velocity and bolus thermodilution), thereby
introducing heterogeneity in the literature. Encouragingly,
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vasodilatory hyperemia to enable either technique appears
safe in patients with severe AS based on 40 reports from 1820
patients over 3 decades as summarized in Table 1. Second,
techniques using bolus thermodilution [62] and Doppler
flow velocity [63] have demonstrated an important bias
when quantifying resistance by neglecting wedge pressure
assessment in situations when the wedge pressure is ele-
vated. Since most patients with severe AS undergoing TAVI
or surgical aortic valve replacement (SAVR) will have at least
a moderate elevation in LV filling pressure, which tracks
with wedge pressure [18, 19], resistance measurements
without this correction should be viewed skeptically. (ird,
to our knowledge, no study has yet distinguished between
changes in wedge pressure versus slope when studying
myocardial pressure/flow relationships in human AS.
However, continuous thermodilution with the added
technique of proximal balloon inflation can create an almost
continuous flow versus pressure curve that allows both
parameters to be estimated [64].

Table 2 presents a summary of the literature that has
reported resistance assessment in humans with AS, both
before and after TAVI. Data from 7 studies with a total of
174 vessels either compared resistance between normal
patients and those with severe AS and/or serial resistance
measurements in the same patients with severe AS before
and after TAVI. While limited by modest sample sizes, two
different techniques for measuring resistance, and lack of
separate slope and zero-flow pressures (apart from 1 study
that did measure wedge pressure explicitly), the data suggest
two key points in keeping with the animal work described
previously: myocardial resistance in AS exceeds that in
normal subjects, and resistance falls after TAVI, both acutely
and in the longer-term.

4. Epicardial Stenosis

While severe AS by itself can be sufficient to explain
symptoms of heart failure or angina, due to a supply-
demand mismatch discussed above, epicardial coronary
disease of angiographic significance can be seen in 40% to

75% of these patients [65]. Due to near-ubiquitous cor-
onary angiography before TAVI, either invasively or via
computed tomography, frequently identified epicardial
lesions pose an unresolved treatment dilemma. Rarely is a
stenosis so proximal and critical as to require percuta-
neous coronary intervention (PCI) in order to perform
TAVI safely. In most situations, a stenosis could be treated
either before or after TAVI with tradeoffs among benefit
(usually symptoms resolve with TAVI alone, and the
impact of PCI on spontaneous myocardial infarction
remains unclear in this older population with severe AS),
ease of coronary access (more difficult after TAVI),
periprocedural risk (potentially, complications are less
well-tolerated with severe AS), and antiplatelet therapy
(less flexible after PCI). Table 3 summarizes ongoing
randomized trials in this area. In the interim, observa-
tional data using fractional flow reserve (FFR) suggested
improved outcomes, defined as a composite of death,
myocardial infarction, and stroke, versus angiographic
selection, mainly through the avoidance of procedural
complications in lesions lacking a large hyperemic pres-
sure gradient [66].

Superimposing a coronary stenosis on severe AS ex-
acerbates the supply/demand mismatch. A fixed epicardial
stenosis produces a pressure loss that increases with flow
but has separate contributions from viscous (friction,
linear) and separation (expansion, quadratic) components.
Figure 3 superimposes this net stenosis pressure/flow re-
lationship on the description of myocardial performance
during vasodilation. (e intersection of the stenosis curve
and the myocardial load line represents the observations at
hyperemia with corresponding FFR and coronary flow
reserve (CFR) values [69]. During resting conditions,
coronary flow is controlled by autoregulation and does not
change, translating into stable nonhyperemic pressure
ratios over time as demonstrated in the literature sum-
marized in Table 4. While constancy can be comforting, it
overlooks that most patients remain asymptomatic at rest,
and thus, only a hyperemic assessment could link with
exertional symptoms, acknowledging that dedicated studies
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in AS are currently lacking and would be confounded by
valvular symptoms.

Based on the discussion of myocardial resistance in the
prior section, the existing data support an increase in hy-
peremic flow after TAVI due to a change in the myocardial
load line. (is change occurs both via a reduction in wedge
pressure, largely mediated by its direct correlation with LV
filling pressures [18, 19] that fall after AS has been treated,
and a counterclockwise rotation from increasing slope [18].
However, the existence, time course, and relative magnitude

of these changes after TAVI in humans have not been
demonstrated.

In contrast to inferences regarding the mechanisms in
Figure 3, the secondary effect on the intersection of a fixed
stenosis curve but dynamic myocardial load line can be seen
more directly from observations summarized in Table 4
from 12 publications and about 350 lesions [68]. Overall
resting flowmay decrease slightly in the first year as expected
from reduced myocardial demand, although the data imply
that this effect remains modest and has essentially no impact

Table 1: Literature review of vasodilator stress agents in severe aortic stenosis.

Authors Citation N Drug Technique Safety issues
Roy et al. [23] Nucl Med Commun 1998; 19: 789 12 Dipy SPECT No
Carpeggiani et al. [24] J CV Med 2008; 9: 893 15 Dipy PET No
Liu et al. [25] Sci Rep 2019; 9: 12443 15 Dipy SPECT No
Burwash et al. [26] Heart 2008; 94: 1627 20 Dipy PET No but 16 excluded
Rajappan et al. [27] Circulation 2002; 105: 470 20 Dipy PET No
Nemes et al. [28] Herz 2002; 27: 780 21 Dipy TTE No
Baroni et al. [29] Heart 1996; 75: 492 25 Dipy TTE No
Huikuri et al. [30] AJC 1987; 59: 336 27 Dipy SPECT 2 hypotension
Demirkol et al. [31] Cardiology 2002; 97: 37 30 Dipy SPECT No

Nemes et al. [32] Clin Physiol Funct Imaging 2009; 29,:
447 49 Dipy TTE No

Avakian et al. [33] IJC 2001; 81: 21 110 Dipy SPECT No

Camuglia et al. [34] JACC 2014; 63: 1808 10 IC adeno Doppler
wire No

Vendrik et al. [35] JAHA 2020; 9:e015133 13 IC adeno FFR No
Wiegerinck et al. [36] Circ CV Int 2015; 8:e002443 27 IC adeno Combo No
Ahmad et al. [37] JACC CV Int 2018; 11: 2019 28 IC adeno FFR No
Scarsini et al. [38] EuroIntervention 2018; 13: 1512 66 IC adeno FFR No
Di Gioia et al. [39] AJC 2016; 117: 1511 106 IC adeno FFR No

Scarsini et al. [38] J Cardiovasc Transl Res 2019; 12: 539 82 IC/IV
adeno FFR No

Stähli et al. [40] Cardiology 2012; 123: 234 4 IV adeno FFR No
Stundl et al. [41] Clin Res Cardiol 2019; 109 13 IV adeno FFR No
Lumley et al. [42] JACC 2016; 68: 688 19 IV adeno FFR No
Burgstahler et al. [43] IJ CV Img 2008; 24: 195 20 IV adeno CMR No
Hildick-Smith and Shapiro
[44] JACC 2000; 36: 1889 27 IV adeno TTE 1 “tolerated poorly”

Mahmod et al. [45] JCMR 2014; 16: 29 28 IV adeno CMR No
Samuels et al. [46] JACC 1995; 25: 99 35 IV adeno SPECT 2 hypotension, 2 AV block
Gutiérrez-Barrios et al. [47] Int J Cardiol 2017; 236: 370 36 IV adeno FFR No
Stoller et al. [48] EuroIntervention 2018; 14: 166 40 IV adeno FFR No
Takemoto et al. [49] JASE 2014; 27: 200 41 IV adeno TTE/FFR No
Patsilinakos et al. [50] Angiology 1999; 50: 309 50 IV adeno TTE/SPECT No
Stanojevic et al. [51] J Inv Card 2016; 28: 357 72 IV adeno FFR No
Patsilinakos et al. [52] JNC 2004; 11: 20 75 IV adeno SPECT 9 AV block

Yamanaka et al. [53] JACC CV Int 2018; 11: 2032 95 IV adeno FFR/SPECT 1 AV block, 10%
SBP< 40mmHg

Ahn et al. [54] JACC 2016; 67: 1412 117 IV adeno CMR No
Banovic et al. [55] Echo 2014; 31: 428 127 IV adeno TTE No
Singh et al. [56] EHJ 2017; 38: 1222 174 IV adeno CMR No
Nishi et al. [57] Coron Artery Dis 2018; 29: 223 9 Mixed FFR No
Arashi et al. [58] Cardiovasc Interv 2er 2019; 34: 269 13 Mixed FFR No
Hussain et al. [59] JNC 2017; 24: 1200 95 Mixed SPECT No
Banovic et al. [60] Coron Artery Dis 2020; 31: 166–73 4 NR FFR No
Cremer et al. [61] JNC 2014; 21: 1001 50 Rega PET 2 hypotension
AV� atrioventricular, adeno� adenosine, CMR� cardiac magnetic resonance, dipy� dipyridamole, FFR� fractional flow reserve, IC� intracoronary,
IV� intravenous, N�number of subjects, NR�not reported, PET�positron emission tomography, rega� regadenoson, SBP� systolic blood pressure,
SPECT�single-photon emission computed tomography, and TTE� transthoracic echocardiography.
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on nonhyperemic pressure ratios. More clearly suggested by
the data is an acute increase in peak hyperemic flow with
concomitantly higher CFR and lower FFR. However, these
studies were small or modestly sized, used a variety of
measurement techniques for flow, and did not stratify
changes based on properties of the myocardial load line or
stenosis curve. In these studies, coronary hyperemia was
appropriately induced by pharmacologic stress in order to
focus on fixed epicardial disease emphasized by pure va-
sodilation (and appropriate for revascularization) as op-
posed to exercise stress that includes vasoconstriction whose
treatment is fundamentally medical.

(e proposed model in Figure 3 neglects the important
physiologic differences between the subepicardium and the
subendocardium. (us, Figure 4 depicts two separate curves
relating pressure and flow in distinct layers of themyocardial
wall. Under conditions of vasodilation, the higher LV
pressures reduce flow in the subendocardium, which be-
comes further exacerbated as diastolic perfusion time

decreases with exercise. While not possible to measure
different FFR values in various layers of the myocardium,
Figure 4 nevertheless provides an explanatory framework for
understanding the differential impact of epicardial coronary
lesions on the microvasculature.

Figure 5 provides a clinical example of applying the
DPTI/SPTI concept to individual data from an 82-year-old
man with exertional dyspnea and a severe in-stent lesion in
the right coronary artery but also a mean aortic valve
gradient of 51mmHg. In this case, an already reduced DPTI/
SPTI became radically diminished as a result of diastolic
pressure loss from the epicardial lesion. During hyperemia,
the FFR reached 0.54, and the DPTI/SPTI fell to 0.16, the
same as the average value in the previously mentioned study
in which patients with critical AS switched to lactate pro-
duction [14]. While removing the coronary stenosis might
have increased the DPTI/SPTI to 0.66, only treating both AS
and the coronary lesion would produce a balanced DPTI/
SPTI of 0.95. As noted earlier, we do not have randomized

Table 2: Literature review of hyperemic myocardial resistance with severe aortic stenosis.

Authors Citation
Normal subjects Aortic stenosis subjects

N HMR p value∗ N Mean ΔP
(mmHg)

AVA
(cm2) HMR After

TAVI p value Long
term

Doppler flow velocity with HMR in mmHg/(cm/sec) units
Vendrik et al. [35] JAHA 2020; 9: e015133 13 0.83 2.54 2.18 <0.001† 1.95
Lumley et al. [42] JACC 2016; 68: 688 30 2.29 0.14 19 57 0.74 2.82

Wiegerinck et al. [36] Circ CV Int 2015; 8:
e002443 28 1.80 0.096 27 43 0.78 2.10 1.83 0.072

Ahmad et al. [37] JACCCV Int 2018; 11:
2019 30 38 0.68 2.42 2.14 0.03

Bolus thermodilution with HMR in mmHg∗sec units

Nishi et al. [57] Coron Artery Dis 2018;
29: 223 30 16.2 0.14 9 54 0.70 20.4

Gutiérrez-Barrios et al.
[47]

Int J Cardiol 2017; 236:
370 10 17.8 0.01 36 53 32.7

Stoller et al. [48] EuroIntervention 2018;
14: 166 40 45 to 58‡ <1.0 26.6§ 30.7 0.42

∗� compares normal versus aortic stenosis subjects. †� for this study, the p value refers to both Friedman test comparing baseline, post-TAVI, and long term
as well as each pairwise comparison. ‡� averages reported separately for subjects with (N� 26) and without (N� 14) coronary artery disease, respectively.
§� only study to correct HMR using an explicitly measured zero-flow pressure. ΔP � pressure gradient, AVA� aortic valve area, HMR� hyperemic
myocardial resistance, N�number of subjects, and TAVI� transcatheter aortic valve implantation.

Table 3: Review of ongoing trials of coronary revascularization in severe aortic stenosis.

Study acronym Trial ID Status N Description Completion

FAVOR IV-QVAS NCT03977129 Recruiting 792 Randomized comparison of QFR and angiography-guided
revascularization 2022

NOTION-3 NCT03058627 Recruiting 452 Routine FFR-guided complete revascularization with PCI
compared with conservative management in TAVI patients 2025

FAITAVI NCT03360591 Recruiting 320 Comparison of angiography-guided versus physiology-guided PCI
of patients with CAD undergoing TAVI 2021

TCW NCT03424941 Recruiting 328 FFR-guided PCI and TAVI in severe AS and multivessel CAD vs.
CABG and SAVR 2021

FORTUNA NCT03665389 Not yet
recruiting 25 Comparison of FFR derived from coronary computed tomography

angiography before TAVR and FFR after TAVI 2022

None NCT03442400 Recruiting 50 Comparison of pre- and post-TAVI iFR/FFR values and
assessment of short-term outcomes 2019

TAVI-PCI NCT04310046 Not yet
recruiting 980 Comparison of FFR-guided PCI within 40 days before TAVI or

within 40 days after TAVI 2023
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trials demonstrating clinical advantages to treating coex-
isting coronary disease, but hemodynamically severe and
focal lesions supplying large amounts of myocardium, as in
this case, seem reasonable candidates for PCI based on using
FFR in patients without AS.

5. Unanswered Questions

A review not only provides an opportunity to look backward
and synthesize existing knowledge but also offers the pos-
sibility to identify gaps that remain and how they might be
filled in the future. On a basic level, measuring in humans
the changes seen in animal models [18] regarding myo-
cardial load lines versus zero-flow pressure would provide us
with a better appreciation for acute versus chronic benefits of
TAVI. Perhaps, the immediate procedural impact of TAVI
on the myocardium predominately affects zero-flow pres-
sure (through a reduction in LV filling pressures as seen in
animal work [18]), whereas chronic remodeling over months
mainly changes the slope of the myocardial load line
(through a regression in LV hypertrophy as seen in animal
models [20]). Continuous thermodilution with the added
technique of proximal balloon inflation provides perhaps the

most comprehensive yet practical examination in order to
separate and quantify these effects in actual patients un-
dergoing treatment [64].

Apart from a confirmation of translational animal
physiology and conceptual insight, what clinical advan-
tages might come from such data? Currently, we do not
understand when to treat mixed coronary disease and AS,
and in some cases, FFR values fall after TAVI, particularly
when previously in the 0.75 to 0.85 range [68]. If we
understood the degree and time course of myocardial
changes after TAVI, then we could better predict which
coronary lesions might take on added importance and
benefit from revascularization versus those that would
remain hemodynamically modest, even after longer-term
remodeling. Additionally, some patients with valvular
cardiomyopathy recover LV function after TAVI, whereas
others remain depressed. Does the slope of the myocardial
load line predict this potential reversibility? If yes, then it
would permit better patient selection in order to optimize
the TAVI risk/benefit. Finally, the changes in myocardial
resistance should be expected to be linked to pretreatment
severity of the AS as well as the hemodynamic efficacy of
the TAVI device. Because myocardial resistance is
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range of perfusion pressures reflected by a constant nonhyperemic pressure ratio (NHPR). A fixed coronary stenosis produces both friction
(“f ”) and separation (“s”) components to net pressure loss as can be deduced from the well-known coronary stenosis formula
ΔP� f∗Q+ s∗Q2, where P is the pressure loss in mmHg and Q is the coronary flow in mL/min [67]. Its intersection with the myocardial
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to a fall in left ventricular filling pressures) and counterclockwise rotation (corresponding to more flow for the same driving pressure) have
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inherently a hyperemic concept, do baseline parameters
such as the resting valve gradient or aortic valve area
perform worse than hyperemic parameters such as the

stress aortic valve index (SAVI) [72]? In that case, it would
argue against relying solely on resting measurements
when selecting patients for TAVI.

Exercise ↓diastolic perfusion time

Ischemia:
(1) Angina
(2) Heart failure
(3) Syncope

Le� ventricular 
hypertrophy:

(1) ↑back pressure 
during systole
(2)↑myocardial
resistance

Pd = ↓distal coronary pressurePa

pr
es

su
re

(m
m

H
g)

LV
 p

re
ss

ur
e

(m
m

H
g)

Aortic
stenosis

Normal

Epimax

Endomax

Epiauto

Endoauto

200

0 20

Coronary stenosis + aortic stenosis

40 60
Cornary pressure (mmHg)

80 100

150

Ab
so

lu
te

 m
yo

ca
rd

ia
l

bl
oo

d 
flo

w
 (m

L/
m

in
)

100

50

0

Epimax

Endomax

Higher myocardial
oxygen consumption in
the subendocardium

200

0 20 40 60

Coronary pressure (mmHg)

80 100

150

Ab
so

lu
te

 m
yo

ca
rd

ia
l

bl
oo

d 
flo

w
 (m

L/
m

in
)

100

50

0

Figure 4: Transmural impact of aortic stenosis with coronary disease: reduced flow from aortic stenosis and coronary stenosis does not
affect all layers of themyocardium equally. Under baseline conditions, autoregulation (“auto” subscript) maintains a relatively stable flow for
most perfusion pressures. Vasodilation (“max” subscript) produces the net hyperemic myocardial load line from Figure 3 that is made up of
a lower offset in the subepicardium (Epi) than the subendocardium (Endo), with potentially different slopes as well. Exercise reduces
diastolic perfusion time and increases left ventricular pressures, preferentially affecting the subendocardium both through tachycardia and
also increased oxygen consumption. (e resulting hypoperfusion can produce the classic symptoms of valvular stenosis.
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valve and coronary stenosis.
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As a final sign of our yet incomplete knowledge of the
coronary microcirculation in aortic stenosis, a clinical case is
considered in Figure 6.(is 55-year-old man was referred by
his internist for an incidental murmur noted during a
routine physical examination that was otherwise unre-
markable. In daily life, he had no symptoms and performed
9:32 minutes of a standard Bruce treadmill protocol. Blood
pressure, heart rate, and heart rhythm response were normal
during the graded exercise; he denied angina and stopped
due to leg fatigue. Echocardiography revealed normal LV
function with an ejection fraction over 60%. (erefore, we
have an asymptomatic patient with no evidence of sub-
clinical cardiomyopathy.

However, extensive workup revealed a calcified bicuspid
aortic valve with moderate-to-severe stenosis at baseline, rising
to a mean gradient of 90mmHg during intravenous dobut-
amine infusion with a SAVI of 0.51 (indicating that peak
valvular flow is reduced by the stenotic valve to 51% of

maximum). A calcified mid-LAD stenosis had an FFR of 0.64
during intravenous adenosine with a focal pressure jump. An
analysis of DPTI/SPTI (although not direct in this case since
the valve and coronary stenoses were interrogated sequentially
using different pharmacologic agents) showed a potential drop
to 0.10 during peak stress, entering the region that has been
associated with net lactate production in a small human study
[14]. (erefore, we have coexisting and severe aortic and
coronary stenoses confirmed by objective hemodynamic data.

Should we understand this case as a profound challenge
to the relevance of hemodynamic physiology reviewed in
this article? Or does it indicate that patient symptoms (or
their lack) as well as standard noninvasive testing often tell
us at most a modest amount regarding physiologic severity,
thereby necessitating routine quantification? While awaiting
the results of ongoing randomized controlled trials of TAVI
in severe yet asymptomatic AS (clinicaltrials.gov,
NCT03042104, NCT03094143, and NCT02436655), what
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Figure 6: Clinical case of asymptomatic but severe stenosis: as detailed in the text, this 55-year-old asymptomatic man was referred for an
incidental heart murmur on routine physical examination. A treadmill exercise test showed good functional capacity with no symptoms or
abnormal responses, and echocardiography found normal ejection fraction. However, his bicuspid aortic valve had moderate-to-severe
stenosis at baseline, rising to a mean gradient of 90mmHg during intravenous dobutamine stress. Furthermore, his left anterior descending
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should we currently do with such patients who nevertheless
exhibit extreme hemodynamic derangements? Can we ex-
pect that the reduction in sudden death seen in a small trial
of SAVR for asymptomatic yet severe AS (mean gradient
63mmHg) [73] will be confirmed in larger, ongoing trials?
While these vital questions cannot be answered definitively
at this moment, they serve as humble reminders regarding
the profound capacity of the human coronary microcircu-
lation in some patients to withstand a severe assault on
multiple fronts.
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*e rate pressure product (RPP) is an index of myocardial metabolism that correlates closely with myocardial hemodynamics.*e
relationship between the RPP and the fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR) is not known. In this
study, we investigated the effects of the RPP on the FFR and iFR. We retrospectively enrolled 195 patients (259 lesions) who had
undergone invasive coronary angiography and both the iFR and FFR examinations between 2012 and 2017. *e RPP was defined
as systolic blood pressuremultiplied by the heart rate, measured prior to the iFR evaluation.*e study population was divided into
the low-RPP (n= 129, mean RPP: 6981± 1149) and high-RPP (n= 130, mean RPP: 10391± 1603) groups according to the median
RPP. Correlations and biases between the iFR and FFR were compared. *e diagnostic performance of the iFR in the groups was
calculated, using FFR as the gold standard.*e correlation between the iFR and FFR was higher in the high-RPP group than in the
low-RPP group. *e bias between the iFR and FFR in the high-RPP group was smaller than that in the low-RPP group. *e best
cutoff value of the iFR for predicting an FFR of 0.8 was 0.90 for all lesions, 0.93 for the low-RPP group, and 0.82 for the high-RPP
group. *e iFR and RPP showed a weak but a statistically significant negative correlation (R= 0.14; p � 0.029). *is was not
observed for the relationship between the FFR and RPP. In conclusion, the RPP affects the relationship between the FFR and iFR.
With FFR as the gold standard, the iFR may underestimate and overestimate the functionality of ischemia in the low- and high-
RPP groups, respectively.

1. Introduction

Several studies have shown that reducing myocardial is-
chemia with coronary artery intervention improves both
quality of life and clinical outcomes [1, 2].*e fractional flow
reserve (FFR) is a hyperemic pressure-derived ratio that is
considered the reference standard method for evaluating the
functional severity of coronary artery stenosis based on
substantial clinical outcome data [3–5]. *e instantaneous
wave-free ratio (iFR) is a nonhyperemic pressure-derived
ratio; randomized controlled trials have demonstrated that
the iFR-guided revascularization is not inferior to FFR-
guided revascularization [6, 7].

*e FFR and iFR correlate well and are similar coronary
functional indexes, although they differ in some respects;

specifically, FFR is calculated by the pressure ratio during the
entire cardiac cycle period under hyperemia, while the iFR is
calculated by the pressure ratio during the diastolic cardiac
cycle under resting conditions. *e rate pressure product
(RPP) is calculated as systolic blood pressure multiplied by
the heart rate, which is an index of myocardial metabolism
that is closely correlated withmyocardial hemodynamics [8].
Previous reports suggested that the coronary blood flow at
resting condition was easily affected by the fluctuation in
blood pressure or heart rate, but the coronary blood flow
under hyperemia was not [9, 10]. No studies, to date, have
reported on the effects of the RPP on the relationship be-
tween the FFR and iFR. *erefore, the aim of this study was
to evaluate the effects of the RPP on the FFR and iFR re-
lationship. We also determined how the diagnostic
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performance of the iFR is affected by the RPP when FFR is
set as the gold standard.

2. Materials and Methods

2.1. Patient Population. In this study, we enrolled patients
who had undergone clinically indicated invasive coronary
angiography as well as both the iFR and FFR examinations
between 2012 and 2017. Because we examined how the RPP
affect the relationship between the FFR and iFR, we limited
our analysis to patients who had undergone blood pressure
and heart rate measurements just prior to the iFR and FFR
evaluations. It is difficult to accurately assess the RPP in
patients with atrial fibrillation. We, therefore, excluded
patients who had had atrial fibrillation. Hemodialysis pa-
tients characteristically exhibit specific hemodynamic con-
ditions; therefore, such patients were excluded. We also
excluded patients with lesions in the left main trunk and
those with bypass grafts. Finally, we excluded patients with
ST segment elevation myocardial infarction, non-ST-seg-
ment elevation myocardial infarction, or New York Heart
Association class IV heart failure. We included the patients
with unstable angina pectoris, but the stenoses interrogated
were the nonculprit lesions.

2.2. Measurement of Rate Pressure Products. *e RPP was
defined as the systolic blood pressure multiplied by the heart
rate. Blood pressure and heart rate measurements taken just
prior to the iFR measurement were used for the calculation.
Blood pressure data were extracted from hemodynamic
records taken during cardiac catheterization and had been
measured using either invasive monitoring of the arterial
catheter or a sphygmomanometer. Heart rate was recorded
from the electrocardiography monitor or the oxygen satu-
rationmonitor.We divided lesions into two groups based on
whether the RPP just prior to the iFR measurement for each
lesion was greater or lesser than the median RPP; thus,
patients in the low- and high-RPP groups had lesions with
the RPP <8512 and ≥8512, respectively. Lesion character-
istics were compared between the groups as were the cor-
relations and biases between the FFR and iFR.

2.3. Coronary Angiography, Quantitative Coronary Angiog-
raphy, and Echocardiography. Coronary angiography was
performed according to standard clinical methods via the
radial or femoral arterial approach. Quantitative coronary
angiography (QCA) was performed by an independent
physician using a computer-assisted automated edge de-
tection algorithm [11]; the physician was blinded to the
results of the iFR and FFR. *e external diameter of the
contrast-filled catheter (5-Fr or 6-Fr) was used as the cali-
bration standard. *e percentage of the stenosis diameter
during end-diastole was measured using the worst-view
trace. Echocardiography measurements were performed
according to American Society of Echocardiography
guidelines by an independent physician who was blinded to
the results of the FFR and iFR. *e left ventricular mass
index and E/eʹ ratio were added to the analysis.

2.4. Standard iFR and FFRMeasurements. Both the iFR and
FFR examinations were performed using either diagnostic or
interventional guiding catheters. After administering an
intracoronary bolus of nitroglycerin, a coronary pressure
wire (Prime Wire Prestige; Philips Volcano Corporation,
San Diego, CA, USA) was calibrated outside of the body and
advanced such that the sensor was positioned at the tip of the
guiding catheter where the two pressures were equalized and
recorded. After completion of the pressure equalization at
the tip of the guide catheter, the guidewire was advanced to a
point distal to the stenosis. First, the iFR was directly and
automatically measured online using the Volcano Core
system (Philips Volcano). Second, the FFR was measured
during maximal hyperemia. Hyperemia in the target cor-
onary artery was achieved either with an intracoronary bolus
injection of 8–12mg papaverine or with continuous intra-
venous administration of adenosine at 150 µg/kg/min. At the
end of each measurement, the pressure sensor was retracted
to the tip of the guide catheter to avoid pressure drift.

2.5. Statistical Analysis. Continuous data were expressed as
means± standard deviations. Categorical data were
expressed as absolute values and percentages. *e com-
parisons were made using Welch’s t-test for normally dis-
tributed continuous variables, the Mann–Whitney U test for
nonnormally distributed continuous variables, and Pear-
son’s chi-squared test for categorical variables. Correlations
between parameters were tested using Pearson’s correlation
coefficients. Fisher’s r-to-z transformation was used to assess
the significance of the difference between two correlation
coefficients. Bland–Altman analysis was conducted to
evaluate the bias and limits of agreement between each
parameter. ROC curves were used to evaluate the diagnostic
performance of the iFR when identifying a positive FFR
measurement using the area under the curve (AUC).
Multivariable regression analysis was performed to deter-
mine predictors of the FFR and iFR. Variables were included
in the multivariable model if they reached p< 0.20 after
univariable regression analysis. p values <0.05 were con-
sidered to indicate statistical significance. Statistical analyses
were performed using JMP statistical software (JMP Pro
14.0; SAS Institute Inc., Cary, NC, USA).

2.6. Compliance with Ethical Standards. *e study protocol
was based on the regulations of the hospital’s ethics com-
mittee. All participating patients provided written informed
consent. *e study was conducted according to the prin-
ciples of the 1975 Declaration of Helsinki.

3. Results

We enrolled 195 consecutive patients with 259 lesions in this
study.*e study patient characteristics are shown in Table 1.
*emean patient age was 68.8± 10.4 years; 57.9% of patients
had diabetes mellitus, 72.3% had hypertension, and 67.2%
had hypercholesterolemia.*emean left ventricular ejection
fraction was 51.3%, and the mean glomerular filtration rate
was 60.4mL/min/1.73m2.
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*e median RPP was 8512 (interquartile range: 7200,
10220) (Supplemental Figure 1). A total of 129 (49.8%)
lesions were classified as belonging to the low-RPP group
(mean RPP: 6981± 1149) and 130 (50.2%) to the high-RPP
group (mean RPP: 10391± 1603) according to the median
RPP. Lesion characteristics of the low-RPP and high-RPP
groups are shown in Table 2.

In comparison with the lesions in the low-RPP group,
the lesions in the high-RPP group tended to be in older
patients, females, nonsmokers, and patients with a history of
myocardial infarction. *e E/e’ ratio in the high-RPP group
was higher than that in the low-RPP group (14.1± 6.4 vs.
12.5± 4.5, respectively, p � 0.045). No significant difference
was observed in the QCA parameters.

*e correlation between the FFR and iFR in the high-
RPP group was significantly higher than that of the low-RPP
group (Pearson’s correlation: r� 0.82 vs. r� 0.63, respec-
tively, z� 3.3, p � 0.001, Figure 1).

According to Bland–Altman analysis, the bias between
the FFR and iFR in the high-RPP group was 0.058 (95%
confidence interval (CI): 0.042–0.074) and that of the low-
RPP group was 0.097 (95% CI: 0.079–0.115) (Figure 2).

*e best cutoff value of the iFR for predicting an FFR of
0.80 was 0.90 for all lesions (AUC 0.79, sensitivity 0.74,
specificity 0.67, and p< 0.0001), with 0.93 for the low-RPP
group (AUC 0.83, sensitivity 0.87, specificity 0.62, and
p< 0.0001), and 0.82 for the high-RPP group (AUC 0.79,
sensitivity 0.57, specificity 0.93, and p< 0.0001) (Figure 3)
(Supplemental Figure 2).

Using the current iFR cutoff values of ≤0.89, 26.4% of
lesions in the low-RPP group would be underestimated,
while 16.9% of lesions in the high-RPP group would be
overestimated (Supplemental Figure 3).

*ough there was no significant correlation between the
RPP and FFR, the RPP and iFR showed a weak but sig-
nificant inverse correlation (Pearson’s correlation: r� 0.14;
p � 0.029) (Figure 4).

Table 3 shows the variables which were associated with
the iFR or FFR. In the univariable analysis, female sex
(p � 0.11) and the presence of diabetes mellitus (p � 0.04)
were potential predictors of FFR. *e age (p � 0.02),

presence of diabetes mellitus (p< 0.0001), prior revascu-
larization (p � 0.05), left ventricular mass index (p � 0.19),
E/e’ (p � 0.01), glomerular filtration rate (p � 0.01), and
RPP (p � 0.04) were potential predictors of the iFR. Pres-
ence of diabetes mellitus was the independent predictor of
FFR in multivariable analysis (p � 0.04; β� 0.13). *e
presence of diabetes mellitus (p � 0.002; β� 0.23) and the
RPP (p � 0.04; β� -0.15) were independent predictors of the
iFR.

*e best cutoff value of the RPP to predict discordance of
the iFR≤ 0.89 and FFR> 0.8 was 10950 and 6572 for dis-
cordance of the iFR> 0.89 and FFR≤ 0.8 (Figure 5).

4. Discussion

*e RPP is an index that reflects myocardial metabolism and
greatly affects the hemodynamics of the heart [8], suggesting
that coronary artery pressure-derived indexes could be
influenced by the RPP. No previous study has reported the
influence of the RPP on the relationship between the FFR
and iFR.

*e primary findings in the present study were as fol-
lows: (1) the correlation between the FFR and iFR in the
high-RPP group was higher than that of the low-RPP group;
(2) the best cutoff value of the iFR for predicting an FFR of
0.8 was 0.90 for all lesions, 0.93 for the low-RPP group, and
0.82 for the high-RPP group; and (3) the iFR and RPP
showed a weak but a statistically significant negative cor-
relation. No similar result was found for the FFR and RPP.
Moreover, multivariable analysis revealed that the RPP was
independently associated with the iFR.

*e reason for the higher correlation between the iFR
and FFR in the high-RPP group might be that the oxygen
consumption of the myocardium was increased, resulting in
increased coronary blood flow to maintain the oxygen
supply in the high-RPP group. If one simply considers the
amount of blood flow in the coronary arteries, coronary
blood flow under resting conditions in the high-RPP group
may increase and be closer to that of the hyperemic con-
dition. Hence, the correlation between the iFR and FFR in
the high-RPP group is likely to be increased. *e question
remains as to whether FFR would be affected in a high-RPP
environment. A previous study reported that coronary blood
flow under hyperemia did not correlate with the RPP, while
coronary blood flow under resting conditions had a sig-
nificant positive correlation with the RPP [9]. Similarly,
although we did not observe a significant correlation be-
tween the RPP and FFR, the RPP and iFR showed a weak but
a significant negative correlation. de Bruyne et al. reported
that the FFR was almost independent of hemodynamic
changes including heart rate and blood pressure [10]. Kolli
et al. reported that fluctuations in the heart rate had no
significant influence on the measured values of FFR in a
porcine model [12]. By contrast, a study reported that hy-
peremic coronary flow decreased, and resting coronary flow
was maintained in an environment where coronary circu-
lation compensated for microvascular resistance [13].
However, if the FFR is measured when the coronary mi-
crocirculation is optimally dilated using the correct method

Table 1: Patients’ characteristics.

Patients’ variables n� 195
Age 68.8± 10.4
Men 45 (23.1%)
Body mass index (kg/m2) 23.9± 3.5
Diabetes mellitus 113 (57.9%)
Hypertension 141 (72.3%)
Hyperlipidemia 131 (67.2%)
Smoking 69 (35.4%)
Prior myocardial infarction 58 (29.7%)
Revascularization 105 (53.8%)
Left ventricular ejection fraction (%) 51.3± 9.7
Chronic kidney disease (>stage II) 102 (52.3%)
Glomerular filtration rate (mL/min/1.73m2) 60.4± 16.4
∗Data are expressed as mean± standard deviation or as number
(percentage).
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and correct hyperemic agent, the FFR value might not be
affected by the RPP value.

As regards the patient characteristics in our study, a total
of 58% patients had diabetes mellitus, which is an important
covariate for microvascular dysfunction. *ere are also

numerous reports which have suggested that the higher left
ventricular mass index and higher E/e′ ratio are associated
with microvascular dysfunction [14, 15]. When adding the
variables including the presence of diabetes mellitus, left
ventricular mass index, and E/e’ ratio to the multivariable

Table 2: Lesion characteristics divided by the median of the rate pressure products.

Low-RPP group (n� 129) High-RPP group (n� 130) p value
Age 67.8± 11.4 70.8± 9.0 0.02
Female 23 (17.8%) 40 (30.8%) 0.02
Body mass index (kg/m2) 23.7± 3.8 23.9± 3.6 0.74
Diabetes mellitus 68 (52.7%) 83 (63.9%) 0.08
Hypertension 92 (71.3%) 98 (75.4%) 0.48
Hyperlipidemia 95 (73.6%) 83 (63.9%) 0.11
Smoking 59 (45.7%) 37 (28.5%) 0.005
Prior myocardial infarction 33 (25.6%) 49 (37.7%) 0.045
Revascularization 78 (60.5%) 68 (52.3%) 0.21
LVEF (%) 49.9± 10.6 51.9± 8.7 0.10
LVMI (g/m2) 98.7± 29.8 91.5± 30.6 0.11
E/e′ 12.5± 4.5 14.1± 6.4 0.048
Chronic kidney disease (>stage II) 69 (53.5%) 71 (54.6%) 0.9
GFR (mL/min/1.73m2) 60.9± 17.1 58.0± 17.2 0.18
Percent diameter stenosis 63.6± 17.4 63.0± 18.3 0.77
Left anterior descending artery 78 (60.5%) 69 (53.1%) 0.26
Circumflex artery 24 (18.6%) 30 (23.1%) 0.44
Right coronary artery 27 (20.9%) 31 (23.9%) 0.66
FFR 0.77± 0.11 0.78± 0.12 0.51
iFR 0.87± 0.13 0.84± 0.16 0.09
Percent diameter stenosis 64± 17 63± 18 0.77
Lesion diameter (mm) 17.7± 6.9 18.5± 6.9 0.32
Reference diameter (mm) 2.7± 0.5 2.6± 0.5 0.06
Diffuse/tandem lesion 37 (28.7%) 37 (28.7%) 0.89
Rate pressure products 6981± 123 10392± 122 <0.0001
Systolic blood pressure (mmHg) 111± 19.0 138± 19.9 <0.0001
Heart rate (beats/minute) 63.3± 8.4 76.0± 12.2 <0.0001
RPP, rate pressure products; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; GFR, glomerular filtration rate; FFR, fractional flow
reserve; iFR, instantaneous wave-free ratio. ∗Data are expressed as mean± standard deviation or as number (percentage).
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Figure 1: Scatter plots of the FFR and iFR in the low-RPP group (a) and the high-RPP group (b). RPP, rate pressure product; iFR,
instantaneous wave-free ratio; FFR, fractional flow reserve.
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analysis to clarify the predictor of the iFR, the RPP was
independently associated with the iFR. *ese data suggest
that the iFR might be affected by the RPP regardless of
microvascular dysfunction.

In this study, the best cutoff value of the iFR for predicting
an FFR of 0.8 was 0.90 for all lesions. *is value agrees with
previously reported values. *e best cutoff value for the low-
RPP group was 0.93, higher than the standard predictive value
of the iFR. *e best cutoff value for the high-RPP group was
0.82, lower than the standard predictive value of the iFR.
When using the corrected iFR cutoff values of ≤0.93 for the
low-RPP group and ≤0.82 for the high-RPP group, a total of
23 (17.8%) lesions should be reclassified as “ischemic” in the
low-RPP group and a total of 16 (12.3 %) lesions should be
reclassified as “nonischemic” in the high-RPP group.

*e FFR has hemodynamic independence through di-
lating and maximizing the coronary microcirculation in
hyperemia.*e iFR value is sensitive to the RPP fluctuations,
while the FFR is less susceptible to the RPP fluctuations. Jain
et al. reported that mental stress increased the RPP [16]. In
this study, the stressful conditionmay have the greatest effect
on the RPP value because the comorbidity of hypertension
did not change between the high-RPP group and the low-
RPP group. When examining the iFR, it may also be nec-
essary to make this as stress-free as possible. *en, the
difference between low- vs. high-RPP is more likely asso-
ciated with patient hemodynamics at the time of physiologic
assessment, further suggesting the stability of hyperemic
measurements as opposed to resting measurements. Even if
the iFR is positive, there is a possibility of false positive if the
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Figure 2: Bland–Altman plot comparing the FFR and iFR in the low-RPP group (a) and the high-RPP group (b). RPP, rate pressure
products; iFR, instantaneous wave-free ratio; FFR, fractional flow reserve.
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Figure 3: Receiver-operating characteristic curves of the iFR values for an FFR of 0.8 in all lesions (a), the low-RPP group (b), and high-RPP
group (c). RPP, rate pressure products; AUC, area under the curve.
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RPP is 10950 or more at the time of the iFR measurement.
Further, if the iFR is negative, there is a possibility of false
negative if the RPP is 6572 or less at the time of the iFR
measurement. Additional studies with a prospective study
design and larger numbers of patients are necessary to
validate the relation between the rate pressure products and
iFR and FFR.

*ere are several limitations to this study. First, this was
a retrospective observational cohort study conducted at a
single center, and the number of study patients was rela-
tively small. Second, there were no data on the changes in
the iFR values at rest and during exercise in the same
patients, and there were also no data on the clinical

endpoints. *ird, the prevalence of diabetes mellitus and
hypertension was higher than those of previous studies.
*ese comorbidities induce structural changes in the
myocardium and reduce coronary capacity, possibly
influencing the relationship between the iFR and FFR.
Fourth, analyses vary depending on which indicator is
considered the gold standard. *ere is, however, abundant
evidence in favor of using the FFR, and it is currently the
most reliable index recommended in the guidelines. Fur-
thermore, the FFR has customarily been the benchmark for
evaluating other nonhyperemic indices. Fifth, there are no
data on medication (i.e., calcium-channel blocker and beta-
blocker), which might influence the results.
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Figure 4: Scatter plots comparing the RPP with the FFR (a) and iFR (b). RPP, rate pressure products; iFR, instantaneous wave-free ratio;
FFR, fractional flow reserve.

Table 3: *e variables associated with the FFR and iFR.

FFR iFR
Univariable Multivariable Univariable Multivariable

β p value β p value β p value β p value
Age 0.04 0.52 −0.15 0.02 −0.01 0.87
Female −0.1 0.11 −0.1 0.12 0.03 0.59
Body mass index −0.07 0.25 0.02 0.77
Diabetes mellitus 0.13 0.04 0.13 0.04 0.24 <0.0001 0.23 0.002
Hypertension 0.005 0.94 0.02 0.7
Dyslipidemia 0.03 0.61 −0.07 0.24
Smoking 0.07 0.28 −0.05 0.47
Prior myocardial infarction −0.04 0.50 0.02 0.77
Prior revascularization −0.07 0.29 −0.12 0.05 −0.1 0.21
LVEF 0.02 0.79 0.04 0.52
LVMI −0.04 0.60 −0.1 0.19 −0.06 0.49
E/e′ −0.07 0.35 −0.18 0.01 −0.05 0.58
GFR 0.08 0.21 0.16 0.01 0.13 0.13
Rate pressure products −0.001 0.99 −0.14 0.03 −0.15 0.04
LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; GFR, glomerular filtration rate; FFR, fractional flow reserve; iFR, instantaneous
wave-free ratio.
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5. Conclusion

Rate pressure products may affect the relationship between
the FFR and iFR. Setting FFR as the reference gold standard,
the iFR may underestimate the functionality of ischemia in
the low-RPP group and overestimate it in the high-RPP
group.
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