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Abstract

The dysfunction of the coronary microcirculation came to light as a significant contributing and/or leading

mechanism of myocardial ischaemia with important prognostic implications. The function of the coronary

microcirculation (CMC) can be assessed in humans by applying several non-invasive and invasive techniques.

This part of the review (Part II) focuses on the utility of positron emission tomography (PET) and computed

tomography (CT) for the evaluation of the coronary microvascular function in different disease states. It also

summarizes insights into the pathophysiology of the coronary microvascular dysfunction that can invasively be

discovered by a Doppler-derived coronary blood flow velocity reserve and microcirculatory resistance indexes.
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An Assessment of the Coronary
Microcirculatory Function by PET Scan

Positron emission tomography (PET) is a non-in-
vasive technique based on the radiotracers that
decay by positron emission [1]. A positron is a pos-
itively charged electron emitted from the nuclei of
unstable isotopes during radioactive decay. Using
dedicated flow tracers, PET enables the imaging of
regional myocardial perfusion with a high spatial
resolution (down to the secondary or tertiary coro-
nary branches) and the quantification of myocardial
blood flow (MBF) in absolute units (ml/min/kg) at
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rest and at stress (hyperaemia). The most frequently
used stressor is adenosine, an endothelium-indepen-
dent vasodilator. The intravenous administration
of adenosine produces nearmaximal vasodilatation
and hyperaemia. The ratio of hyperaemic to rest ab-
solute perfusion represents myocardial flow reserve
(MFR), the analogue to the coronary flow reserve
(CFR) obtained by transthoracic Doppler echocar-
diography or the intracoronary Doppler wire.
Coronary flow reserve is an integrated mea-
sure of flow both through the large epicardial ar
teries and the coronary microcirculation (CMC).
In the absence of flow limiting epicardial stenosis,
reduced CFR is a marker of coronary microcircu-
latory dysfunction. However, obstructive epicar
dial disease and the dysfunction of CMC often
coexist, making the distinction between these two
based on myocardial perfusion challenging. Hybrid

©The Author(s) 2019. This article is published with open access
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PET/CT scanners allow a non-invasive evaluation
of the coronary anatomy and functional informa-
tion in one setting. They are valuable options with
a higher diagnostic accuracy compared to dedicated
PET scanners alone [2, 3]. Furthermore, the perfu-
sion abnormalities detected by this methodology
are based on the CT-derived anatomy without the
standard assumptions of the vascular distribution,
which are frequently inaccurate.

Myocardial Perfusion by PET: the Basic
Principle and Technical Aspects

There are several cyclotron- (150-labelled water
(H2150) and 13N-labelled ammonia (13NH3)) and
generator- (82Rb (cationic K+ analogue)) produced
radiotracers for the assessment of myocardial blood
flow by PET. Each of these radiotracers displays
different characteristics, with both their respective
advantages and disadvantages. Apart from 13N-am-
monia, 82Rb is the most widely used radionuclide
for the assessment of myocardial perfusion with
PET [4, 5]. The myocardial uptake of 82Rb requires
active transport via the sodium/potassium adenos-
ine triphosphate transporter, which is dependent
on coronary blood flow. Accurate data are available
in the literature, linking 82Rb myocardial perfu-
sion imaging and clinical outcomes [6, 7, 8]. The to-
tal-body effective dose from a stress-rest myocardial
perfusion study performed with 82Rb is approxi-
mately 4 mSv [5].

Myocardial blood flow measurement by using
PET is achieved by the continuous monitoring of the
radioactivity emitted by an intravenously adminis-
tered tracer, in the circulation and the myocardium.
The kinetics of the radiotracer uptake in the myo-
cardium are derived from the time-activity curves
in the left ventricular cavity (the input function) and
the myocardium; fitting these time-activity curves
with an operational equation provides the accurate
estimates of MBF (in ml/min/gof tissue) [9].

The advantages of PET over single-photon emis-
sion computed tomography (SPECT) include a
lower radiation exposure, fewer artefacts and an im-
proved spatial resolution. PET continues to be the
most accurate non-invasive modality for the MBF
quantification which other emerging techniques are
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compared to. Its accuracy and reproducibility are
well-established [10, 11, 12, 13].

The Clinical Application
of PET-derived CFR

A large number of PET studies have significantly
contributed to our understanding of coronary mi-
crocirculatory dysfunction in patients with classical
risk factors for atherosclerosis (hypertension, diabe-
tes mellitus, hyperlipidemia), overt epicardial cor
onary artery disease, the heart failure of different
etiology, LV hypertrophy, and valve disease.

Arterial hypertension

In patients with systemic hypertension, im-
paired CFR due to both elevated resting MBF and
reduced hyperaemic MBF was demonstrated [14,
15]. Interestingly, treatment with angiotensin-con-
verting enzyme (ACE) inhibitors or angiotensin-re-
ceptor blockers reversed coronary microvascular
remodelling, consequently improving both resting

and hyperaemic MBF [16].

Diabetes mellitus

Coronary microvascular dysfunction is a signif-
icant determinant of cardiovascular morbidity and
mortality in patients with diabetes mellitus (DM),
and its correlation with insulin resistance has been
extensively demonstrated [17, 18, 19]. Furthermore,
coronary vasodilatory dysfunction, as assessed by
impaired CFR measured by PET in patients with
DM (and in non-diabetics as well) provided signif-
icant incremental risk stratification beyond com-
prehensive clinical data [20]. The diabetic patients
without known coronary artery disease (CAD), but
with impaired CFR, experienced a cardiac death
rate comparable to the non-diabetic patients with
known CAD, whereas the diabetics without known
CAD and preserved CFR had cardiac mortality
similar to the patients without known CAD or
DM and the normal stress perfusion and systolic
function. The inability to appropriately augment
myocardial blood flow in response to stress can
be normalized by insulin infusion [21], euglycae-
mic control with glyburide and metformin [22], or
insulin-sensitizer [23].

©The Author(s) 2019



Hyperlipidemia

CFR was reduced in the asymptomatic individ-
uals with hypercholesterolemia and without overt
coronary stenosis [24]. Interestingly, CFR correlated
with the LDL cholesterol levels, but not with the
total cholesterol levels, emphasising the pathogenic
role of LDL particles [25]. Additionally, treatment
with pioglitazone plus the conventional lipid-lower-
ing therapy in the patients with familial combined
hyperlipidemia caused significant increases in myo-
cardial glucose utilization and hyperaemic MBF [26].

PET-derived CFR for the Diagnosis of
Coronary Artery Disease, Prognosis and
a Revascularisation Strategy

PET enables the determination of the myocardial
blood flow threshold for stress-induced perfusion
defects with severe angina and/or significant ST-seg-
ment depression during dipyridamole hyperaemia
[27]. A vasodilator stress perfusion cutoff of 0.91
ml/min/g optimally separated definite from no
ischemia with a CFR cutoff of 1.74 [27].

Non-invasive CFR by PET was validated against
invasively derived CFR for the functional diagnosis
of CAD [28]. PET can reduce the procedure time
and costs, and simultaneously simplify the diagnos-
tic protocol for assessing CAD, augmenting both
the functional and anatomical diagnosis of CAD.

Diffuse coronary atherosclerosis and coronary
microvascular dysfunction are not only highly prev-
alent among the patients with known or suspected
(epicardial) coronary artery disease, but they also in-
crease the severity of inducible myocardial ischemia
and identify the patients at high risk for serious ad-
verse events, including cardiac death [29].

The additional prognostic value of attenuated
CFR in the patients with known or suspected CAD
was proven in a large number of the patients by sev-
eral investigators (30, 31, 32, 33]. A global CFR<2
(measured by using 13NH3-PET) permitted ad-
vance risk stratification in these patients. Abnormal
perfusion was associated with increases in major
adverse cardiac events and cardiovascular mortality
throughout the 10 years of follow-up, whereas in
the patients with normal perfusion, a normal global
CFR predicted a low risk of major adverse cardiac

©The Author(s) 2019

J Hypertens Res (2019) 5(2):51—-64

events during the following 3 years [30]. The incre-
mental prognostic value of CFR was also confirmed
by using 82Rb-PET in the study in which CFR val-
ues were divided into tertiles. The lowest tertile of
the CFR values (<1.5) was associated with a 5.6-fold
increase in the risk of cardiac death versus that in
the highest tertile (>2) [31]. The independent pre-
dictive value of 82Rb-PET-measured CFR over the
standard, semi-quantitative parameters, such as the
summed stress score, was also documented [32].

Whether the coronary microcirculatory dys-
function detected by PET-derived CFR can help
or even guide a revascularisation strategy or not re-
mains to be answered. However, it was shown that
PET-derived CFR was associated with the outcomes
independently of angiographic CAD and that it
modified the effect of early revascularization [29].
The subjects with a low CFR experienced the rates
of the events similar to those of the subjects with
high angiographic scores, whereas those with a low
CFR or a high CAD prognostic index (the measure
of the extent and severity of angiographic disease)
showed the highest risk of events. Interestingly, the
patients with a low CFR who underwent coronary
artery bypass grafting, but dd not undergo percuta-
neous coronary intervention, experienced the event
rates comparable to those with preserved CFR, in-
dependently of revascularization [29].

PET-derived CFR in Heart Failure and
LV Hypertrophy

The accurate characterization of the etiology of
heart failure (HF) (i.e. ischaemic vs non-ischaemic)
is important for risk stratification and a therapeu-
tic strategy. However, the severity of left ventricular
(LV) dysfunction and remodelling is often out of
proportion to the severity of angiographic CAD,
pointing to the importance of the structural and/or
functional abnormalities of CMC. Abnormal CFR
is found in patients with cardiomyopathy even in
the presence of the angiographically normal coro-
nary arteries and is associated with an increased
risk of adverse ventricular remodelling independent
of the clinical severity of HF (34, 35, 36, 37].

The comparison between PET-derived CRF in
the patients with ischaemic (ICM) and those with
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non-ischaemic (NICM) cardiomyopathy showed
that the mean CFR was significantly lower among
the patients with ICM [38]. Although impaired CFR
(i.e. CFR <2.0) occurred in the majority of both
groups, it was more prevalent in the patients with
ICM (85.1%) than in those with NICM (71.9%). The
patients with ICM had lower stress MBF and CFR,
but not resting MBF. Among those patients with
dyspnoea, CFR was abnormal in 84.3%. Overall,
the patients with CFR<1.65 experienced the higher
annualized rates of MACE, cardiac death, HF hos-
pitalization, and late revascularization. Future work
should be focused on investigating whether and
how the quantitative measurements of CFR can di-
rect therapy in patients with HF.

Left ventricular hypertrophy (LVH) is an inde-
pendent predictor of morbidity and overall mortality
in a wide range of diseases, including hypertension
(39], hypertrophic cardiomyopathy, aortic stenosis,
as well as in the general population [40]. The func-
tional and structural alterations of CMC in the pa-
tients with pathological LVH were documented by
PET [41, 42]. The main mechanism in the patients
with hypertrophic cardiomyopathy is blunted maxi-
mal MBF and consequently impaired CFR [43, 44].
Even more important is its strong predictive power
[45]. In the patients with hypertrophic cardiomyop-
athy, the hyperaemic flow value <1.1 ml/min g-1
measured by PET was the most powerful indepen-
dent predictor of the long-term adverse outcome,
and was associated with a 9.6-fold increase in the
age-adjusted relative risk of death [45].

In the patients with aortic stenosis, an increase
in the intramyocardial pressure caused by raised
extravascular compressive forces is considered to
be the main cause of CMC dysfunction [41]. Al-
though resting MBF increases proportionally with
left ventricular mass in patients with aortic stenosis,
(suggesting that the demand of the hypertrophied
myocardium is met by the increased baseline MBF),
CFR is severely reduced and inversely correlated
with the valve orifice area [46].

The Limitation of PET-derived CFR
PET technology is complex and has not yet been com-

pletely standardized into widely available hardware,
software algorithms, or protocols [13]. The availability
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of scanners, an increased cost, and reimbursement is-
sues also limit its widespread clinical application.
The knowledge of the optimal cutoff values
for absolute perfusion needs to be studied in large
populations and for various tracers. The potential
sources of errors in measurement, including the ef
fect of high driving pressure and high resting flow
rates, are still being characterized. Still unexplored
is whether PET-derived CFR/MFR can differen-
tiate the patients with epicardial stenosis from the
patients with abnormalities within subendocardial
microvascular perfusion only or not [4]. Another
point is that the axial spatial resolution of modern
PET scanners ranges from 5 to 6.3 mm full width
at half maximum (FWHM), depending on the scan-
ner configuration and a location in the field of view.
This is poorer than the spatial resolution of cardiac
magnetic resonance (CMR) imaging and CT, and
allows the reporting of only the transmural distri-
bution of myocardial perfusion, i.e. subendocardial
versus epicardial versus mid-ventricular wall perfu-
sion defects cannot be differentiated [5]. Also, the
technical limitations of PET during physical exercise
(as a means to increase cardiac workload) involve the
body movements that degrade the quality of PET [9].

An Assessment of the Coronary
Microcirculatory Function by CT: the
Basic Principle and Technical Aspects

Computed tomography (CT) enables a non-invasive
anatomical assessment of coronary stenosis. In the
last several years, however, much effort has been
made to investigate the role of CT in the physio-
logical evaluation of the coronary circulation and
myocardial perfusion. This could be done by dy-
namic CT myocardial perfusion imaging (CTMPI),
a technique providing quantitative perfusion mea-
surements by analysing changes in contrast enhance-
ment and contrast distribution in a tissue in time.
This technique is based on the detection of
the first pass of iodine-based contrast and the es-
timates of the maximum slope of the time-atten-
uation curve in the target tissue divided by the
maximum arterial input function. CT-measured
attenuation is converted to the iodine concentra-
tion and the time activity curves are converted
to the timedodine concentration curves. A

©The Author(s) 2019



two-compartment model of the vascular and extra-
vascular spaces is used to correspond the time-at-
tenuation curves - this approach being called the
deconvolution technique [47]. CTMPI is able to
differentiate cellular viability with a single acqui-
sition [48] and with a higher diagnostic accuracy
for fixed defects [49]. If a perfusion defect is fixed,
it is interpreted as a scar or necrosis, whereas if it
is reversible - it is interpreted as viable.

By using the sequential CT acquisitions of the
myocardial tissue while applying dypiridamole in-
travenously over a defined period of time, CTMPI
quantifies MBF expressed in mL/min/100 g. Myo-
cardial blood flow is assessed in all of the three vascu-
lar territories by selecting a region of interest (ROI).
CFR is then calculated as the MBF__/MBF

ratio. According to Ho et al., baseline I\S/tlri;)F shourlecbit
be corrected for the rate pressure product (RPP), an
index of myocardial oxygen consumption, by using
the formula: MBF__=(MBF, . /RPP) and conse-
quently, the corrected CFR is then calculated as

CFR__=MBFdipyridamole /MBF__[50].

The Clinical Application
of CT-derived MPI

The CORE 320 multicenter study that was carried
out at 16 hospitals in eight countries and involved
381 patients found that the accuracy of CT angiog-
raphy was significantly increased by the addition of
CT-derived MPI at both the patient and the vessel
levels, correctly identifying the patients with flow
limiting CAD defined as >50% stenosis by coro-
nary angiography [51]. Many studies have shown
that CT-derived MPI has a good diagnostic accuracy
compared to the other techniques previously used
to assess coronary flow.

Ho et al. studied the use of vasodilatorstress
CTMPI in detecting myocardial flow reserve and
found it to be comparable to SPECT (52). The same
group showed that global hyperaemic and CFR val-
ues were significantly lower in the population with
a documented CAD than in the low-risk population
[50]. In another study, George et al. found the ex-
cellent diagnostic accuracy (the overall sensitivity
and specificity) of CTMPI in detecting myocardial
ischemia compared with the reference standard of
CTA+SPECT [53].

©The Author(s) 2019
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The main advantage of this technique is its ability
to simultaneously assess the coronary anatomy, myo-
cardial flow reserve, as well as tissue viability. The
examination is rather quick and has a high spatial
resolution, a high diagnostic accuracy in detecting
(transmural) infarcted myocardial segments, as well
as a good diagnostic accuracy in detecting any other
perfusion defects, compared to CMR and SPECT.

The Limitation of CT-derived MPI

The limitations of this technique are as follows:
radiation (the effective radiation dose is around
11 mSv), a requirement for the optimal timing of
the contrast, a limited use in the patients with ar-
rhythmia or a high heart rate, and a limited/con-
traindicated application in the patients with the
impaired renal function. Motion and beam hard-
ening artefacts are the limiting factors; however,
they can be partly overcome by excluding the 1
mm subendocardial zone directly adjacent to the
contrastfilled left ventricle, and the 1 mm subepi-
cardial zone when selecting ROI. The insufficient
coverage of the heart, due to the limited width of
the detector, can be partly overcome by using CT
scanners of a new generation [47, 50, 54, 55].
Despite being widely accepted as a measure of
the CMC function, CFR has an inherent limita-
tion reflected in its inability to make a difference
between the focal stenosis of the epicardial coro-
nary artery, diffuse epicardial atherosclerosis, and
microvascular dysfunction. In real life, all these
alterations frequently coexist (with mutual inter-
actions), often with a heterogeneous spatial distri-
bution. For example, high resting flow (global or
regional) often causes a low CFR, which may be
misinterpreted as a consequence of epicardial ste-
nosis or a low CFR due to microvascular disease.
Conversely, low resting flow frequently produces
an adequate CFR, which might conceal the diag-
nosis of reduced stress flow due to microvascular
disease, leading to a false negative CFR. In order
to overcome these limitations, in addition to
CFR, the coronary flow capacity (CFC) has recently
been introduced [56]. CFC simultaneously inte-
grates regional resting flow, hyperaemic flow, and
CFR. CFC has been validated by invasive pres-
sure and Doppler flow velocity measurements.
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It should distinguish microvascular vs diffuse vs
focal CAD by accounting for the perfusion het
erogeneity that mimics these deferent pathophys-
iologies. Although this concept is physiologically
based and a promising one, it still requires further
research.

CT-derived Fractional Flow Reserve

(FFRCT)

Advances in imaging techniques, mathemat
ics, and computer science provide us with the
ability to accurately measure fractional flow re-
serve (FFR) from coronary computed tomography
angiography datasets (FFR ) [57]. Generally, FFR
represents the ratio of the maximal blood flow
through the coronary artery distal to a stenotic le-
sion and the normal maximal blood flow. It is tra-
ditionally measured in the cardiac catheterization
lab by using a pressure wire and allowing an in-
tracoronary or intravenous vasodilator to produce
maximal hyperaemia. For example, an FFR value
of 0.70 means that the stenosis is causing a 30%
drop in pressure across the lesion, which means
that the maximal hyperaemic flow is equally re-
duced by 30%. The major clinical utility of FFR
is to estimate the hemodynamic significance of
(epicardial) coronary stenosis.

Based on the standard CT angiography image
acquisition, a quantitative 3D anatomical model
is first generated, after which a physiological
model of the coronary microcirculation is derived
from an individual patient’s data by using the
three main assumptions: that resting coronary
flow is proportional to myocardial mass; that mi-
crovascular resistance is inversely proportional to
the vessel size; and that the mathematical model
simulates maximal hyperaemia, reducing micro-
vascular resistance at any point in the vascular
tree [9]. The application of fluid dynamics CBF is
computed, and FFR ;. can be calculated for each
point in the coronary tree [57]. In one study with
the patients who had low calcium scores, FFR .,
appeared as a promising tool to assess the mi-
crovascular function in the patients with CT-an-
giography-defined [57].
Nevertheless, in order to become an alternative
to the established non-invasive techniques for the
assessment of the microvascular function, further
studies need to be conducted regarding FFR _..

intermediate stenosis
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An Assessment of the Coronary
Microcirculatory Function by Applying
Invasive Methods

There are a variety of methods to assess the micro-
circulation and myocardial perfusion in the cathe-
terization laboratory.

The thrombolysis in myocardial infarction (TIMI)
score grading system is a semi-quantitative sub-
jective, categorical description of the penetration
and exit of the dye in a coronary artery. The val-
ues of TIMI can be between no perfusion i.e. no
flow (Grade 0) to a normal flow rate (Grade 3).
Although it is the basic, robust and most widely
used technique for quantifying coronary flow, it
is yet limited since it predominately reflects epi-
cardial vessel disease, thus preventing us from
gaining a more profound insight into the CMC
function. Nevertheless, acute microvascular ob-
struction (MVO) after the successful opening of
the infarctrelated epicardial artery by primary
percutaneous intervention (pPCI) in STEMI pa-
tients is associated with angiographic TIMI flow
<2, or TIMI=3 and myocardial blush grade=0 or
1 [58]. In general, TIMI 1 and TIMI 2 in STEMI
patients following pPCI [59], as well as in those
following elective PCI, are associated with worse
outcomes [60]

Since postpPCI MVO may even occur in
the patients with TIMI flow 3 [61], in order to
improve the stratification of these patients, the
corrected TIMI frame count (TFC) was developed.
Defined as the number of the frames required for
the contrast medium to reach the standardized
distal landmarks, this index correlated well with
invasively assessed CFR [62].

In order to shift the assessment of reperfu-
sion in STEMI patients from the epicardial to
the myocardial level, the two angiographic meth-
ods based on the kinetics of the dye penetration
within the myocardium were further proposed,
namely the myocardial blush grade (MBG), and the
TIMI myocardial perfusion grade (TMPG) [62, 63].
The myocardial blush grade is a densitometric
method assessing the maximum intensity of the
contrast medium in the microcirculation on a
scale scored from O to 3. The TMPG assesses the
microvascular clearance of the contrast medium
on a scale from O to 3, too. Higher scores indicate
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better perfusion. Both MBG and TMPG are able
to stratify the patients with TIMI flow 3 at the
end of pPCI according to the risk of a further
adverse event.

All of the foregoing methods for the angio-
graphic assessment of perfusion are qualitative
metrics, potentially with a significant interob-
server variability. Because of that, more quanti-
tative, invasive, coronary wire-based techniques
for the assessment of CMC have emerged. They
include the use of intracoronary pressure and
Doppler flow wires or their combination [64], inva-
sive CFR and the index of microcirculatory resistance
(IMR) being most commonly used in clinical
practice.

Invasive CFR

One of the most reliable assessments of the
CMC function is to directly measure coronary
blood flow velocity by using the intracoronary (IC)
Doppler wire. An ultrasound is emitted from the
tip of the guidewire in a pulsed wave manner and
coronary flow velocity or average peak velocity is
measured. Developments in wire technology have
significantly improved the reliability and repro-
ducibility of this technique. The profile of blood
flow velocity (i.e. the Doppler spectra) under the
resting condition can be very informative. For
example, a typical coronary blood flow pattern
associated with post-pPCI MVO is characterized
by systolic retrograde flow, diminished systolic
anterograde flow, and the rapid deceleration of
diastolic flow [65]. More importantly, by means of
the IC Doppler wire, invasive CFR can be deter-
mined by usually using intracoronary adenosine
to achieve maximal hyperaemia. In daily clinical
practice, Doppler-derived cross-sectional peak
flow velocity is used to compute CFR from hy-
peraemic and resting coronary blood flow velocity
measurements. Beside the IC Doppler wire tech-
nique, invasive CFR can be determined by using
the temperature and pressure sensing guidewire
that incorporates the thermodilution principle
[66].

Whereas FFR (FFR = the resting distal coro-
nary pressure to aortic pressure ratio [Pd/Pa) during
hyperaemia) estimates the haemodynamic i.e.
functional severity of epicardial coronary steno-
sis (i.e. lesionevel ischaemia with the ischaemic

©The Author(s) 2019
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threshold <0.80), CFR depends on the functional
integrity of both the epicardial and microcircula-
tory compartments. Only in the absence of a flow
limiting epicardial stenosis does the increment in
the flow velocity induced by adenosine (i.e. CFR)
predominately depend on the functional integrity
of the microcirculation.

Given the fact that they give different insights
into coronary physiology, CFR and FFR might be
discordant. In a study van de Hoef et al. conducted
among the patients with the borderline stenosis of
the epicardial coronary artery, those with normal
FFR, but an abnormally impaired CFR, had a
worse outcome in the 10 years of follow-up, sug-
gesting the predominant effect of microvascular
dysfunction, whereas the patients with abnormal
FFR and preserved CFR had the same prognosis
as the individuals with the normal values for both
parameters [67].

The predictive value of postPCI CFR was eval-
uated for future cardiovascular events [68]. In the
DEBATE study [69], after the single-vessel balloon
angioplasty with a residual stenosis <35%, the Dop-
plerwire derived CFR>2.5 identified the lesions
with a lower incidence of the recurrence of the
symptoms during the mid-term follow-up, a lesser
need for re-intervention, and a lower restenosis
rate. Furthermore, Dopplerwire derived CFR pre-
dicted long-term cardiac mortality after pPCI done
for STEML In another study carried out by van
de Hoef et al. [70], CFR was assessed in both the
infarctrelated and the reference coronary arteries
immediately after pPCI. The CFR<2.1 in the ref
erence vessel predicted a fourfold increased risk of
long-term (the median 11 years) cardiac mortality,
whereas the infarctrelated artery CFR<1.5 was asso-
ciated with an increase in a short-, but not in a long-
term risk of cardiac mortality. These data point to
the fact that the rather general functional status of
the microvasculature, not only the changes induced
by the acute effects of ischemia and reperfusion,
is more important for a long-term outcome in pP-
Cltreated STEMI patients.

The prognostic relevance of the CMC function
as assessed by invasive CFR was also demonstrated
among the patients with INOCA (ischemia with
non-obstructive coronary artery disease). In the
WISE study, 81% of the nearly 200 women with

suspected ischemia and risk factors for coronary
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artery disease referred for coronary angiography
had either normal findings at angiography or epi-
cardial coronary stenosis <50% [71]. The CFR<2.32
was the best predictor of major adverse outcomes
(death, nonfatal myocardial infarction, nonfatal
stroke, and heart failure requiring hospitalization),
with a sensitivity of 62% and a specificity of 65%,
during the follow-up of more than 5 years. This as-
sociation between the impaired CFR and the major
adverse outcomes remained after the adjustment
for obstructive CAD and multiple risk factors. Fur-
thermore, by using the same methodology, the same
authors tested the benefit of the therapy with ACE
inhibitors in the women with microvascular dys-
function in a randomized trial [72]. They revealed
a reduction in angina and the improvement of CFR
under the ACE-] treatment, however with a benefi-
cial response of the coronary microvasculature to
this therapy only in the women with a low baseline
CFR.

However, as noted before, CFR is not microvas-
cular-specific and is significantly affected by resting
hemodynamics.

The Index of Microvascular Resistance
(IMR)

The index of microvascular resistance (IMR) is
calculated as the product of distal pressure and the
mean transit time of a saline bolus during maxi-
mum hyperaemia by using a dual temperature and
pressure wire [73]. This technique is based upon
thermodilution. The mean transit time (Tmn) of
a bolus of saline at room temperature is inversely
correlated with invasively measured flow velocities.
Maximal hyperaemia is usually induced by using
either a single bolus of 10 to 15 g of intracoronary
papaverine or (more frequently) 140 g/kg/min of
intravenous adenosine via a central venous catheter.
IMR is a more specific metric for the microcircula-
tion than CFR and is less dependent on hemody-
namic parameters. Unlike CFR, IMR is not affected
by the epicardial arteries, but reflects the minimal
resistance during hyperaemic flow independently of
the variations in the resting vascular tone or heart
rate [74].

In the case of the present epicardial stenosis,
a correction for coronary wedge pressure (Pw) is
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proposed to offset the hemodynamic effect of the
stenosis. Therefore, the basic formula used to cal-
culate IMR in the absence of epicardial stenosis
IMR=Pd Tmn (where Pd is distal coronary pressure)
is corrected for IMR=Pd Tmn[(Pd-Pw)/(Pa-Pw))),
where Pa is the aortic pressure measured by the
guiding catheter [75]. It seems that several factors
might influence Pw predominately including collat
eral flow, but also the other factors related to the
intramural compressive forces that might be espe-
cially important in the patients with left ventricular
hypertrophy. Which equation best describes micro-
vascular resistance is still a topic under debate. It is
also important to notice that IMR is a relative index
and that its validity is limited to the same patient in
the same myocardial territory.

IMR has been introduced as a method for
evaluating the coronary microvascular circulation
at the time of the primary percutaneous interven-
tion (pPCI) [76]. Generally, an IMR<25 is accepted
as a cutoff for the normal microvascular function
[77]. However, in STEMI, a poststenting IMR>40
reflects severe microvascular impairment and is as-
sociated with poorer left ventricular functional re-
covery, a higher incidence of death, a myocardial
infarction and readmission for heart failure [78,
79]. Despite the fact that IMR has been validated
against CMR, not all studies have shown a perfect
concordance between the increased post-procedural
thermodilution-derived IMR and MVO detected by
CMR [80, 81]. However, in the patients with MVO
and higher IMR, a larger IS was observed than in
those in whom MVO was associated with IMR<40.
Those with MVO but IMR<40 experienced the sig-
nificant regressions of IS after 6 months, whereas
no significant change in IS was observed in the pa-
tients with MVO and higher IMR [81].

In the patients with stable angina, the pre-PCI
measured IMR was predictive of a periprocedural
myocardial infarction, suggesting that the baseline
impairment of the CMC function was relevant for
peri-PCI outcomes [82, 83]. Furthermore, Luo et al.
demonstrated that IMR was higher in the selected
patients with the cardiac syndrome X [84].

The development of the dual-sensor catheters
that simultaneously measure intracoronary pressure
and flow velocity by the Doppler technique enables
the introduction of a novel parameter: hyperae-
mic microvascular resistance (HMR). This index
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is calculated according to the following formula:
HMR= Pd/pAPV, where Pd is the pressure down-
stream of the stenosis and pAPV is the average hy-
peraemic peak flow velocity expressed in cm/s [85].
It has recently been compared with conventional
thermodilution-derived IMR. The correlation was
only modest. However, in the STEMI population,
hMR had a clinically superior sensitivity over IMR
in predicting the MVD determined by CMR, but it
was not statistically significant [86]. Hyperaemic mi-
crovascular resistance significantly correlated with
the degree of the anatomical alterations in the en-
domyocardial sampling in the cardiac allografts, al-
beit with a strong contribution of capillary density.

The other invasively determined parame-
ters of the CMC function were investigated, in-
cluding the instantaneous hyperaemic diastolic
velocity—-pressure slope (calculated from the ac
quired electrocardiogram, aortic pressure, and
the peak flow velocity signals of the same beat,
and plotted as a pressure flow-velocity loop). Rep-
resenting the slope of the linear portion of the
loop during the diastolic interval, this index turns
to be the physiological index that best correlated
with the structural changes in the microcircula-
tion evaluated in the endomyocardial sampling
from the cardiac allografts [87].

Conclusion

The assessment of the CMC function and the un-
derstatement of its role in different disease states
in humans still remain a challenge. Although mod-
ern technologies continuously increase the number
of clinical studies, experts opine that no profound
breakthrough in the field will be achieved without
the substantial improvements of experimental (ani-
mal) pathophysiological studies [88]. Only the gather-
ing and translation of this knowledge will enable us
to better understand the old and define new nosolog-
ical entities, the stratification of affected patients, and
the development of the effective therapeutic strategies
that have the coronary microcirculation in focus.
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