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Abstract

Our understanding of coronary syndromes has evolved
in the last two decades out of the obstructive athero-
sclerosis of epicardial coronary arteries paradigm to
include anatomo-functional abnormalities of coronary
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microcirculation. No current diagnostic technique allows
direct visualization of coronary microcirculation, but
functional assessments of this circulation are possible.
This represents a challenge in cardiology. Myocardial
contrast echocardiography (MCE) was a breakthrough
in echocardiography several years ago that claimed
the capability to detect myocardial perfusion abnor-
malities and quantify coronary blood flow. Research
demonstrated that the integration of quantitative MCE
and fractional flow reserve improved the definition
of ischemic burden and the relative contribution of
collaterals in non-critical coronary stenosis. MCE
identified no-reflow and low-flow within and around
myocardial infarction, respectively, and predicted the
potential functional recovery of stunned myocardium
using appropriate interventions. MCE exhibited diagno-
stic performances that were comparable to positron
emission tomography in microvascular reserve and
microvascular dysfunction in angina patients. Overall,
MCE improved echocardiographic evaluations of isch-
emic heart disease in daily clinical practice, but the
approval of regulatory authorities is lacking.

Key words: Contrast echocardiography; Myocardial
perfusion; Myocardial ischemia; Microvascular angina;
Coronary flow
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Core tip: Diagnostic work-up of coronary heart disease
is evolving to include evaluations of the coronary micro-
circulation in addition to the imaging of obstructive
atherosclerosis of coronary arteries and its eventual
effects. Functional assessments of coronary microva-
sculature have become the challenge. Myocardial con-
trast echocardiography (MCE) emerged as a promising
tool several years ago to detect myocardial perfusion
abnormalities and quantify coronary blood flow. MCE
compared favorably with other expensive techniques,
and it accurately evaluated coronary microvascular
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reserve and dysfunction in research studies. However,
its daily use in clinical practice is not established.
Therefore, the future of this technique is questionable.
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INTRODUCTION

The past paradigm of ischemic heart disease was
the relationship between myocardial ischemia and
obstructive atherosclerosis of the epicardial coronary
arteries™. Coronary angiography was the gold standard
to evaluate the severity and extent of coronary artery
disease (CAD). Clinical data in the last two decades
challenged this paradigm and shifted the attention to the
possible role of anatomical and functional abnormalities
of the coronary microcirculation throughout the clinical
spectrum of myocardial ischemia.

Functional assessments of coronary microvasculature
have become the challenge. Direct visualization of
the coronary microcirculation is not possible with any
currently available technique, but descriptions of its
function are possible. The thrombolysis in myocardial
infarction (TIMI) frame count is a qualitative method
to evaluate coronary blood flow®, and intracoronary
thermodilution and intracoronary Doppler wire, which
are based on thermal dilution curves and the Doppler
principle, respectively, measure myocardial blood flow
(MBF). Transthoracic Doppler echocardiography is a
noninvasive technique that is widely used to measure
coronary blood flow reserve primarily in the left anterior
descending coronary (LAD) artery territory™.

The well-documented diagnostic accuracy of single-
photon emission computer tomography (SPECT) myo-
cardial perfusion imaging for CAD™ promoted its wide-
spread clinical use™, Myocardial perfusion is generally
evaluated in a qualitative or semi-quantitative manner®®
that suffers from several limitations: Attenuation and
Compton scatter effects; the plateau effect of *™Tc
uptake, which limits the detection of further increase
in flow, and the limited spatial resolution”’. Recent
technical and methodological advances, such as dy-
namic SPECT using a SPECT/computed tomography
camera®™® allow measurements of absolute MBF and
its reserve, but the approximately 12-mSv exposure to
the patient limits its clinical use!*!.,

Positron-emission tomography (PET) allows the
calculation of blood flow per unit of mass, which quan-
tifies microvascular function*?. Contrast-enhanced
cardiac magnetic resonance (CMR) imaging is the other
technique that accurately quantifies MBF*4,

Myocardial contrast echocardiography (MCE) is a
bedside and relatively low-cost tool to detect myocardial
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perfusion abnormalities and quantify regional and global
coronary blood flow. The clinical use or MCE is limited
despite growing evidence to support its reliability™'.

This review discusses research results and the
established settings in which MCE use may support
clinical decision making.

MCE PROTOCOLS

Ultrasound contrast agents

The following contrast agents are commercially available:
Optison (Amersham Health AS, Oslo, Norway), Definity
(Bristol-Myers Squibb Billerica, Massachusetts), and
Sonovue (Bracco, Milan, Italy). These agents consist of
a shell of albumin, lipids or galactose filled with a gas to
form microspheres smaller than 10 um. The shell allows
the low diffusible and low solubility gas the resistance
to intravascular pressure and the ability to share
erythrocyte rheology in the intravascular compartment,
including the transpulmonary passage. Therefore,
microspheres reach the left heart cavities and opacify
the left ventricle and myocardium.

Physical principles

Microspheres are strong ultrasound scatterers. Micro-
sphere behavior in an ultrasound field depends on
the energy of the ultrasound source. Very low-energy
ultrasound induces linear oscillations of the microspheres,
and its fundamental frequency is reflected. Non-linear
oscillations of microspheres emerge with increasing
incident ultrasound energy when compression and
rarefaction waves of variable magnitude are produced
and generate harmonics, i.e., ultrasounds of higher-
order frequencies than the fundamental frequency. High-
intensity ultrasound is used in medical imaging and
disrupts microbubbles (Figure 1). In contrast, enhanced
ultrasound imaging uses low-energy ultrasound in which
the myocardium primarily exhibits linear responses and
generates few harmonic frequencies, as opposed to the
contrast agent. Selective reception and amplification
of harmonic echoes allows sensitive detection of the
contrast with good signal-to-noise ratio.

Imaging modalities

High-intensity ultrasounds (mechanical index-Mel >
0.3) in standard echocardiographic imaging destroy
microbubbles. The acquisition of one ECG-triggered
systolic frame every several cardiac cycles improves the
contrast effect by reducing microbubble destruction,
and it allows time for the replenishment of myocardial
microvasculature with contrast for each subsequent
triggered frame. Low-Mel real-time contrast echo-
cardiography greatly improved left ventricular and
myocardial opacification compared to low-frame rate
high-Mel intermittent contrast imaging. Contrast enhan-
cement in pulse inversion Doppler technique is obtained
by the transmission of two pulses of the same amplitude
and inverted phase: The subtraction of reflected ultra-
sounds of a linear scatterer (the myocardium) generates
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Figure 1 Behavior of microbubbles in an ultrasonic field. An acoustic wave generated by an ultrasound system consists of alternating high and low pressures:
The positive pressure compresses the microbubble, and the negative pressure expands it. High-energy ultrasound (within the energy levels used for diagnostic
echocardiographic imaging) destroys microbubbles (A); Intermediate energy ultrasound triggers asymmetrical nonlinear oscillations of microbubbles so that the
magnitude of compression and rarefaction waves are not the same with each oscillation, and frequencies other than (e.g., multiple of) the intrinsic fundamental
frequency are generated (B); Low-energy ultrasound causes microbubbles to oscillate linearly, which reflects ultrasound at their intrinsic fundamental frequency (C).
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Figure 2 Pulse inversion harmonic imaging signal processing: Effects on
linear and non-linear reflectors. This technique consists of the transmission
of a first pulse and a second inverted replica of the first pulse. Any linear
target, such as blood in conventional echocardiography, responds equally
to positive and negative pressures (A) and reflects back to the transducer
equal but opposite echoes, which will be canceled (blood displayed in black in
2-dimensional echocardiography); B: Pulse 1 and pulse 2 excite microbubbles
generating fundamental and higher order harmonic responses with different
phases that constructively add.

no signal, and the summated signals result from
nonlinear scatterers (microspheres) (Figure 2). Other
multi-pulse techniques were developed to improve
the signal-noise ratio. The amplitude of one pulse can
be increased (Power modulation, Philips, Andover,
Massachusetts) (Figure 3), or amplitude and phase can
be modulated (Cadence™ contrast pulse sequencing,
Siemens Acuson Sequoia; Mountain View, California)
to generate ultraharmonic oscillations. Both techniques
exhibit excellent spatial resolution to assess myocardial
contrast in real time.

Qualitative assessment
Low flow constant contrast infusion produces homo-

Raishidenge ~ WJC | www.wjgnet.com

863

geneous opacification of the myocardial wall in patients
without significant stenosis of epicardial coronary arteries
because new microbubbles uniformly replaced those that
are destroyed by a flash of high-intensity ultrasound. In
contrast, the rate of contrast replenishment is reduced
at rest in myocardial regions where microcirculation
is damaged by previous infarction or during stress in
regions supplied by a significantly stenosed epicardial
vessel. Myocardial flow increase during pharmacological
or physical stress enhances regional differences of
myocardial opacification and allows the quantification
of regional perfusion as normal, reduced, or severely
reduced.

Quantitative assessment

The basis for myocardial flow quantification in MCE
studies is the complete intravascular compartmen-
talization of microbubbles, which allows reaching a
steady state concentration of microbubbles during
continuous infusion. Replenishment of myocardial
microvasculature after complete destruction of micro-
bubbles using a flash of high-intensity ultrasounds
may be assessed as a time-intensity curve. Intensity
values “y” fitted to a monoexponential function: y
= A x (1-e™) gives a measure of mean myocardial
microbubble velocity (B), whereas the microvascular
cross-sectional area is obtained from the plateau value
of the replenishment curve (A). The product of A and B
represents MBF.

Vogel et al*® proposed the use of ratio of myocardial
video intensity to the adjacent left ventricular cavity
as an adjustment for the inhomogeneous contrast
enhancement of the myocardium due to attenuation
or other technical factors. An excellent correlation
was found between absolute MBF (mL/min per gram
of myocardium) measured with MCE and the values
obtained using PET.
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Figure 3 Power modulation imaging. This technique changes the amplitude of each successive pulse in a group of transmitted pulses and detects the differential
nonlinear responses generated from two different excitations. Microbubbles’ response to multipulse cancellation technique produces ultra-harmonic oscillations that

are detected in the field of higher frequencies.
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Figure 4 Parametric quantification of myocardial perfusion. Critical stenosis of the circumflex artery is present at coronary angiography (right panels). Parametric
images of peak dipyridamole stress echo reported in panels A through D represent, respectively, the plateau value A of the contrast replenishment curve, the slope
B of the replenishment curve, the A x 3 value, and the goodness of fitting. The A x {3 value parametric imaging is also displayed superimposed onto the apical four-
chamber view in the top left panel. Replenishment time-course curves (sampling and interpolation) relative to the septum (white curves) and the apico-lateral wall (red
curves) are reported in the graph at the bottom. Flow is reduced in the territory perfused by circumflex artery.

A fast and easy method to quantify MCE is re-
presented by parametric images (Figure 4), which
furnished visual information on the maximal intensity
of contrast (A), rate of replenishment (8) and quality
of acquisition™”?, Four, two and three chamber apical
acquisitions of MCE create feasible computations of MBF.

CORONARY ANATOMY AND
REGULATION

A detailed description of coronary anatomy and
regulation is beyond the scope of this review. However,
some features must be described to appreciate the
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potential of MCE. Figure 5 shows the complexity of
coronary anatomy. Coronary circulation comprises the
large epicardial conduit vessels and resistance vessels.
Resistance to flow is very low in conduit vessels and
progressively increases as resistance vessel diameter
decreases to the arteriolar bed (from 300 to 100 pm).
The so-called “coronary driving pressure”, i.e., the
pressure gradient between the aortic root and the
right atrium, is the main determinant of blood flow
across the myocardium. The coronary driving pressure
under normal conditions reduces little, if any, along the
epicardial conduit vessels, but it declines progressively
along the microvasculature, particularly in 300-100 um
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Figure 5 Coronary artery tree arborization. A: Angiographic still frame of left and right coronary arteries of an isolated human heart after injection of radiopaque dye; B:
Progressive magnification of a region of interest showing the coronary tree fractal anatomy.

diameter arterioles, until reaching the 20-30 mmHg
level. Extravascular resistive forces, which are related
to the development of left ventricular systolic pressure,
inotropism of the myocardium, and heart rate are
additional determinants of the resistance to flow across
the myocardium.

Coronary circulation has two main characteristics.
First, oxygen extraction at rest is approximately 75%,
but coronary venous oxygen saturation during strenuous
exercise may decrease to approximately 10%. The
increase in flow needed to meet the 4- to 5-fold increase
in oxygen demand is accomplished by vasodilation
of resistance coronary arteries, which is mediated
by mechanisms that are intrinsic to the vascular wall
and metabolic and neuro-humoral factors™®. Second,
coronary flow is pulsatile, i.e., it is high in diastole and
low in systole.

Coronary arterial pressure and myocardial oxygen
consumption are the major determinants of coronary
flow, but coronary autoregulation allows the flow to
be relatively independent of the driving pressure at
fixed oxygen consumption level, whereas at any given
coronary arterial pressure a metabolic adaptation of
coronary flow to oxygen requests may occur™,

The hemodynamic impact of a focal diameter
reduction of epicardial vessels is modulated by the
vasodilation of resistance coronary arteries. Maximal
flow reduces at maximal vasodilation because coronary
perfusion pressure decreases with the square of flow
through the stenosis. This law of coronary hemody-
namics is the basis for dynamic assessment of coronary
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stenosis by pharmacological or physical stress that
can elicit a reversible perfusion defect and eventually a
transient regional asynergy of contraction.

Experimental canine models, in which external
constriction was applied to normal coronary arteries,
led to the concept of “critical” coronary stenosis. In
these studies, an 85% diameter narrowing caused
a fall in resting coronary flow, but a 50% diameter
narrowing reduced maximum coronary flow. In surgical
decision-making, the angiographic criterion of > 70%
coronary stenosis was appropriate to define eligibility
for revascularization.

However, this paradigm failed to describe the
correlation between coronary flow reserve (CFR) and
percent coronary stenosis in human studies®”, and it
does not consistently identify patient groups whose
prognosis can be improved by primary coronary inter-
ventions. A further confirmation of the dissociation
between anatomic and functional severity of stenosis
came from the poor correlation between quantitative
percent stenosis on invasive or computed tomography
coronary angiograms and fractional flow reserve (FFR)
using pressure flow wire®!!, FFR is a validated, repro-
ducible measurement of relative CFR. The reference
model for FFR is the hyperemic pressure-flow relation
with the assumptions that a discrete stenosis induces
proportional changes of perfusion pressure and flow, and
downstream of a stenosis minimal coronary resistance
equals that of a normally perfused region®. In practice,
FFR derives from pressure measurements upstream and
downstream of a given coronary stenosis at maximal
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pharmacological arteriolar vasodilation. FFR was
proposed as the best available technique to guide clinical
decision making (whether mechanical revascularization
or medical therapy), and FFR-guided PCI is the way
to improved prognoses with respect to PCI based on
angiographic severity®>?°,

Absolute CFR equals the ratio of maximal to baseline
flow for any given arterial distribution with or without
a stenosis or diffuse narrowing™”’. Relative CFR equals
the ratio of maximal stress flow in the diseased artery to
maximal flow in non-diseased arterial segments either
in the same or adjacent arterial distribution. CFR in
healthy volunteers with no risk factors is up to 4.5 £ 0.7.
Values for mild disease in patients with coronary risk
factors average 2.7 + 0.6%%.. CFR < 2.0 is the proposed
threshold for inducible ischemia®’. FFR pressure ratio
for a single discrete stenosis in the absence of diffuse
disease also equals relative CFR using flow or flow velocity
measurements. However, flow-based CFR and pressure-
based FFR may not give evidence of comparable stenosis
severity in approximately 40% of lesions. Diffuse
narrowing may reduce CFR significantly, with only a
minimal fall in segmental pressure gradients or FFR. In
situations of mixed diffuse and segmental disease, which
are common in the clinical setting, noninvasive absolute
maximal perfusion and CFR together likely define the
severity of each coronary stenosis. Gould™" provides the
following example: “A 38% diffuse diameter narrowing
in the absence of arterial remodeling would reduce
CFR to 1.4 whereas the same diffuse disease plus a
discrete angiographic 60% stenosis without remodeling
would reduce CFR to 1.0, both without significant fall
in FFR". Therefore, FFR is not a direct measure of low-
flow ischemia, and it does not reflect absolute flow or
absolute CFR, which are the determinants of ischemia.
Further, FFR and CFR results may be inconsistent
because microvascular resistance during hyperemia
causes FFR and CFR to change in opposite directions.
Higher hyperemic resistance means reduced maximal
flow and higher distal pressure, i.e., reduced CFR and
increased FFR. Vice versa, low hyperemic microvascular
resistance for equal stenosis means higher maximal flow
and increased pressure gradient through the stenosis,
which may result in low FFR.

Therefore, the microvascular compartment must be
considered in an integrated view of coronary perfusion
because its functional anatomy is complex. The branch-
ing of vessels in the myocardial wall, the different
structure of subendocardium and subepicardium vessel
wall, and the incremental vascular capacity across the
myocardial wall depth describe this complexity, which is
the substrate for more important functional differences
that are physiologically intended to compensate the
effects of myocardial contraction on subendocardial
perfusion®, More intensely in early systole, the deve-
lopment of intraventricular pressure squeezes intramural
vessels and reduces intramural blood volume, which
causes coronary venous flow to increase and arterial
flow to decrease™.
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The diagnosis of coronary microvascular disease likely
occurs when CFR is significantly reduced in the absence
of segmental perfusion defects. Coronary microvascular
endothelial dysfunction may be assessed noninvasively
by evaluating CFR with perfusion imaging in combination
with cold pressor stress or demonstrating improvements
in resting perfusion heterogeneity using a vasodilator
stress. These methods may help correctly evaluate the
physiological meaning of anatomical coronary stenosis
when FFR and CFR results are inconclusive.

PHARMACOLOGICAL STRESS TESTING

Two possible pharmacological methods of challenging
coronary circulation evolved over the years: (1) phar-
macological interaction with adenosine receptors of
vascular smooth muscle cells (dipyridamole, adenosine,
and regadenoson®*!); and (2) pharmacological
inotropic stimulation (dobutamine®®®).

Adenosine vasodilator stress induces maximal
increases in blood flow (three- to five-fold in healthy
subjects) by reducing vascular resistance. The hyperemic
flow is dependent on systemic pressure and the residual
resistance at the microcirculation level via relaxation of
smooth muscle cells, which uncouples coronary flow
(supply) and myocardial work (demand). The mismatch
between coronary flow and myocardial demand may
induce the stealing phenomenon'®*., However, hyperemia
induced by adenosine is mediated by endothelium
receptors and neuronal-mediated mechanisms, which
was elegantly demonstrated in two studies using
L-nitroarginine methyl ester (L-NAME). Intracoronary
L-NAME attenuated the hyperemic dilation in healthy
volunteers via inhibition of endothelial nitric oxide
synthase®”, but systemic L-NAME counterbalanced CFR
increase via the neuronal response®®®. This effect may
explain the limited accuracy of the ratio of hyperemic to
rest MBF that exists in pathological conditions, such as
hypertension, which is characterized by elevated flow at
rest.

Dobutamine stressor is an alternative to physical
stress. This synthetic sympathomimetic amine stimulates
B- and a-adrenoreceptors, increases myocardial oxygen
consumption (inotropic effect) and MBF™**!, Thickening
of subendocardial myocardial layers primarily contributes
to resting wall thickening, but catecholamines also
stimulate a thickening of subepicardial layers. This
effect is useful to detect myocardial viability, and it
explains why patients with resting wall motion (WM)
abnormalities consequent to subendocardial infarction
still exhibit improved contractility during dobutamine
infusion. This pharmacological effect is beneficial for the
diagnosis of viability, but it may mask the subendocardial
ischemia in patients with normal resting WM and
significant coronary stenosis'?.

The cold pressor test deserves some attention for its
capacity to interact with the sympathetic system ™,

Sympathetic stimulation using cold exposure induces
a sharp rise in heart rate and systolic arterial pressure
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and a norepinephrine release in the coronary circulation
from adrenergic nerve terminals. This increase in rate-
pressure product induces a similar increase in MBF,
and norepinephrine vasoconstriction is balanced by
endothelium-related vasodilation of epicardial coronary
vessels and myocardial microcirculation. This mechanism
is related to flow augmentation, and it exhibits a similar
extent as pharmacologically induced hyperemia.

Therefore, the cold pressor test produces a similar
increase in rate-pressure product and MBF. The effects on
sympathetic endothelium modulation and endothelium-
related flow augmentation suggest the utility of this
stressor in evaluating microvascular function.

CORONARY ARTERY STENOSIS
DETECTION

The ischemic cascade concept, whereby abnormal
perfusion precedes abnormal mechanical function during
increased demand-induced ischemia, was demonst-
rated in an experimental setting. The spatial extent of
perfusion abnormality is greater than the contraction
abnormality, and the mismatch between perfusion and
function is more evident in single-vessel vs multi-vessel
disease!™.

Pharmacological and physical stress echocardio-
graphy is a mainstay of the noninvasive assessment of
CAD. Technological advances and the use of contrast
agents provided echocardiography the ability to increase
and match the perfusion information to the classic
evaluation of WM abnormalities that are induced by
adrenergic or adenosinic mechanisms'*’,

The use of echocardiographic contrast agents
improved the accuracy of stress echocardiography™®=".,
Shah et al*® demonstrated the usefulness of myocardial
contrast stress echocardiography in 193 patients
(88%) in a prospective clinical study, and it provided an
incremental benefit over WM analysis in 25% of patients
and greater confidence with WM evaluations in 62% of
patients.

Thomas et al®*! randomized 1776 patients to
real-time myocardial contrast (RTMCE) dobutamine,
physical stress echocardiography or standard stress
echocardiography in which contrast was used for
opacification of the left ventricle only (non-RTMCE).
Myocardial perfusion tests exhibited a higher positivity
(22% for RTMCE vs 15% with non-RTMCE, P = 0.0002)
with similar positive values to predict > 50% diameter
stenosis using quantitative coronary angiography (67%
for non-RTMCE, 73% for RTMCE). The higher positivity
of RTMCE was related to the detection of subendocardial
wall thickening abnormalities that were missed in non-
RTMCE studies that only examined transmural wall
thickening™"! (see the representative case in Figure 6).

At variance with a previous study™, a large multi-
center study'”’ demonstrated a higher sensitivity of
myocardial contrast stress echocardiography vs SPECT
(75.2% vs 49.1%, P < 0.0001) for the detection of
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= 70% or = 50% stenosis, but the specificity was
lower (52.4% vs 80.6%, P < 0.0001). Sensitivity for
the detection of = 70% single-vessel stenosis was
higher for MCE (72.5% vs 42.7%, P < 0.0001) and the
detection of proximal vessel disease (80% vs 58%, P =
0.005), but a cautionary note must be placed relative
to fair inter-reader agreement (k = 0.37 for MCE, 0.34
for SPECT in the mentioned study)™”\. The sensitivity
of MCE was greater for the detection of LAD and multi-
vessel disease™.

Dobutamine-atropine stress RTMCE and CMR
exhibited comparable diagnostic accuracies for signi-
ficant CAD detection due to the incremental values of
myocardial perfusion imaging over WM analysis for
RTMCE and CMR™?,

Myocardial contrast stress echocardiography also
facilitates the measurement of the CFR-LAD using
transthoracic Doppler, and CFR-LAD exhibited incre-
mental value for WM analysis®™> ..

The prognostication potential of myocardial contrast
stress echocardiography requires further research.
MCE detects stress-induced perfusion defects that
are uncoupled to WM abnormalities and identifies
a sub-group of patients who are at a higher risk of
coronary events among patients without inducible WM
abnormalities at stress echocardiography, who are by
definition at low risk™*>¢%,

Porter et al®” studied 2014 patients with inter-
mediate to high pre-test probability of CAD who were
randomized to dobutamine or exercise stress RTMCE
or conventional stress echocardiography (CSE) and
followed prospectively for a median of 2.6 years. They
demonstrated that patients with abnormal RTMCE
studies had higher death rates, nonfatal myocardial
infarction (MI), or subsequent revascularization rates
than patients with abnormal CSE studies. No difference
emerged in primary end-point rates following normal
CSE or RTMCE studies. Notably, patients with perfusion
defects and WM abnormalities and patients with
perfusion defects only exhibited similar rates death/
nonfatal MI (7.2% and 6.5%, respectively)™.

Gaibazzi et al® confirmed these data in 718
patients in a multicenter cohort study who were followed
for 16 mo after high-dose dipyridamole MCE with
measurements of LAD flow reserve, and patients who
underwent revascularization after the diagnostic test
were censored™®",

NO REFLOW

The “no reflow” phenomenon, first described by Ito
et al®¥ and subsequently confirmed by several investi-
gators in MCE studies’®*®”, refers to the situation when
myocardial tissue perfusion is not restored despite
a grade 3 TIMI flow on coronary angiography after
primary coronary intervention for acute MI. The no
reflow phenomenon influences the eventual infarct size
and affects up to one third of patients who undergo
reperfusion coronary interventions. This phenomenon
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Figure 6 Myocardial contrast stress echocardiography. Apical three-chamber view of a patient with previous by-pass graft (left internal mammary artery graft onto
left anterior descending coronary artery). Baseline diastolic and systolic frames on the left, top and intermediate rows, respectively; peak stress diastolic and systolic
frames on the right, top and intermediate rows, respectively. Baseline and peak stress myocardial perfusion parametric quantification are displayed, respectively, in the
bottom left and right panels. At baseline, akinesis of the infero-apical region is evident, which is concordant with a transmural defect of perfusion of the same region. At
peak stress, no new wall motion abnormalities are detected, whereas parametric quantification of myocardial perfusion shows a large transmural defect of perfusion of
all the apical regions and a subendocardial defect of perfusion of middle and basal anterior septum. A critical stenosis of distal mammary graft anastomosis was found
on coronary angiography.

results from microvascular obstruction caused by the myocardial ischemia caused by atherosclerosis of the
embolization of thrombus and plaque debris during epicardial coronary arteries are an alternative cause of,
balloon angioplasty and stent deployment in the or may contribute to, myocardial ischemia in several
setting of short duration myocardial ischemia (< 45 conditions. Coronary microvascular disease (MVD) is
min). Other mechanisms are major determinants in a unique cause of symptoms in several patients with
prolonged ischemia, in which the no reflow correlates  angina. This condition is known as microvascular angina
to microvascular damage. There may be areas of low (MVA)™ and it is better defined as primary MVA to
reflow all around the no reflow area, whose salvage  distinguish it from secondary MVA, which occurs in the
may be the potential target of treatment options. The setting of specific diseases (Table 1),
presence of collaterals and the dynamics of the target The clinical presentation of MVA covers the entire
vessel occlusion, whether it was an abrupt event or a spectrum of coronary syndromes, from chronic to
chronic intermittent reduction of flow, influence the low unstable angina and acute syndromes.
reflow area. Stable primary MVA is characterized by angina
Addressing the no reflow phenomenon may affect  gpigodes that are exclusively or predominantly related to
therapeutic intervention outcome in acute coronary  offort and it can be identified with the clinical entity that
syndromes. Several studies demonstrated that thrombus is generally known as cardiac syndrome X%, No cardiac
aspirations and occlusive protection devices may ;" stemic diseases should be detectable by definition.

increase microvascular perfusion, and platelet inhibitors However, patients with uncomplicated hypertension or
may reduce the no reflow area and infarct size. Pharma- diabetes mellitus are often classified as syndrome X

cological interventions (nicorandil, verapamil, adenosine - . o
9 . ( ! P ! . ) patients because these pathological conditions confer
may also increase the chance to reduce myocardial

. 16871 a risk for MVD similar to atherosclerosis obstructive
infarct size . CADY

Functional abnormalities of resistive coronary

ISOLATED MICROVASCULAR vessels were documented in numerous studies on

MVD. Blunted endothelium-dependent vasodilation due

DYSFUNCTION to impaired nitric oxide release is the most commonly

Abnormalities of coronary microcirculation beyond proposed mechanism for MVD in stable MVA patients,
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Table 1 Pathogenetic classification of cardiac microvascular

dysfunction

MVD in the absence of myocardial and obstructive coronary artery
diseases

MVD in the presence of myocardial disease

MVD in the presence of obstructive coronary artery disease

MVD caused by coronary recanalization interventions

MVD: Microvascular dysfunction.

and it is based on a reduced coronary blow flow (CBF)
response to acetylcholine”. A reduced CBF response
to endothelium-independent vasodilators, such as
adenosine, dipyridamole, and papaverine, was repea-
tedly reported”®’®, which suggests an important role
of primary impaired relaxation of small vessels. Other
studies demonstrated enhanced vasoconstrictor activity
in coronary microcirculation in several patients with
stable MVA. Ergonovine injection, mental stress, and
hyperventilation resulted in impairments of CBF), Tests
to diagnose MVD in the clinical setting should explore
the vasodilation and vasoconstriction responses of
coronary microcirculation. Vasodilator tests are the first
choice in patients with stable MVA, but the response to
vasoconstrictor stimuli should be assessed when the
former tests are normal or inconclusive. Transthoracic
Doppler echocardiographic evaluation of CBF may be
used as a first-line method to identify MVD in the LAD
territory of patients with normal coronary arteries with
suspected MVA. Contrast stress echocardiography may
represent the frontier method to detect MVD in the
entire myocardial circulation®”,

Unstable primary MVA should be suspected in
patients with non-ST-segment elevation acute coronary
syndrome and normal coronary arteries on angiography.
De novo abnormalities on standard ECG in these patients
(e.g., ST-segment depression, negative T waves), their
gradual normalization, and mild elevation of serum
markers of myocardial damage (troponins) indicate a
cardiac ischemic origin of symptoms. Diagnosis requires
the exclusion of epicardial coronary spasm and transient
coronary thrombosis as the cause of angina together
with evidence of MVD.

Multiple studies evaluated the prognosis in MVD
and demonstrated more cardiac events in patients
with reduced CFR. However, there is no consensus in
the literature on the best prognostic CFR cutoff (range
1.5-2.5). Murthy et a/'® demonstrated a 5.6-fold
increased risk of cardiac death in patients with suspected
CAD and CFR < 1.5.

Two forms of unstable MVA are described, micro-
vascular variant angina and stress-related cardiomyo-
pathy. Mohri et af®” described the first form in Japanese
patients with angina attacks at rest (less frequently
with associated effort angina) in the presence of normal
coronary arteries. Intracoronary acetylcholine reproduced
angina and ST-segment changes in these patients. The
absence of vasospasm of epicardial coronary vessels

Raishidenge ~ WJC | www.wjgnet.com

869

Barletta G et a/. MCE and microvascular dysfunction

suggested diffuse coronary microvascular spasm.

Stress-related cardiomyopathy (also known as apical
ballooning syndrome or takotsubo disease) is generally
triggered by sudden emotional or even physically intense
stress®, Acute chest pain may be associated with
abrupt heart failure or cardiogenic shock. The clinical
picture includes normal epicardial coronary arteries,
depressed left ventricular function, left ventricular
ballooning at angiography or echocardiography due
to apical and mid-ventricular akinesia with preserved
contraction of basal segments, relatively minor elevations
of troponins and creatine kinase-MB and a favorable
clinical course with recovery of all abnormalities in 1 to
3 mo. The disease is considered adrenergic-mediated
because of the cause-effect relationship with stress.
Findings that support this hypothesis include increased
catecholamine levels, histological signs of catecholamine-
mediated cardiotoxicity in endomyocardial biopsy
specimens’®”, and the unique distribution of cardiac WM
abnormalities, which may reflect the variable distribution
of adrenergic innervation in the myocardium®, Sus-
tained intense coronary microvascular constriction or
spasm induced by excessive adrenergic stimulation
that results in myocardial ischemia and stunning may
be an alternative pathological mechanism, at least in
some patients™®, Some reports demonstrated abnormal
myocardial perfusion in the affected myocardial seg-
ments®!, and MVD was documented by evidence of
reduced CBF responses to vasodilator stimuli in the
acute phase®®, MVD subsided in several weeks, which
paralleled clinical improvement®”, but subclinical micro-
vascular dysfunction persisted long after the acute
phase. This persistence was demonstrated by the
abnormal response of coronary flow to the cold pressor
test and left ventricular regional contraction on contrast
echocardiography™®. Our follow-up study of patients
with takotsubo syndrome demonstrated transient
WM abnormalities and reduced CFR without regional
myocardial perfusion abnormalities in response to the
cold pressor test, which suggests the persistence of
microvascular dysfunction (Figure 7).

CONCLUSION

Second-generation echocardiographic contrast agents
received regulatory authorities’” approval for clinical
use in left ventricular opacification studies with the
only limitation of patients with intracardiac shunts or
pulmonary hypertension. In contrast, MCE did not
receive approval for clinical use, and the technique
remains an option for research. MCE is a demanding
technique in the technical skills that are required of
sonographers and physicians and the investment of
software of analysis systems. The reimbursement issue
may represent an adjunctive drawback. Reimbursement
for MCE studies is approximately $60 in the United
States, but reimbursement covers only the cost of the
drug in most European countries. Analysis of cost/
effectiveness and cost saving based on the procedural
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Figure 7 Real-time 3-dimensional myocardial contrast echocardiography during follow-up using cold pressor test in a patient who recovered from apical
ballooning syndrome. A, B and E: Reconstructed 4-chamber (A), 2-chamber (B) and short-axis (E) end-systolic frames at baseline; F: 3-dimensional systolic volume
rendering as left ventricular cast inside the diastolic mesh volume rendering. The American Society of Echocardiography 17-segment model of the left ventricle is
reproduced as a bulls-eye in the background, and superimposed color-coded onto the left ventricular cast; C, D and G: Reconstructed 4-chamber (C), 2-chamber (D)
and short-axis (G) end-systolic frames using the cold pressor test; H: The diastolic and systolic 3-dimensional casts as in panel 1d. Note that wall motion is normal
at baseline, whereas apical akinesia develops during the cold pressor test; | and J: Apical 2-chamber and 4-chamber, respectively, parametric myocardial contrast
echocardiography quantification using the cold pressor test; the slope f of the replenishment curve is superimposed onto the left ventricular wall in 2-chamber and
4-chamber views, respectively. Perfusion parameters A, 3 and A x 3 are superimposed onto the same left ventricular wall as in panels | and J, respectively, in panels
a, b and c; panels d represents the goodness of fit. Parametric images demonstrate homogeneous perfusion during the cold pressor test. The coronary flow reserve in
this patient was 1.10 (normal range 2.77 + 0.70).

and downstream investigation costs, as the one con- romes identifies complex anatomo-functional features,
ducted by the Medical Services Advisory Committee such as no reflow and low flow, within and around the
of Australia on the use of second-generation contrast infarct area, respectively, which foresees the potential

agents in patients with suboptimal echocardiograms®, for functional recovery of stunned myocardium to

is lacking for MCE. However, the diagnostic potentials guide therapeutic interventions. In an era when typical
of MCE, which covers the entire spectrum of cardiac angina is less frequently associated with significant
circulation physiopathology and clinical presentation of coronary stenosis® and acute coronary syndromes are
coronary syndromes, may reduce overall costs. dissociated from intracoronary thrombosis or significant
Research has established that the application fields coronary stenosis in up to 10% of cases, MCE is a
for MCE represent the clinical perspective to pursue relatively low-expensive, bedside technique to examine
this technique in the future daily workflow of echo microvascular reserve and identify patients with MVD.
laboratories. The integration of FFR with quantitative In conclusion, current research provides good
MCE offers the opportunity to demonstrate the effects evidence that MCE improves comprehensive echocar-
of anatomical diffuse non-critical coronary stenosis diographic evaluations of ischemic heart disease. The
and furnishes an integrated vision of the extent of approval of regulatory authorities and the availability
ischemic burden that is comprehensive of collateral flow of quantitative operator-independent analysis software
contribution. MCE in the setting of acute coronary synd- will hopefully prompt physicians and sonographers to
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implement MCE into the daily work flow of echo labo-
ratories.
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