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Abstract
Coronary microcirculation (CMC) is the key regulator of coronary blood flow distribution in the heart. Its role
is to match local blood supply to myocardial metabolic demands. This is fulfilled by continuous adaptation of
coronary vessel diameter via regulation of smooth muscle tone. Both anatomical and functional integrity are
necessary for normal coronary microcirculatory function.
Abnormal coronary microvascular function, i.e. coronary microvascular dysfunction is linked with several risk
factors for atherosclerosis comprised cardiometabolic disorders. It is also recognized as a crucial player in the
pathophysiology of the several entities with significant morbidity and mortality, including: microvascular angina
pectoris and myocardial ischemia with non-obstructive coronary artery disease (INOCA), myocardial infarction
with non-obstructed coronary arteries (MINOCA) and heart failure with preserved ejection fraction (HFpEF).
The mechanisms underlying coronary microvascular dysfunction in different pathological conditions are complex and still not fully elucidated. The coronary microcirculatory function can be assessed in humans by several
non-invasive and invasive techniques. This review summarizes essential knowledge of physiological anatomy of
CMC, key mechanisms of coronary microcirculatory dysfunction and finally focus on non-invasive methods of
assessment of coronary microcirculatory function in clinical practice.
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Introduction

In the last decades, dysfunction of the coronary
microcirculation (CMC) emerged as an important
contributing (or in some instances crucial)
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mechanism of myocardial ischemia and myocardial
dysfunction [1, 2]. Relevant pathological conditions
where coronary microcirculatory dysfunction
(CMD) has a role include microvascular angina
pectoris and myocardial ischemia with nonobstructive coronary artery disease (INOCA) [3, 4],
myocardial infarction with non-obstructed coronary
arteries (MINOCA) [5] and heart failure with
preserved ejection fraction (HFpEF) [6]. In all these
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entities coronary microcirculatory dysfunction has
relevant impact on adverse cardiovascular events
including cardiac death.
Although coronary microcirculation comprises
of the vessels <300 μm in diameter that cannot
be directly imaged in vivo, many of invasive and
noninvasive techniques can be applied in different
clinical scenarios to assess parameters influenced
directly by coronary microvascular function.

Basic physiological anatomy of coronary
microcirculation

The coronary arterial system is composed of three
main compartments: large conductive vessels,
(larger than 500 μm in diameter), prearterioles
(diameters between 100 and 500 μm) and arterioles
(less than 100 μm in diameter). Prearterioles and
arterioles make up the coronary microcirculation
(CMC) [1, 7].
Coronary blood flow is driven by the pressure
difference between the aorta and the capillary bed.
All compartments of coronary three have different
regulatory mechanism to control their vascular tone,
with cardiac metabolism as the final determining
factor.
Epicardial arteries and proximal prearterioles
contribute little to a total resistance of the coronary
vasculature (approximately 10%) and their prime
role is to provide adequate transport of the blood.
The main mechanism of their vasomotion is
flow-dependent dilatation, that is endothelium
dependent.
Next
compartments,
distal
prearterioles
and arterioles (comprising CMC) are the main
contributors and controllers of total resting vascular
resistance. Distal prearterioles are most responsive to
changes in intravascular pressure and are mainly in
charge for so called autoregulation of coronary blood
flow (myogenic mechanism of control). They react
predominantly to intraluminal pressure changes
sensed by stretch receptors located in vascular
smooth muscle cells, i.e. they constrict when the
intraluminal pressure increases and, conversely,
dilate when the pressure decreases.
Arterioles are more responsive to changes in the
intramyocardial concentration of metabolites and
©The Author(s) 2019	

are mainly responsible for the metabolic regulation
of coronary blood flow. As such, increased
metabolic activity leads to vasodilatation of the
smaller arterioles, which leads to pressure reduction
in the distal prearterioles causing myogenic dilation,
which, in turn, increases flow upstream resulting in
endothelium-dependent vasodilation.
In the most distal part of coronary circulation
are capillaries and venules that are responsible for
only 10% of CBF resistance and mainly function
as capacitance vessels, holding 90% of the total
myocardial blood volume. However, this is an
area of intensive exchange between myocardial
tissue and blood within capillaries, marked as the
“business end” of the circulation, providing oxygen
and nutrients to the tissue and eliminating waste
products.
Abnormalities in both the function and
structure of the coronary microcirculation can
interfere with the control of myocardial blood flow,
and contribute to the pathogenesis of myocardial
ischemia.

Principles of testing coronary
microcirculatory function

Currently, no technique allows direct visualization
of the coronary microcirculation in vivo in
humans. However, several invasive and noninvasive
techniques enable the measurement of parameters
that, are strongly dependent on the anatomical and
functional integrity of the CMC.
Structural abnormalities of each of
above-mentioned compartments of the coronary three
can be estimated by specific metrics. Fractional flow
reserve (FFR) is used to assess flow adequacy through
epicardial coronary arteries and predominately
tests hemodynamic significance of focal epicardial
stenosis [8]. Index of microvascular resistance (IMR) is
used to measure resistance of the small arteries and
arterioles [9]. Coronary flow reserve (CFR) integrates
flow assessment through both the large epicardial
arteries and CMC, testing in that way functional
integrity of all three compartments [10].
Apart from evaluating structure, another
approach is to test endothelium dependent vasomotion
capacity of coronary circulation by intracoronary
9
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administration of acetyl choline [11]. Using specific
regiments, endothelial dependent vasodilatation can
be assessed separately for macro- and microvascular
compartments of coronary network.
The third approach of testing CMC is visual
assessment of myocardial perfusion by intravascular
contrast. This principle is used for contrast
echocardiography and cardiac magnetic resonance
(CMR) and can be done in rest or with stressor.
It should be emphasized that the final result, i.e.
the speed and intensity of contrast appearance
within the myocardium, depends not only on
functional integrity of CMC, but also on patency
of the epicardial arteries. In the presence of patent
epicardial artery myocardial perfusion techniques
predominately test the CMC.
When testing coronary microcirculatory
function attention should be always paid to
physiological variables such as heart rate, blood
pressure and left ventricular inotropism, because
of functional responsiveness of CMC to these
parameters. For example, in cases of increased
heart rate, reduced diastolic time and decreased
driving blood pressure, CMF can be impaired
reflecting primary at that moment contemporary
hemodynamic condition.

Coronary microvascular dysfunction:
basic mechanisms

Both anatomical and functional integrity are
necessary for normal coronary microcirculation.
Therefore, coronary microvascular dysfunction
can occur due to structural and/or functional
abnormalities. Methodologically they can be
evaluated separately, but in vivo they are closely
linked. Both are equally important, can vary
across clinical settings and both can coexist in one
condition.

Anatomic abnormalities of CMC

Structural changes of CMC are present in cases
of external vascular compression and abnormal
vascular remodeling with increased microvascular
constriction. These pathoanatomical changes are
10

documented in entities related to left ventricular
hypertrophy, like in hypertensive patients, patients
with DM, primary hypertrophic cardiomyopathy,
aortic stenosis. [12]
In patients with hypertrophic cardiomyopathy
and those with arterial hypertension, intramural
arterioles undergo significant remodelling. The
profound structural changes comprise medial wall
thickening, predominately due to smooth muscle
hypertrophy and increased collagen deposition, with
variable degrees of intimal thickening. Structural
remodeling is always coupled with functional
impairment and makes the basis for the blunted
CFR documented in these conditions. [13, 14]

Functional alteration of CMC

Generally, functional abnormality of coronary
microcirculation, can be a consequence either
of impaired dilatation and/or increased
constriction. Abnormal vasodilatation can be
consequence of abnormalities in the endotheliumdependent mechanisms and endothelium independent
mechanisms. The first one occurs when endothelium
is injured, mainly due to oxidative stress, such as in
DM, hyperlipidemia, obesity, smoking, and other
classical cardiovascular risk factors. [15] Impairment
of endothelium-independent mechanisms, can be
appreciated for example in case of nitrate resistance
owing to reduced production of cyclic GMP.
Increased vasoconstriction as a cause of coronary
microvascular dysfunction can be caused by various
stimuli (endothelin-1, catecholamines, etc) that
are excessively produced in some pathological
conditions.
There are several old as well as new clinical entities
where CMD is considered as a key pathophysiological
mechanism. Microvascular angina, i.e. angina without
obstructive coronary artery disease is present in
10–30% of patients undergoing angiography, has
substantial morbidity, and coronary microvascular
dysfunction is documented in 50–65% of these
patients [16]. Similar, if not the same is the
syndrome of myocardial ischemia with no obstructive
coronary arteries – INOCA. These patients present
with the symptoms and signs suggesting ischemic
heart disease, but found to have no obstructed
©The Author(s) 2019

J Hypertens Res (2019) 5(1):8–20

coronary arteries [11]. Myocardial infarction with no
obstructive coronary arteries (MINOCA) is another
recently established entity [12]. This syndrome is
characterised by clinical evidence of myocardial
infarction with normal or near-normal coronary
arteries on angiography. Its prevalence ranges
between 5% and 25% of all myocardial infarction
and the prognosis is extremely variable, depending
on the cause. According to recent reviews coronary
microcirculatory dysfunction can be the main
or significantly contributing cause of MINOCA
in several clinical scenarios [5]. Furthermore,
coronary microcirculatory dysfunction was recently
recognized as a relevant factor in the development
of heart failure with preserved ejection fraction
(HFpEF) [6]. Although detailed pathophysiological
mechanisms involving coronary microcirculation
in all these entities is not always fully elucidated,
assessment of CMC in patients having these
syndrome is impinged and several non-invasive and
invasive techniques are available. Each of them have
advantages and limitations.

or invasively) and information about the functional
integrity of coronary microcirculation (i.e. distal to
the site of CFR assessment) [19].
TTD provides reliable measurements of CFR
in the distal or middle LAD using pulsed wave
Doppler under the guidance of color Doppler
flow mapping, usually obtained by a modified
apical approach [20]. Coronary flow is biphasic
(systolic and diastolic), with a predominant diastolic
component. The systolic and diastolic coronary
flow velocity spectrum is obtained at baseline and
during the peak of hyperemia. CFR is the ratio of
hyperemic to basal peak diastolic flow velocities.
The feasibility of TTD CFR is improved by
contrast enhancement combined with secondharmonic imaging technique, and reach 100% for
LAD and 65%-80% for RCA/PD. The measurement
of CFR assumes that maximal vasodilatation is
achieved, usually by the endothelium-independent
intravenously applied vasodilators adenosine and
dipyridamole. Both of these stressors are better than
exercise and dobutamine, because the latter two are
submaximal to recruit CFR and more technically
demanding.

Coronary flow reserve

Coronary flow reserve (CFR) is defined as the ratio
of maximal (i.e. hyperemic) to baseline coronary
blood flow or ratio of maximal to baseline coronary
blood flow velocities [1, 10]. It can be measured
noninvasively by ultrasound transthoracic Doppler
(TTD), CT and positron emission tomography
(PET) and invasively using intra-coronary Doppler
flow wire. TTD, CT and intra-coronary Doppler
flow wire measure blood flow velocity (cm/sec)
and estimate CFR of a distinctive coronary artery,
whereas PET scan estimates volumetric myocardial
blood flow in absolute terms, that is in ml per
minute per gram of tissue [18]. Normal values for
CFR are ≥ 2.0, or by some authors ≥2,5.

Basic principle and technical aspects

CFR offers two important pieces of information:
information about patency and flow through the
epicardial coronary artery (proximal to the site of
CFR assessment when it is assessed by TTD, CT
©The Author(s) 2019	

Clinical application of CFR by TTD to
assess CMC

In daily clinical routine, CFR by TTD is an
important clinical decision-making instrument,
enabling functional assessment of epicardial
coronary stenosis, particularly in cases of
anatomically borderline stenosis, i.e., 50%-70%
[21]. Microvascular dysfunction may be announced
when CFR is reduced in the absence of significant
epicardial obstructive coronary artery disease, as
documented by normal or near-normal coronary
angiography or normal intravascular ultrasound
signals [21, 22]. It should be noted that obstructive
epicardial disease even with hemodynamically
significant stenosis and CMD often coexist. CFR
varies by age, sex and cardiac work (therefore
HR and systolic blood pressure should be always
reported).
Non-invasive CFR by TTD was used to
estimate coronary microcirculation of the infarct
related artery after primary percutaneous coronary
11
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intervention in STEMI patients in several studies.
It was proved as clinically useful to detect no-reflow
Phenomenon [23] to assess microvascular integrity
and myocardial viability of the infarct region [24], to
predict functional recovery of the infarct area [25]
and final infarct size [26], to predict left ventricular
remodeling [27, 28]. Interestingly, CFR of the non
IRA artery stratifies prognosis in acute coronary
syndrome. These data support the concept that
impaired CFR by TTE reflects CMD that is diffuse
process, not limited exclusively to infarct region,
reflecting global atherosclerotic burden more
than just mirroring focal epicardial disease [29].
These data were also confirmed by similar invasive
study [30].
CFR with different stressor agents was also
used for diagnostic or prognostic purposes
regarding coronary microcirculation in a plethora
of conditions, including severe psoriasis, systemic
hypertension, left bundle branch block, Tako-Tsubo
cardiomyopathy, Chagas disease, hypertrophic
cardiomyopathy, type 2 diabetes, and in patients
submitted to intra-aortic counter pulsation [31-37],
CFR was also tested as an additive predictor to
traditional scores in septic shock or prognostic factor
of long-term cardiovascular outcome in patients with
chronic kidney disease [38, 39]. Finally, CFR was
used to investigate the effects of the anti-ischemic
agent ranolazine in patients with myocardial
ischemia but without obstructive coronary artery
disease and of the anti-cholesterol agent rosuvastatin
in patients with severe hypertension [40]
Advantages of TTD CFR assessment are
low cost and high feasibility and limitations are
considerable intraobserver and interobserver
variability (∼10%).

Myocardial contrast echocardiography

Myocardial contrast echocardiography (MCE)
is a non-invasive imaging technique that uses
intravenous contrast agents in the form of
microbubbles that enhance ultrasound signals [42,
43]. In clinical practice, MCE of the left ventricle
(LV) is basically used to improve visualization of LV
endocardium on 2D echocardiographic images and
to assess myocardial perfusion of the LV.
12

Basic principle and technical aspects

Since the path of contrast microbubbles injected
into circulation is the same as the path of red
blood cells, MCE enables evaluation of myocardial
perfusion. Microbubbles are considered as red
blood cells tracers.
Myocardial perfusion is defined as a myocardial
blood flow (MBF; mL x min x g-1), i.e. a flow at the
capillary level, because capillaries encompass 90%
of myocardial blood volume. MBF depends on two
parameters: capillary blood volume and capillary
blood velocity. The maximal signal intensity from
the myocardium fully saturated with microbubbles
under continuous contrast infusion represent
the capillary blood volume. After microbubble
destruction induced by high-power imaging, the rate
of contrast replenishment within the myocardium
reflects the blood velocity on the capillary level
[44]. The product of myocardial blood volume (that
can be assessed by plateau acoustic intensity) and
blood velocity i.e. microbubble velocity (that can be
assessed as a capillary refill after high-power imaging)
equals MBF. A delayed and impaired appearance of
contrast in the myocardium due to either reduced
blood flow velocity or reduced contrast intensity (i.e.
decreased capillary blood volume) represents the
basis for coronary artery disease detection by MCE.
Myocardial perfusion with MCE offers functional
assessment of the complete coronary vasculature,
from epicardial coronary arteries downstream to the
coronary capillaries, in various clinical scenarios.
MCE offers possibility to measure myocardial
perfusion reserve (MPR) as a surrogate for CFR.
It can be evaluated by real-time MCE measuring
myocardial blood volume in resting condition and
during hyperaemia under continuous contrast
infusion. Vogel et al proved that MCE-derived
CFR is very similar to that derived from Positron
Emission Tomography (PET) [45]. In the study of
Biering et al. blood volume-derived MPR during
real-rime MCE showed an excellent correlation with
Doppler flow wire-derived CFR in patient without
angiographic apparent coronary artery disease [46].
Importantly, Doppler flow-derived CFR
correlated more closely with blood volumederived MPR, than with MPR derived from
either microbubble velocity or flow. MPR allows
©The Author(s) 2019
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the non-invasive assessment of both coronary
stenosis severity and the detection of microvascular
dysfunction [47]. Coronary flow reserve assessed by
MCE also predicts mortality in patients with heart
failure [48].

Clinical application of MCE to assess
CMC

MCE was used to assess CMC and to detect no-reflow
after myocardial infarction treated by pPCI first
applying intracoronary microbubbles immediately
after restoration of anterograde flow in the infarcted
artery [49), then by intravenous administration
of microbubbles [23]. Myocardial viability of the
infarct region detected early after MI, by different
modalities of MCE, predicted functional LV
recovery with excellent sensitivity and specificity
[50, 51]. Extent of microvascular damage, assessed
by MCE one day after reperfusion therapy was
the most powerful independent predictor for left
ventricular remodelling compared to other indexes
of post-MI reperfusion [52]. The transmurality
of an infarction verified later by late gadolinium
enhancement on cardiac magnetic resonance
imaging, could be predicted earlier by MCE based
contrast defect intensity and reduction of resting
MBF [53]. Extent and intensity of myocardial
perfusion defects on MCE within the risk area
was an important predictor of both LV remodeling
and unfavorable long-term outcome [54]. MCE was
also used to estimate effects of adjunctive medical
therapies to improve microvascular blood flow
following STEMI [55].
Coronary microvascular dysfunction in
Takotsubo cardiomyopathy was extensively
evaluated in several studies by MCE. Generally,
apical perfusion defect with typical apical akinesia
(“apical ballooning”) during acute phase of
presentation was detected using quantitative and
qualitative real time MCE, with normalization of
perfusion during the follow up [55, 56, 57]. The
primary underlying pathophysiological mechanism
responsible for TC has not been entirely revealed.
One of the concepts is that catecholamine-induced
stunning in the affected myocardium might be
the fundamental pathophysiological background.
©The Author(s) 2019	

However, it is still unclear whether the cause of
that stunning: hyperadrenergic state including
profound arteriolar vasoconstriction and significant
reduction of coronary flow or direct toxic effects
of catecholamine on myocytes’ metabolism.
Nevertheless, echocardiography especially contrast
echocardiography, by advantage of its flexibility and
availability, remains the imaging modality of first
choice in daily routine clinical practice to diagnose
TC and also to evaluate its potential mechanisms.
Quantitative MCE was applied to reveal MVD
in patients with microvascular angina (“syndrome
X”) and to detect its mechanism [58]. Higher mean
microbubble velocity in rest with lower capability to
increase microbubble velocity during dipyridamoleinduced hyperemia implied that patients with
syndrome X have significantly higher resting
myocardial blood flow. The results indicated that
coronary autoregulation is abnormal in patients
with syndrome X (higher resting myocardial
blood flow and lower capacity to increase it),
and put in focus the coronary resistance vessels
(150–300 mm in diameter) as the potential site of
microvascular abnormality. Therefore, the inability
of the resistance vessels to dilate in response to
higher myocardial oxygen demand proved to be an
important feature of abnormal coronary regulation,
explaining also anginal chest pain and abnormal
stress test results in these women.

Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging (CMR) has
emerging role in the assessment and management
of patients with proven or suspected coronary
artery disease [59]. Advances in cardiac MRI have
enabled comprehensive structural and functional
assessment including tissue characterization with
identification of myocardial oedema and scar
formation, imaging myocardial perfusion with
myocardial motion and thickening at rest and stress
perfusion, detection of microvascular obstruction
(MVO) and intramyocardial haemorrhage (IMH).
It is well validated for the quantification of left
ventricular functional parameters, provides several
clinical parameters of prognosis and has no
radiation exposure.
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Basic principle and technical aspects

Exploration of the coronary circulation by CMR is
grounded on the kinetics of T1-gadolinium-based
contrast media, including its “first pass kinetic” and
“late enchancement”. Gadolinium is a paramagnetic
Gd3+ ion, which has has a long electronic relaxation
time based on its totally symmetric S state making
it well suited for use as an MR contrast agent. It
accelerates the relaxation of the water molecules
present in the tissue, giving rise to an enhanced
signal on T1-weighted images and, together with
appropriate sequence parameters, an improved
image contrast. Gadolinium chelates are extra
cellular contrast agents (i.e. cannot cross the intact/
normal myocyte cell membranes).
During the first pass, the contrast medium
diffuses from the microvasculature into the
interstitial space and is followed by contrast wash
out. The increase in signal intensity is proportional
to the perfusion and blood volume of the tissue,
the extravascular compartment size, and capillary
permeability [60]. In a normal myocardium, the
signal increases homogeneously during the first
pass and is followed by quick contrast wash out.
However, a delayed signal increase and persistently
hypointense regions during the first pass are
indicative of reduced perfusion [61, 62]. Myocardial
perfusion studies by CMR are performed in rest
condition and under vasodilator stressor (usually
adenosine, that is endothelium independent).
Persistence of hypointense regions under adenosine
infusion, represent hypoperfused ishaemic regions.
However, currently CMR-based fully quantitative
perfusion analysis enabling measurement of
myocardial blood flow (in ml/g) at rest and stress
(i. e. providing parameters for CFR calculation by
CMR) is not widely use. The main reason is that
it requires complex calculations of various tissue
enhancement curve parameters, which are corrected
by subtracting or scaling the arterial input function
derived from the left ventricle or by using modelindependent deconvolution [63, 64]
The mechanisms of “late hyperenchancement”
on CMR sequences basically represent the prolonged
accumulation of the contrast media within
expanded extracellular space and it is grounded
on the following concept [65]. In the normal
14

myocardium, myocytes are densely packed - myocyte
intracellular space forms the majority (85%) of the
volume. Therefore, the volume of distribution
of gadolinium in normal myocardium is small.
However, in myocardial infarction myocyte
membrane rupture-additional gadolinium diffuse
into increased extracellular space resulting in
increased and prolonged gadolinium concentration
and “hyperenhancement”. Also, in chronic
pathologies (chronic IM or cardiomyopathies),
myocytes are replaced with collagenous scar, that
causes the expansion of the interstitial space that
leads to increased gadolinium concentration and
“hyperenhancement”.
Introduction of new CMR perfusion
pulse sequences resulted in significant quality
improvement in CMR images, including better
spatial and temporal resolution, better linearity
between signal intensity and contrast agent
concentrations, and more favorable signal-to-noise
ratios [66, 67].

Clinical application of CMR to assess
CMC

Assessment of myocardial perfusion by cardiac MRI
is currently indicated for detection of ischaemia in
patients with known or suspected coronary artery
disease, and for detection of MVO. Data regarding
the myocardial perfusion CMR based study in
patients without significant epicardial coronary
diseases are limited.
In the MESA study (Multi-Ethnic Study of
Atherosclerosis designed to evaluate cardiovascular
risk factors), quantitative myocardial perfusion
and CFR were assessed by CMR [68]. CFR values
were significantly lower among male, elderly,
and individuals with hypertension, fasting
hyperglycaemia and hypercholesterolemia. The
predicted absolute cardiovascular risk, estimated
from the Framingham equation, was inversely
associated with hyperaemic MBF and CFR.
Furthermore, lower CFR was related to reduced
regional myocardial systolic function evaluated as
peak systolic circumferential strain [69]
Stress perfusion CMR proved as particularly
useful in women with symptoms of myocardial
©The Author(s) 2019

J Hypertens Res (2019) 5(1):8–20

ischemia and non-obstructive CAD. In the WISE
study semiquantitatively assessed MBF by CMR was
predictive of adverse events beyond comprehensive
clinical assessment [70].
Stress perfusion CMR also enabled assessment
of CMC function in individuals with various
etiology of left ventricular hypertrophy. Patients
with hypertrophic cardiomyopathy was found
to have markedly blunted vasodilator response
in the endocardium that was proportional to the
magnitude of wall hypertrophy, as well as significant
reduced perfusion reserve compared to that in
athletes with similar indexed left ventricular mass.
[71]
CMR significantly contributes to the detection
and understanding of the “no –reflow” phenomenon
that is still demonstrated in certain number of
patients with ST-segment elevation myocardial
infarction treated by primary percutaneous coronary
intervention (PCI). The mechanisms of no-reflow
are complex and encompass extravascular events
(such as neutrophil infiltration), cellular injuries
(endothelial swelling or myocyte oedema) and
microembolisation with the debris from ruptured
plaque [72, 73, 74]. Furthermore, reperfusion
itself promotes multifaceted “reperfusion injury”
modulated predominately by free radicals and
oxidative stress, resulting finally in advanced
disruption of the vascular wall cells and leaking
of red blood cells into extravascular space with
the accumulation of methaemoglobin. According
to this pathophysiological concept microvascular
obstruction (MVO) and intramural hemorrhage
(IMH) within the infarct area are significant
elements of no-reflow. Of the available modalities,
CMR provides the most comprehensive assessment
of MVO and IMH and numerous studies provided
evidence that those CMR stigmata of no-reflow
carry ominous prognosis.
On gadolinium-enhanced CMR, MVO is
detected as delayed or absent wash-in of contrast
agent into the infarct zone, “early” or “late” in
reference to the timing of imaging relative to
gadolinium administration. Early MVO is recognized
as a prolonged perfusion defect on resting first-pass
perfusion (FPP) imaging or as a hypointense region
in the core of the infarction on T1-weighted images
made 2 to 5 min after contrast administration [75].
©The Author(s) 2019	

Depending on the severity of MVO, the absence
of wash-in of gadolinium may persist for >10 min,
resulting in a region of persistent hypoenhancement
within the core of the infarct on conventional late
gadolinium enhancement images, referred to as “late
MVO” [76]. Late gadolinium enhancement imaging
used for late MVO assessment has high spatial and
contrast resolution with full coverage of the LV
myocardium. Currently, it is unidentified whether
the rate of fill-in of the MVO area has prognostic
importance and whether early or late MVO is a
better predictor of LV remodeling or MACE. In
overall pooled analysis, both early and late MVO
are associated with lower EF [77], larger ventricular
volumes [77] and infarct at baseline [78], and worse
LV remodeling during follow- up [79]. Late MVO
was demonstrated to have a stronger relationship
with MACE and the individual outcomes of
cardiac mortality, recurrent MI, and CHF/CHF
hospitalization compared with early MVO [80]
IMH is a severe form of MVO and develops in
the core of the infarct with a tendency to expand for
several hours after PCI [81]. Ir order to assess for IMH
most centers use T2-weighted short-tau inversion
recovery (STIR) or T2*-weighted gradient echo pulse
sequences. IMH appears as a hypointense region
within the infarct on T2-weighted sequences. Since
the paramagnetic effects of hemoglobin breakdown
products more strongly affect T2* relaxation, T2*weighted imaging is thought to be more sensitive for
the detection of IMH. IMH detected by both T2 and
T2* images has been correlated with the presence
of hemorrhage on histopathologic analysis [82, 83].
Although intramyocardial haemorrhage is observed
less frequently in patients with acute myocardial
infarction than in animal models, its presence
is correlated with the duration of ischaemia and
infarct size, and is a predictor of adverse remodelling
and outcome [84, 85] IMH also predicted MACE;
however, there is a currently smaller body of
literature for IMH and limited direct comparisons
of IMH and MVO. Larger studies are needed.
CMR myocardial perfusion techniques are
progressing rapidly. Additional improvement in
diagnostic accuracy are expected to be achieved by
both advanced acceleration techniques improving
spatial resolution, especially of the subendocardial
layer, and full 3D coverage of the whole heart.
15
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Limitation of CMR

Apart from many clinically relevant advantages, CMR
has some limitations. It is not available at all times
and needs expertise for comprehensive imaging.
Patients with claustrophobia, fast heart rates, severe
renal impairment, high burden of ventricular ectopy,
and ferromagnetic implants might not be eligible
for stress CMR. Also, adequate renal function is
required (eGFR >30 ml/min/1.73 m2), otherwise
there is a risk of nephrogenic systemic fibrosis in case
of contrast usage [86] Despite continuous technical
improvements, the image artefacts, particularly “dark
rim artefacts” during stress CMR, that mainly occur
in the subendocardium, might be a limiting factor
preventing absolute quantification of myocardial
perfusion and have to be differentiated from true
perfusion defects [67].

Conflict of interest

7.

8.

9.

10.
11.

12.

The authors confirm that there are no conflicts of
interest.
13.

References
1. Camici PG, d’Amati G, Rimoldi O. Coronary
microvascular dysfunction: mechanisms and functional
assessment. Nat Rev Cardiol. 2015;12(1):48–62. doi:
10.1038/nrcardio.2014.160.
2. Pries AR, Reglin B. Coronary microcirculatory
pathophysiology: can we afford it to remain a black
box? Eur Heart J. 2017;38(7):478–88. doi: 10.1093/
eurheartj/ehv760.
3. Cannon RO III, Epstein SE. “Microvascular angina”
as a cause of chest pain with angiographically normal
coronary arteries. Am J Cardiol 1988;61(15):1338–43.
4. Lanza GA, Crea F. Primary coronary microvascular
dysfunction: clinical presentation, pathophysiology,
and management. Circulation. 2010;121(21):2317–25.
doi: 10.1161/circulationaha.109.900191.
5. Niccoli G, Scalone G, Crea F. Acute myocardial
infarction with no obstructive coronary atherosclerosis:
mechanisms and management. Eur Heart J.
2015;36(8):475–81. doi: 10.1093/eurheartj/ehu469.
6. Tschope C, Van LS. New insights in (inter)cellular
mechanisms by heart failure with preserved ejection
16

14.

15.

16.

17.

fraction. Curr Heart Fail Rep. 2014;11(4):436–44. doi:
10.1007/s11897-014-0219-3.
Herrmann J, Kaski JC, Lerman A. Coronary
microvascular dysfunction in the clinical setting: from
mystery to reality. Eur Heart J. 2012;33(22):2771–8. doi:
10.1093/eurheartj/ehs246.
Achenbach S, Rudolph T, Rieber J, Eggebrecht
H, Richardt G, et al. Performing and interpreting
fractional flow reserve measurements in clinical
practice: an expert consensus document. Interv Cardiol.
2017;12(2):97–109. doi: 10.15420/icr.2017:13:2.
Layland J, Nerlekar N, Palmer S, Berry C, Oldroyd K.
Invasive assessment of the coronary microcirculation
in the catheter laboratory. Int J Cardiol. 2015;199:141–9.
doi: 10.1016/j.ijcard.2015.05.190.
P Collins. Coronary flow reserve. Br Heart J.
1993;69(4):279–81.
Bairey Merz CN, Pepine CJ, Walsh M, Fleg JL. Ischemia
and No Obstructive Coronary Artery Disease (INOCA):
Developing evidence-based therapies and research agenda
for the next decade. Circulation. 2017;135(11):1075–92.
doi: 10.1161/circulationaha.116.024534.
Scalone G, Niccoli G, Crea F, Editor’s ChoicePathophysiology, diagnosis and management of
MINOCA: an update. Eur Heart J Acute Cardiovasc Care.
2019;8(1):54–62. doi: 10.1177/2048872618782414.
Camici PG, Olivotto I, Rimoldi OE. The coronary
circulation and blood flow in left ventricular
hypertrophy. J Mol Cell Cardiol. 2012;52(4):857–64. doi:
10.1016/j.yjmcc.2011.08.028.
Tesic M, Djordjevic-Dikic A, Beleslin B, Trifunovic D,
Giga V, et al. Regional difference of microcirculation
in
patients
with
asymmetric
hypertrophic
cardiomyopathy: transthoracic Doppler coronary
flow velocity reserve analysis. J Am Soc Echocardiogr.
2013;26(7):775–82. doi: 10.1016/j.echo.2013.03.023.
Banovic M, Bosiljka VT, Voin B, Milan P, Ivana N,
et al. Prognostic value of coronary flow reserve in
asymptomatic moderate or severe aortic stenosis
with preserved ejection fraction and nonobstructed
coronary arteries. Echocardiography. 2014;31(4):428–33.
doi: 10.1111/echo.12404.
Koller A, Balasko M, Bagi Z. Endothelial regulation
of coronary microcirculation in health and
cardiometabolic diseases. Intern Emerg Med. 2013;
suppl 1:S51–4. doi: 10.1007/s11739-013-0910-5.
Marinescu MA, Löffler AI, Ouellette M, Smith L,
Kramer CM, Bourque JM. Coronary microvascular
dysfunction, microvascular angina, and treatment
strategies. JACC Cardiovasc Imaging. 2015;8(2):210–20.
doi: 10.1016/j.jcmg.2014.12.008.
©The Author(s) 2019

J Hypertens Res (2019) 5(1):8–20

18. Ziadi MC. Myocardial flow reserve (MFR) with
positron emission tomography (PET)/computed
tomography (CT): clinical impact in diagnosis and
prognosis. Cardiovasc Diagn Ther. 2017;7(2):206–18.
doi: 10.21037/cdt.2017.04.10.
19. Voci P, Pizzuto F, Romeo F. Coronary flow: a new asset
for the echo lab? Eur Heart J. 2001;25(21):1867–79. doi:
10.1016/j.ehj.2004.07.029.
20. Rigo F, Sicari R, Gherardi S, Djordjevic-Dikic A,
Cortigiani L, Picano E. Prognostic value of coronary
flow reserve in medically treated patients with left
anterior descending coronary disease with stenosis 51%
to 75% in diameter. Am J Cardiol. 2007;100(10):1527–
31. doi: 10.1016/j.amjcard.2007.06.060.
21. Pries AR, Badimon L, Bugiardini R, Camici PG,
Dorobantu M, et al. Coronary vascular regulation,
remodeling, and collateralization: mechanisms and
clinical implications on behalf of the working group on
coronary pathophysiology and microcirculation. Eur Heart
J. 2015;36(45):3134–46. doi: 10.1093/eurheartj/ehv100.
22. Pizzi C, Bugiardini R. Further insights into syndrome
X. Heart 2010;96(23):1865–67. doi: 10.1136/
hrt.2010.206870.
23. Lepper W, Hoffmann R, Kamp O, Franke A, de Cock
CC, et al. Assessment of myocardial reperfusion by
intravenous myocardial contrast echocardiography
and coronary flow reserve after primary percutaneous
transluminal coronary angioplasty [correction of
angiography] in patients with acute myocardial
infarction. Circulation. 2000;101(20):2368–74. doi:
10.1161/01.CIR.101.20.2368
24. Montisci R, Chen L, Ruscazio M, P Colonna, C
Cadeddu, et al. Non-invasive coronary flow reserve is
correlated with microvascular integrity and myocardial
viability after primary angioplasty in acute myocardial
infarction. Heart. 2006;92(8):1113–8. doi: 10.1136/
hrt.2005.078246.
25. Ueno Y, Nakamura Y, Kinoshita M, Fujita T,
Sakamoto T, Okamura H. Can coronary flow
velocity reserve determined by transthoracic Doppler
echocardiography predict the recovery of regional left
ventricular function in patients with acute myocardial
infarction? Heart. 2002;88(2):137–41.
26. Trifunovic D, Sobic-Saranovic D, Beleslin B, Stankovic
S, Marinkovic J, et al. Coronary flow of the infarct
artery assessed by transthoracic Doppler after primary
percutaneous coronary intervention predicts final
infarct size. Int J Cardiovasc Imaging. 2014;30(8):1509–
18. doi: 10.1007/s10554-014-0497-6.
27. Meimoun P, Boulanger J, Luycx-Bore A, Zemir H,
Elmkies F, et al. Non-invasive coronary flow reserve
©The Author(s) 2019	

28.

29.

30.

31.

32.

33.

34.

35.

36.

after successful primary angioplasty for acute anterior
myocardial infarction is an independent predictor of
left ventricular adverse remodelling. Eur J Echocardiogr.
2010;11(8):711–8. doi: 10.1093/ejechocard/jeq049.
Rigo F, Varga Z, Di Pede F, Grassi G, Turiano G et
al. Early assessment of coronary flow reserve by
transthoracic Doppler echocardiography predicts
late remodeling in reperfused anterior myocardial
infarction. J Am Soc Echocardiogr. 2004;17(7):750–5.
doi: 10.1016/j.echo.2004.04.023.
Ascione L, Carlomagno G, Sordelli C, Iengo R, Monda
V, et al. Dipyridamole coronary flow reserve stratifies
prognosis in acute coronary syndrome patients without
left anterior descending disease. Eur Heart J Cardiovasc
Imaging. 2013;14(9):858–64. doi: 10.1093/ehjci/jes305.
van de Hoef TP, Bax M, Meuwissen M, Damman P,
Delewi R, et al. Impact of coronary microvascular
function on long-term cardiac mortality in patients
with
acute
ST-segment-elevation
myocardial
infarction. Circ Cardiovasc Interv. 2013;6(3):207–15.
doi: 10.1161/circinterventions.112.000168.
Cortigiani L, Rigo F, Galderisi M, Gherardi
S, Bovenzi F, et al. Diagnostic and prognostic
value of Doppler echocardiographic coronary
flow reserve in the left anterior descending
artery
in
hypertensive
and
normotensive
patients [corrected]. Heart 2011;97(21):1758–65.
doi: 10.1136/heartjnl-2011-300178.
Cortigiani L, Rigo F, Gherardi S, Galderisi M, Bovenzi
F, et al. Prognostic meaning of coronary microvascular
disease in type 2 diabetes mellitus: a transthoracic
Doppler echocardiographic study. J Am Soc Echocardiogr
2014;27(7):742–8. doi: 10.1016/j.echo.2014.02.010.
Osto E, Piaserico S, Maddalozzo A, Forchetti G,
Montisci R, et al. Impaired coronary flow reserve in
young patients affected by severe psoriasis. Atherosclerosis
2012;221(1):113–7. doi: 10.1016/j.atherosclerosis.2011.
Cortigiani L, Rigo F, Gherardi S, Bovenzi F,
Molinaro S, et al. Prognostic implication of Doppler
echocardiographic derived coronary flow reserve in
patients with left bundle branch block. Eur Heart J
2013;34(5):364–73. doi: 10.1093/eurheartj/ehs310.
Meimoun P, Clerc J, Vincent C, Flahaut F, Germain
AL, et al. Non-invasive detection of tako-tsubo
cardiomyopathy vs. acute anterior myocardial
infarction by transthoracic Doppler echocardiography.
Eur Heart J Cardiovasc Imaging 2013;14(5):464–70. doi:
10.1093/ehjci/jes192.
Rabelo DR, Rocha MO, de Barros MV, Silva JL,
Tan TC, Nunes MC. Impaired coronary flow
reserve in patients with indeterminate form of
17

Trifunovic D, Dudic J. Coronary microcirculation – from basic research to cardiac magnetic resonance (CMR)

37.

38.

39.

40.

41.

42.

43.

44.

45.

18

Chagas’ disease. Echocardiography 2014;31(1):67–73.
doi: 10.1111/echo.12364.
De Silva K, Lumley M, Kailey B, Alastruey J, Guilcher
A, et al. Coronary and microvascular physiology
during intra-aortic balloon counterpulsation. JACC
Cardiovasc Interv 2014;7(6):631–40. doi: 10.1016/j.
jcin.2013.11.023.
Ikonomidis I, Makavos G, Nikitas N, Paraskevaidis
I, Diamantakis A, et al. Coronary flow reserve is
associated with tissue ischemia and is an additive
predictor of intensive care unit mortality to traditional
risk scores in septic shock. Int J Cardiol 2014;172:103–8.
doi: 10.1016/j.ijcard.2013.12.155.
Nakanishi K, Fukuda S, Shimada K, Miyazaki C, Otsuka
K, et al. Prognostic value of coronary flow reserve on
long-term cardiovascular outcomes in patients with
chronic kidney disease. Am J Cardiol 2013;112(7):928–
32. doi: 10.1016/j.amjcard.2013.05.025.
Tagliamonte E, Rigo F, Cirillo T, Astarita C, Quaranta
G, et al. Effects of ranolazine on noninvasive
coronary flow reserve in patients with myocardial
ischemia but without obstructive coronary artery
disease.
Echocardiography
2015;32(3):516–21.
doi: 10.1111/echo.12674.
Porter TR, Mulvagh SL, Abdelmoneim SS, Becher
H, Belcik JT et al. Clinical applications of ultrasonic
enhancing agents in echocardiography: 2018 American
Society of Echocardiography Guidelines Update. J Am
Soc Echocardiogr. 2018;31(3):241–274. doi: 10.1016/j.
echo.2017.11.013.
Senior R, Becher H, Monaghan M, Agati L, Zamorano
J, et al. Contrast echocardiography: evidence-based
recommendations by European Association of
Echocardiography. Eur J Echocardiogr. 2009;10(2):194–
212. doi: 10.1093/ejechocard/jep005.
Wei K, Jayaweera AR, Firoozan S, Linka A, Skyba
DM, Kaul S. Quantification of myocardial blood flow
with ultrasound-induced destruction of microbubbles
administered as a constant venous infusion. Circulation.
1998;97(5):473–83.
Vogel R, Indermuhle A, Reinhardt J, Meier P, Siegrist
PT, et al. The quantification of absolute myocardial
perfusion in humans by contrast echocardiography:
algorithm and validation. J Am Coll Cardiol 2005;
45(5): 754–62. doi: 10.1016/j.jacc.2004.11.044
Bierig SM, Mikolajczak P, Herrmann SC, Elmore
N, Kern M, Labovitz AJ. Comparison of myocardial
contrast echocardiography derived myocardial
perfusion reserve with invasive determination
of coronary flow reserve. Eur J Echocardiogr.
2009;10(2):250–5. doi: 10.1093/ejechocard/jen217.

46. Radico F, Cicchitti V, Zimarino M, De Caterina R.
Angina pectoris and myocardial ischemia in the
absence of obstructive coronary artery disease: practical
considerations for diagnostic tests. JACC Cardiovasc
Interv. 2014;7(5):453–63. doi: 10.1016/j.jcin.2014.01.157.
47. Anantharam B1, Janardhanan R, Hayat S, Hickman
M, Chahal N, et al. Coronary flow reserve assessed
by myocardial contrast echocardiography predicts
mortality in patients with heart failure Eur J Echocardiogr.
2011;12(1):69–75. doi: 10.1093/ejechocard/jeq109Ito
48. H, Tomooka T, Sakaii N, Yu H, Higashino Y, et al. Lack
of myocardial perfusion immediately after successful
thrombolysis: a predictor of poor recovery of left
ventricular function in anterior myocardial infarction.
Circulation 1992;85:1699–705.
49. Main ML, Magalski A, Chee NK, Coen MM, Skolnick
DG, Good TH. Full-motion pulse inversion power
Doppler contrast echocardiography differentiates
stunning from necrosis and predicts recovery of left
ventricular function after acute myocardial infarction.
J Am Coll Cardiol. 2001;38(5):1390–4. doi.org/10.1016/
S0735-1097(01)01574-1.
50. Korosoglou G, Labadze N, Giannitsis E, Bekeredjian
R, Hansen A, et al. Usefulness of realtime myocardial
perfusion imaging to evaluate tissue level reperfusion in
patients with non ST elevation myocardial infarction.
Am J Cardiol. 2005;95(9):1033–8. DOI: 10.1016/j.
amjcard.2004.12.055.
51. Galiuto L, Garramone B, Scara A, Rebuzzi AG, Crea
F, et al. The extent of microvascular damage during
myocardial contrast echocardiography is superior to
other known indexes of post-infarct reperfusion in
predicting left ventricular remodeling. J Am Coll Cardiol.
2008;51(5):552–9. doi: 10.1016/j.jacc.2007.09.051.
52. Choi EY, Seo HS, Park S, Kim HJ, Ahn JA, et
al. Prediction of transmural extent of infarction
with contrast echocardiographically derived index
of myocardial blood flow and myocardial blood
volume fraction: comparison with contrast-enhanced
magnetic resonance imaging. J Am Soc Echocardiogr
2006;19(10):1211–9. DOI: 10.1016/j.echo.2006.04.027
53. Bolognese L, Carrabba N, Parodi G, Santoro GM,
Buonamici P, et al. Impact of microvascular dysfunction
on left ventricular remodeling and long-term clinical
outcome after primary coronary angioplasty for acute
myocardial infarction. Circulation. 2004;109(9):1121–6.
doi: 10.1161/01.CIR.0000118496.44135.A7
54. Hayat SA, Senior R. Myocardial contrast
echocardiography in ST elevation myocardial
infarction: ready for prime time? Eur Heart J.
2008;29(3):299–314. doi: 10.1093/eurheartj/ehm621.
©The Author(s) 2019

J Hypertens Res (2019) 5(1):8–20

55. Upadya SP, Hoq SM, Pannala R, Alsous F, Tuohy
E, Zarich S. Takotsubo cardiomyopathy (transient
left ventricular apical ballooning): case report of
a myocardial perfusion echocardiogram study. J
Am Soc Echocardiogr.2005;18(8):883. doi: 10.1016/j.
echo.2004.10.024.
56. Azzarelli S, Giordano G, Galassi AR, Amico F,
Giacoppo M, et al. Transient impairment of myocardial
perfusion in a patient with apical ballooning syndrome.
Int J Cardiol. 2007;118(2):e63–65. doi: 10.1016/j.
ijcard.2006.12.073.
57. Abdelmoneim SS, Mankad SV, Bernier M, Dhoble A,
Hagen ME, et al. Microvascular function in Takotsubo
cardiomyopathy with contrast echocardiography:
prospective evaluation and review of literature. J Am
Soc Echocardiogr. 2009;(11):1249–55. doi: 10.1016/j.
echo.2009.07.012.
58. Rınkevich D, Belcık T, Gupta NC, Cannard E,
Alkayed NJ, Kaul S. Coronary autoregulation is
abnormal in syndrome X: Insights using myocardial
contrast echocardiography. J Am Soc Echocardiogr.
2013;26(3):290–6. doi: 10.1016/j.echo.2012.12.008
59. Garg P, Underwood SR, Senior R, Greenwood JP, Plein
S. Noninvasive cardiac imaging in suspected acute
coronary syndrome. Nat Rev Cardiol. 2016;13(5):266–
75. doi: 10.1038/nrcardio.2016.18.
60. Tong CY, Prato FS, Wisenberg G, Lee TY, Carroll
E, et al. Measurement of the extraction efficiency
and distribution volume for Gd-DTPA in normal
and diseased canine myocardium. Magn Reson Med.
1993;30(3):337–46.
61. Klem I, Heitner JF, Shah DJ, Sketch MH Jr, Behar V,
et al. Improved detection of coronary artery disease
by stress perfusion cardiovascular magnetic resonance
with the use of delayed enhancement infarction
imaging. J Am Coll Cardiol. 2006;47(8):1630–8. doi:
10.1016/j.jacc.2005.10.074
62. Ingkanisorn WP, Kwong RY, Bohme NS, Geller NL,
Rhoads KL, et al. Prognosis of negative adenosine
stress magnetic resonance in patients presenting
to an emergency department with chest pain. J Am
Coll Cardiol. 2006;47(7):1427–32. doi: 10.1016/j.
jacc.2005.11.059.
63. Lee DC, Simonetti OP, Harris KR, Holly TA,
Judd RM, et al. Magnetic resonance versus
radionuclide pharmacological stress perfusion
imaging for flow-limiting stenosis of varying severity.
Circulation. 2004;110(1):58–65. doi: 10.1161/01.
cir.0000133389.48487.B6.
64. Schwitter J, Nanz D, Kneifel S, Bertschinger K, Büchi M,
et al. Assessment of myocardial perfusion in coronary
©The Author(s) 2019	

65.

66.

67.

68.

69.

70.

71.

72.

73.

artery disease by magnetic resonance: a comparison
with positron emission tomography and coronary
angiography. Circulation. 2001;103(18):2230–5.
Kim RJ, Choi KM, Judd RM. Assessment of myocardial
viability by contrast enhancement. In: Higgins CB,
de Roos A, eds. Cardiovascular MRI and MRA.
Philadelphia, PA: Lippincott Williams and Wilkins;
2003; 209–37.
Motwani M, Jogiya R, Kozerke S, Greenwood JP,
Plein S. Advanced cardiovascular magnetic resonance
myocardial perfusion imaging: high-spatial resolution
versus 3‑dimensional whole-heart coverage. Circ
Cardiovasc Imaging. 2013;6(2):339–48. doi: 10.1161/
CIRCIMAGING.112.000193.
Coelho-Filho OR, Rickers C, Kwong RY, Jerosch-Herold
M. MR myocardial perfusion imaging.. Radiology.
2013;266(3):701–15. doi: 10.1148/radiol.12110918.
Wang L, Jerosch-Herold M, Jacobs JDR, Shahar E,
Folsom AR. Coronary risk factors and myocardial
perfusion in asymptomatic adults: the Multi-Ethnic
Study of Atherosclerosis (MESA). J Am Coll Cardiol.
2006;47(3):565–72. doi: 10.1016/j.jacc.2005.09.036
Rosen BD, Lima JA, Nasir K, Edvardsen T, Folsom AR,
et al, Lower myocardial perfusion reserve is associated
with decreased regional left ventricular function in
asymptomatic participants of the multi-ethnic study of
atherosclerosis. Circulation. 2006;114(4):289–97. doi:
10.1161/circulationaha.105.588525
Doyle M, Weinberg N, Pohost GM, Bairey Merz CN,
Shaw LJ, et al. Prognostic value of global MR myocardial
perfusion imaging in women with suspected myocardial
ischemia and no obstructive coronary disease: results
from the NHLBI-sponsored WISE (Women’s Ischemia
Syndrome Evaluation) study. JACC Cardiovasc Imaging.
2010;3(10):1030–6. doi: 10.1016/j.jcmg.2010.07.008.
Petersen SE, Jerosch-Herold M, Hudsmith LE, Robson
MD, Francis JM, et al. Evidence for microvascular
dysfunction in hypertrophic cardiomyopathy: new
insights from multiparametric magnetic resonance
imaging. Circulation. 2007;115(18):2418–25. doi:
10.1161/circulationaha.106.657023
White SK, Hausenloy DJ, Moon JC. Imaging
the myocardial microcirculation post-myocardial
infarction. Curr Heart Fail Rep. 2012;9(4):282–92. doi:
10.1007/s11897-012-0111-y.
Orn S, Manhenke C, Greve OJ, Larsen AI, Bonarjee
VV, et al. Microvascular obstruction is a major
determinant of infarct healing and subsequent
left ventricular remodelling following primary
percutaneous coronary intervention. Eur Heart J.
2009;30(16):1978–85. doi: 10.1093/eurheartj/ehp219.
19

Trifunovic D, Dudic J. Coronary microcirculation – from basic research to cardiac magnetic resonance (CMR)

74. Mather AN Lockie T, Nagel E, Marber M, Perera D,
et al. Appearance of microvascular obstruction on
high resolution first-pass perfusion, early and late
gadolinium enhancement CMR in patients with
acute myocardial infarction. J Cardiovasc Magn Reson.
2009;11:33. doi: 10.1186/1532-429X-11-33.
75. Bekkers SC, Backes WH, Kim RJ, Snoep G,
Gorgels AP, et al. Detection and characteristics
of microvascular obstruction in reperfused acute
myocardial infarction using an optimized protocol for
contrast-enhanced cardiovascular magnetic resonance
imaging. Eur Radiol. 2009;19(12):2904–12. doi:
10.1007/s00330-009-1489-0.
76. Mayr A, Klug G, Schocke M, Trieb T, Mair J, et al.
Late microvascular obstruction after acute myocardial
infarction: relation with cardiac and inflammatory
markers. Int J Cardiol. 2012; 157:391–6. Int J Cardiol.
2012;157(3):391–6. doi: 10.1016/j.ijcard.2010.12.090
77. O’Regan DP, Ariff B, Neuwirth C, Tan Y, Durighel G,
Cook SA. Assessment of severe reperfusion injury with
T2* cardiac MRI in patients with acute myocardial
infarction. Heart. 2010;96:1885–91. doi:10.1136/
hrt.2010.200634.
78. Bogaert J, Kalantzi M, Rademakers FE, Dymarkowski S,
Janssens S. Determinants and impact of microvascular
obstruction in successfully re-perfused ST-segment
elevation myocardial infarction. Assessment by
magnetic resonance imaging. Eur Radiol. 2007;17:2572–
80. doi: 10.1007/s00330-007-0627-9.
79. Mather AN, Fairbairn TA, Ball SG, Greenwood JP,
Plein S. Reperfusion haemorrhage as determined
by cardiovascular MRI is a predictor of adverse
left ventricular remodelling and markers of late
arrhythmic risk. Heart. 2011;97(6):453–9. doi: 10.1136/
hrt.2010.202028.
80. Wu E, Ortiz JT, Tejedor P, Lee DC, BucciarelliDucci C, et al. Infarct size by contrast enhanced
cardiac magnetic resonance is a stronger predictor of

20

81.

82.

83.

84.

85.

86.

outcomes than left ventricular ejection fraction or endsystolic volume index: prospective cohort study. Heart.
2008;94(6):730–6. doi: 10.1136/hrt.2007.122622.
Asanuma T, Tanabe K, Ochiai K, Yoshitomi H,
Nakamura K, et al. Relationship between progressive
microvascular damage and intramyocardial hemorrhage
in patients with reperfused anterior myocardial
infarction: myocardial contrast echocardiographic study.
Circulation. 1997;96(2):448–53. doi.org/10.1161/01.
CIR.96.2.448.
Robbers LF, Eerenberg ES, Teunissen PF, Jansen MF,
Hollander MR, et al. Magnetic resonance imagingdefined areas of microvascular obstruction after
acute myocardial infarction represent microvascular
destruction and haemorrhage. Eur Heart J.
2013;34(30):2346–53. doi: 10.1093/eurheartj/eht100.
Anderson LJ, Holden S, Davis B, Prescott E, Charrier CC,
et al. Cardiovascular T2-star (T2*) magnetic resonance
for the early diagnosis of myocardial iron overload. Eur
Heart J. 2001;22(23):2171–9. doi:10.1053/euhj.2001.2822.
Kidambi A, Mather AN, Motwani M, Swoboda
P, Uddin A, et al. The effect of microvascular
obstruction and intramyocardial hemorrhage on
contractile recovery in reperfused myocardial
infarction: insights from cardiovascular magnetic
resonance. J Cardiovasc Magn Reson. 2013;15(1):58.
doi: 10.1186/1532-429X-15-58.
Husser O, Monmeneu JV, Sanchis J, Nunez J,
Lopez-Lereu MP, et al. Cardiovascular magnetic
resonance-derived
intramyocardial
hemorrhage
after STEMI: Influence on long-term prognosis,
adverse left ventricular remodeling and relationship
with microvascular obstruction. Int J Cardiol.
2013;167(5):2047–54. doi: 10.1016/j.ijcard.2012.05.055.
Garg P, Underwood SR, Senior R, Greenwood JP, Plein
S. Noninvasive cardiac imaging in suspected acute
coronary syndrome. Nat Rev Cardiol. 2016;13(5):266–
75. doi: 10.1038/nrcardio.2016.18.

©The Author(s) 2019

