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Abstract: The incidence of the no-reflow (NR) phenomenon varies depending on the diagnostic
criteria used. If just the angiographic criteria are considered (i.e., a degree of thrombolysis in
myocardial infarction ≤2), it will be found that the incidence of NR is quite low; on the other
hand, when the myocardial NR is taken into account (i.e., a decrease in the quality of myocardial
reperfusion expressed by the degree of myocardial blush), the real incidence is higher. Thus, the
early establishment of a diagnosis of NR and the administration of specific treatment can lead to its
reversibility. Otherwise, regardless of the follow-up period, patients with NR have a poor prognosis.
In the present work, we offer a comprehensive perspective on diagnostic tools for NR detection,
for improving the global management of patients with arterial microvasculature damage, which
is a topic of major interest in the cardiology field, due to its complexity and its link with severe
clinical outcomes.

Keywords: diagnostic methods; no-reflow phenomenon; electrocardiogram; echocardiogram; throm-
bolysis; acute myocardial infarction; myocardial blush grade

1. Introduction

The no-reflow (NR) phenomenon is highlighted when, following a myocardial in-
farction (MI), after the efficient unclogging of the epicardial coronary artery involved in
the infarction, inadequate myocardial infusion is observed. Although effective methods
of vascular permeabilization (such as coronary angiography) are currently available, the
incidence of the phenomenon remains high, being found in 0.6 to 3.2% of patients who
have had percutaneous coronary intervention (PCI) [1–3].

Coronary NR, detected angiographically, occurs when the degree of thrombolysis in
myocardial infarction (TIMI) flow and the myocardial blush grade (MBG) is ≤2, and has
been found in 2% of patients who underwent interventional myocardial revascularization.
The two types of NR are as follows:
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• a NR phenomenon identified by angiography, expressing the degree of TIMI and
MBG flow;

• a myocardial NR that may occur in patients who have obtained excellent resumption
of intracoronary flow, but in whom the quality of reperfusion in the microcirculation
is poor [4].

Estimation of the incidence of the phenomenon evaluated only according to angio-
graphic criteria underestimates its presence, because these instances are limited only to
coronary NR. However, taking into account the quality of myocardial reperfusion (and
therefore myocardial NR), there is a significant increase in the incidence of this phenomenon,
which can be found in a third of patients with acute MI (AMI) [5].

The illusion of myocardial reperfusion following myocardial revascularization, as well
as the prognosis of these patients, is of real interest in assessing the quality of coronary
microcirculation reperfusion, beyond simply assessing the resumption of optimal epicardial
coronary flow. In order to achieve a reliable assessment of the quality of coronary reper-
fusion, several imaging techniques are available to cardiologists: post-stent angiographic
evaluation, electrocardiogram (ECG), and more recently new imaging techniques including
myocardial contrast echocardiography (MCE), cardiac magnetic resonance imaging (CMRI),
and positron emission tomography (PET) [6].

NR becomes more frequent as the duration of myocardial ischemia becomes longer.
At the myocardial level, NR does not occur unless the reperfusion of the coronary artery
responsible occurs before the installation of irreversible myocardial lesions (such as the
appearance of myocardial necrosis in ischemic territory). As a consequence, after the onset
of myocardial necrosis, the phenomenon of NR is expected to occur [7].

A dynamic process can evolve after myocardial reperfusion, worsening the ischemic
lesions. The prognosis of patients with NR is unfavorable, as they are prone in the short
term to the occurrence of malignant rhythm disorders and sudden cardiac death, and
in the long term to the occurrence of heart failure. Recently, there have been significant
improvements in technique and pharmacotherapy that have significantly changed the
prognosis of patients [8]. Published experimental studies have revealed the relationship
between NR and demographic, biochemical, and anatomical parameters. According to the
results obtained, female gender, advanced age, diabetes mellitus, multi-vessel involvement,
and delayed reperfusion can all predict the probability of NR following primary PCI (PPCI)
in the setting of AMI [9].

Despite significant advancements in the prevention and treatment of cardiovascular
disorders, women continue to be underdiagnosed and undertreated, with greater rates of
hospitalization and death than males [10].

Due to the multifactorial nature of the phenomenon, different therapy approaches
are required. The use of vasodilators such as verapamil, adenosine, nitrates, nicardipine,
sodium nitroprusside and papaverine is common in today’s pharmacological therapy;
however, a vasoconstrictor-like epinephrine may also play a significant role [11]. Fur-
thermore, polyphenols may have a beneficial role due to their pleotropic effects on the
cardiovascular system [12].

Poor cardiovascular outcomes are the leading cause of death in many nations, respon-
sible for almost one-third of all deaths worldwide. More effective diagnostic methods
and non-invasive imaging approaches are essential in providing detailed information
about different pathologic conditions. Nanotechnology contains nanoscale structures with
unique physicochemical features that make them desirable for improving present diag-
nosis procedures, and may play a beneficial role in diagnosing NR in conjunction with
imaging techniques [13].

Detection of NR after PPCI in patients with segment elevation myocardial infarction
(STEMI) is essential because it represents the failure of myocardial reperfusion, despite
recanalization of the infarcted epicardial coronary artery. Although the incidence of NR
today is low, many of these patients have not been diagnosed correctly, and the prognosis
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is unfavorable, both in the short and long term, compared to those who do not develop
the pathology [5].

In the aforementioned context, this narrative review highlights the updates available
for NR diagnosis and treatment in patients with STEMI, a phenomenon often ignored or
underestimated, although there are many diagnostic methods available to specialists in the
field. Our study also provides a very well documented pathogenesis of NR and a relevant
and necessary update in the field of NR diagnostics methods, very useful for cardiologists
and other medical specialists.

2. Methods

This paper identified and filtered academic publications focusing on the NR phe-
nomenon between 1992–2022, following a comprehensive search of the literature (the main
platform for the key word search was PubMed) in the topic of the management of NR,
highlighting and detailing the most important diagnostic methods available for use in the
field of cardiology (Figure 1, according to Page et al.) [14].
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Figure 1. PRISMA 2020 flow diagram describing literature selection.

3. Pathogenesis of the No-Reflow Phenomenon

The NR phenomenon occurs in patients with AMI, in whom after myocardial revascu-
larization, either by PPCI or thrombolysis, there is an obstruction in the microcirculation,
resulting in failure of revascularization of the infarcted area and correlating with a poor
prognosis in these patients [8,15]. Most studies regarding NR in AMI patients undergoing
PCI were limited to single-center studies. Table 1 shows the incidence of NR correlated
with different diagnostic methods.
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Table 1. The incidence rate ratio of the no-reflow phenomenon.

Patients (No.)
Diagnostic Method Incidence

% Ref.
STEMI No-Reflow Normal Flow

126 47 79 MCE 37 Ito et al., 1996 [16]

1658 491 1167

PCI

42 Yang et al., 2020 [17]
5997 128 5869 2.1 Cenko et al., 2016 [18]
203 38 165 18.7 Li et al., 2018 [19]

291,380 6553 284,827 2.3 Harrison et al., 2013 [5]
93 28 65 30 Morishima et al.,1995 [20]
126 47 79 37 Ito et al., 1996 [16]
143 24 119 13.9 Rossington et al., 2020 [21]
733 54 679 16.1 Liang et al., 2017 [22]
347 110 237 32 Rezkalla et al., 2010 [23]
100 27 73 2.7 Mahmoud et al., 2019 [24]

44 11 33 MRI 25 Wu et al., 1998 [25]

STEMI, Segment elevation myocardial infarction; MCE, Myocardial contrast echocardiography; PCI, Percutaneous
coronary intervention; MRI, Magnetic resonance imaging.

The disorders of the coronary microcirculation that induce NR are determined by five
primary elements: pre-existing microcirculation lesions, distal microembolization, ischemic
myocardial injury, myocardial reperfusion injury, and individual susceptibility [26].

3.1. Pre-Existing Lesions of the Microcirculation

Pre-existing damage to the microcirculation may be structural/organic, functional, or
both. The existence of microcirculation dysfunction affects myocardial revascularization
and restricts the benefits of coronary reperfusion, increasing the vulnerability of the affected
myocardium to injury that may be induced by PCI [27,28].

Organic microcirculation injury is rendered by combining three factors, i.e., myocytes
in the necrotic area, coronary artery endothelium and blood element figures. Myocytes
that are contained in the infarcted area become swollen and may end up compressing the
endothelium of the capillaries, especially when interstitial oedema is present in the infarct
area. Endothelial cells protrude into the vascular lumen due to their oedema, which can ob-
struct the capillary lumen. At the same time, fibrin-platelet microthrombi may be observed
at this level, which may be formed by platelet activation induced by endothelial injury, or
may be produced due to embolized micro-fragments from the thrombus responsible for
the infarct. On the other hand, leukocytes may also obstruct the capillary lumen, activated
and attracted by local ischemia. Once inside the vascular lumen, they can interact with
platelets via free radicals, leukotrienes and proteolytic enzymes, which ultimately result in
morpho-functional alteration of endothelial cells [26].

Functional damage to the microcirculation is observed via a significant reduction in
vasodilator output. Macro- and microcirculatory vasoconstriction may also be influenced
by adrenergic hypertonia, as well as by increased expression of angiotensin II receptors, or
endovascular smooth muscle contracture due to ischemia [28].

3.2. Distal Microembolization

Obstruction of the microcirculation is an important element in the occurrence of
NR, and may be caused by microthrombi from the thrombus that have occluded the
epicardial coronary artery, or thrombotic material from ruptured or fissured atheromatous
plaque. Thus, following attempted myocardial revascularization by PCI, depending on the
technique used, balloon dilatation or stent implantation, and on the quality of the atheroma
plaque and the amount of fibrin present in the thrombotic material, microemboli may
detach and obstruct the coronary microcirculation. When more than half of the coronary
capillaries are obstructed, myocardial perfusion decreases, with the occurrence of NR. This
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phenomenon is less common in patients who have undergone myocardial revascularization
with thrombolytics [29,30].

3.3. Ischemic Myocardial Injury

The occurrence of myocardial ischemia through obstruction of an epicardial coronary
artery, common in AMI, induces consecutive ischemia in the capillaries in the area of the
ischemia. The capillary wall may show discontinuities in the form of “gaps”, losing its
integrity, with the collection of erythrocytes [31].

3.4. Myocyte Reperfusion Injury

Following an AMI, reperfusion of the obstructed and thus infarct-causing epicardial
coronary artery is essential. However, when myocardial ischemia occurring post-MI has
been in place for a prolonged period, exceeding the optimal myocardial revascularization
time elapsed from the onset of typical symptoms until PCI is performed, myocardial revas-
cularization may worsen the established endothelial damage. Myocardial reperfusion leads
to an increased influx of platelets and neutrophils into the area of ischemia, leading to
neutrophil activation with production of vasoconstrictors and inflammatory mediators, ul-
timately producing nitric oxide, prostacyclin and endothelin, which together with ischemic
lesions favor the development of intramyocardial hemorrhage [32–34].

3.5. Individual Susceptibility

Individual susceptibility can occur due to genetic or acquired factors. Cardiovascu-
lar risk factors may also influence the occurrence of microvascular obstruction (MVO).
However, the exact mechanisms have not been fully elucidated and require further re-
search [27,35]. The pathophysiological processes that lead to the appearance of NR phe-
nomenon are summarized in Figure 2.
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4. Predictors of the No-Reflow Phenomenon

Predictors of NR can be divided into two categories: classical cardiovascular risk
factors and angiographically demonstrated predictors. It has been found that NR is more
common in patients with several associated cardiovascular risk factors. Thus, patients who
are older, obese, dyslipidemic, diabetic, hypertensive, or smokers who developed STEMI
are more prone to NR after myocardial revascularization due to pre-existing microvascular
endothelial dysfunction [36].

A direct proportional relationship of the involvement of visceral obesity in the develop-
ment of atherosclerosis has been detected by measuring body mass index, explained mainly
by the production of proinflammatory elements and other enzymes with an unfavorable
effect on the vascular endothelium [37].

The impact of dyslipidemia is due to the increase in plasma total cholesterol level,
which is the main risk factor in triggering the atherogenesis process. The first changes that
appear in the arterial wall are prominent yellow lipid streaks on the surface of the vascular
endothelium, formed predominantly by foam cells. The next changes are the appearance of
fibrous atheromatous plaques which can cause partially or totally occlusive vascular lesions.
They may have a fibrous consistency with a lower lipid content, or a soft consistency due
to a high lipid content [38,39].

As changes continue, atheroma plaque complication may be observed, including
cracking, rupture or ulceration of the atheroma plaque which can lead to the development
of local hemorrhaging and thrombosis. Depending on the size of the thrombi, they may
partially or totally obstruct the vascular lumen, leading to AMI. Low-density lipoprotein
cholesterol indirectly contributes to the instability of atheromatous plaques, carrying an
increased atherogenic risk, which will contribute to the development of the vulnerable
atheromatous plaque and finally to its rupture, obstructing of the vascular lumen and the
development of AMI [40–42].

Regarding the role of diabetes mellitus in determining ischemic lesions and the occur-
rence of NR, it has been observed that both insulin- and non-insulin-dependent diabetes
mellitus are associated with an increased risk of ischemic cardiovascular disease [43]. How-
ever, diabetes mellitus remains a controversial risk factor, the mechanism of action not
being fully elucidated; its involvement in altering lipid metabolism is thought to lead to
the development of atherosclerosis [44].

Hypertension is a particularly important risk factor for cardiovascular disease. How-
ever, it is also a controversial factor, as hypertension facilitates the action of other factors
causing endothelial dysfunction [45].

It has also been observed that following epicardial coronary artery re-permeabilization
in the development of AMI by PPCI, NR was more frequently encountered in patients
with late presentation to the medical unit where PCI was performed. This is explained by
the enlargement of the ischemic zone and the appearance of myocardial necrosis, which
leads to the occurrence of the phenomenon. Also, the infarcted anterior territory as well as
the anterior descending artery are more frequently incriminated in the occurrence of NR,
as well as the implantation of an increased number of stents for revascularization of the
involved coronary artery [46,47].

Regardless of the type of NR phenomenon, its occurrence is determined by multifacto-
rial causes including non-modifiable and modifiable cardiovascular risk factors, as well as
the location of STEMI involving the anterior descending artery as the responsible artery,
revascularization time, and intracoronary drug management of the coronary NR [48]. The
predictors involved in the appearance and evolution of NR are depicted in Figure 3.
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Figure 3. Predictors of the no-reflow phenomenon. ADMA, asymmetric dimethylarginine; CV,
Cardiovascular; LAD, left anterior descending coronary artery; MI, myocardial infarction; NO, nitric
oxide; ROS, reactive oxygen species.

5. Diagnostic Methods of the No-Reflow Phenomenon

Due to the wide range of current approaches for evaluating the clinical NR phe-
nomenon, it is essential to assess the mechanisms and limitations of the most frequently
used diagnostic tools.

5.1. Classical Diagnostic Tools for the No-Reflow Phenomenon Detection

There are available several methods available to diagnose NR; we initially consider the
classical methods, including electrocardiogram (ECG), coronary angiography, TIMI-flow
grade, corrected TIMI frame count (CTFC), MBG and TIMI myocardial perfusion grade
(TMPG) [49].

5.1.1. ECG

The ECG is a standard method of assessing the NR process, which is defined as
prolonged ST elevation despite opening the epicardial coronary artery in the setting of
a STEMI [50–52]. Figure 4 (images from the personal medical archive of the first author)
highlights the diagnosis of NR phenomenon based on ECG characteristics. Patients with
prolonged ST elevation in more than two contiguous leads after reperfusion even though
the epicardial blood flow is normal tend to have a higher mortality risk. Early ST-segment
resolution is linked to left ventricular ejection fraction (LVEF) and to the extent of an
enzymatic infarct [53,54].

Long-term mortality following PPCI is predicted by persistent ST elevation and MBG
grades 0 to 1, while CTFC is a weaker predictor. Concomitant use of these features may
improve their predictive power [55].

ST resolution can be obtained in simply and quickly; however, in some cases it
can be an ineffective tool for diagnosing the NR phenomenon. In a comparative study,
incomplete ST resolution was correlated to baseline LV function, but not to changes over
time [56]. Moreover, the linking between ST segment alterations and myocardial perfusion
as measured by MCE has been assessed in patients with AMI treated with PPCI. After
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medical intervention, all the patients’ TIMI 3 flow was restored. Although less sensitive, a
quick ST segment reduction was highly specific (91%) for myocardial reperfusion [57].
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Figure 4. Characteristic aspects of no-reflow phenomenon diagnosis based on ECG: (a) normal ECG
without ST segment changes (isoelectric); (b) ECG in a subject diagnosed with STEMI at admission
showing anterior ST segment elevation of 6 mm (precordial leads V1-V6); (c) the same patient from
(b)—ECG at 2 h after PPCI of the culprit lesion showing persistent ST segment elevation of 5–6 mm
(precordial leads V1-V6) without expected ST segment resolution of more than 70%.

It has been shown that a rapid reduction in ST elevation after reperfusion therapy is
correlated with early, complete, and quick restoration of cardiac tissue perfusion. Further-
more, successful tissue perfusion is also associated with early T-wave inversion. Following
cardiac reperfusion therapy, sustained elevation of the ST segment is linked with poor
clinical and functional results. Thus, ST segment monitoring is an effective and inexpensive
approach to assess myocardial reperfusion [58].
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5.1.2. Coronary Angiography

Using TIMI flow grades, angiographic and clinical outcomes following PPCI are
commonly correlated with thrombolysis. The hypothesis is that contrast fluidity in the
epicardial coronary artery represents spontaneous coronary circulation and myocardial
perfusion, as well as the efficacy of coronary intervention [59].

NR can be evaluated without additional cost by using simple angiographic procedures
at the time of PCI. The CTFC is the number of cine frames between contrast injection and
the frame in which contrast reaches a standardized distal marker in the culprit artery, and is
generally used to show enhanced therapeutic flow. TIMI flow grade is exclusively sensitive
to epicardial blood flow and has low sensitivity to microvascular blockage. The quantity
of contrast that passes through and opacifies cardiac tissue is measured by myocardial
perfusion grade, and more frequent MBG. MBG b3 was found in 18–37% of patients with
normal TIMI grade 3 flow after PPCI for MI [23,60].

Existing medical evidence suggests the use of “angiographic criteria” to identify NR,
such as TIMI flow grade b3 or TIMI flow grade 3 plus MBG b3. By TIMI flow grade, the
incidence of NR after PPCI was 12–37% and by MBG was 29–63% [61–63].

TIMI Flow Grade

TIMI flow grades are provided on a scale of 0 to 3. Improved clinical outcomes
and decreased mortality have been linked to higher TIMI flow grades. During coronary
angiography, TIMI blood flow grades are used to assess the quality of coronary flow [64,65].

This method assesses the clearance of radiographic dye in the coronary arteries.
Patients with TIMI 0 or 1 flow are considered to have experienced failed reperfusion
(Figure 5—image from the personal medical archive of the first author–shows the appear-
ance of TIMI 0/1 flow after de stent implantation), while those with TIMI 2 or 3 flow are
considered to have had an effective reperfusion.
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Since TIMI flow grades are not fully accurate, large experimental thrombolysis trials
have shown that patients with TIMI flow grades 1 or 2 have similarly poor prognosis to
those with TIMI flow grade 3. Thus, a TIMI flow grade < 3 would be accurate enough for
diagnosis of MI reperfusion NR [66]. According to results from experimental studies that
applied MCE, TIMI flow grade 2 is correlated with a large NR area; consequently, only
TIMI flow grade 3 shows reperfusion success [16,67].

Medical data from the TEAM-2 study found that early TIMI flow grade 3 in patients
receiving streptokinase was correlated with lower hospital mortality, decreased peaks
of cardiac biomarkers, and ECG indicators of MI. Furthermore, patients with TIMI-flow
grade 2 had no statistically significant differences in biomarker activity, ECG indicators, or
short-term survival, compared to those with grade 0 or 1 [68].

CTFC

CTFC is an approach to examine coronary circulation more objectively. CTFC refers
to the number of cine frames needed for radiocontrast dye to reach standardized distal
markers in the epicardial arteries, adjusted for artery length differences. Lower CTFC
correlates with intracoronary Doppler-measured coronary blood flow velocity; nevertheless,
while CTFC accurately reflects blood flow, it does not accurately determine the extent of
microvascular injury [69].

Even though a faster 90 min CTFC may be associated with improved clinical outcomes
for hospitalized patients, it is possible that the observed increase in outcomes was due to a
subset of individuals with supranormal CTFC [70,71].

MBG

MBG is used to evaluate myocardial staining following PPCI. After radiocontrast
injection, the scale indicates the emergence and disappearance of myocardial blush. The
original scale was 0 to 3, with 3 representing normal dye entry and exit in the myocardium,
similar to what can be visualized in a non-infarct-related epicardial artery; 2, moderate
myocardial blush or contrast density, but less than is seen in a non-infarct-related artery;
1, minimal contrast density or blushing; and 0, no blush or persistence of MBG, implying
leakage into the extravascular space [72].

Even in patients with TIMI flow grade 3, MBG assessments by the operator during
PPCI appear to independently predict 1-year all-cause death. However, recent research has
brought into question these earlier conclusions, with neither the TIMI flow grade nor the
MBG were found to be connected [73].

According to a post hoc study of the Controlled Abciximab and Device Investigation
to Lower Late Angioplasty Complications (CADILLAC) trial, the degree of MBG and the
ST-segment resolution 4 h after PPCI are commonly discordant (in around 40% of cases),
which may limit their use. ST resolution was a more accurate indicator of clinical outcomes
at one month and at one year after multivariable adjustment; however, both factors in
combination appeared to have added predictive value [74].

TMPG

TMPG, which is similarly rated on a scale of 0 to 3, is another way to assess myocardial
perfusion. TMPG grade 3 blush represents the start of blush clearance during washout
(i.e., minimally persistent after three cardiac cycles of washout); TMPG grade 2 blush
clears mildly or not at all during three cardiac cycles of washout; TMPG grade 1 blush
indicates the presence of myocardial blush without clearance from the microvasculature
(i.e., stain was present during the next injection); grade 0 blush indicates no perfusion at
tissue level [75,76].

TMPG is a densitometric method for grading the evolution of contrast media at the
myocardial level (i.e., entrance, persistence, and elimination). To grade NR, it can be
combined with the TIMI flow grade [77].
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MBG, on the other hand, assesses the intensity of the blush in the distribution of
the culprit artery compared to the contrast density in unaffected areas. Independent of
epicardial blood flow restoration, impaired reperfusion as defined by the TMPG grading
system is linked to a higher risk of mortality [75].

TMPG had the highest correlation with MVO when assessed by cardiac magnetic
resonance imaging (CMRI) on the third day post-STEMI in a study of patients receiving
PPCI, but MBG had no correlation with CMR-derived evaluation of MVO [78].

5.2. Modern Diagnostic Tools for No-Reflow Phenomenon Detection

The clinical status of patients with NR phenomenon has improved lately due to ad-
vances in medical imaging technologies that have had a significant impact on diagnostic as-
sessment. The methods available for establishing the diagnosis of NR include cardiac mag-
netic resonance imaging (CMRI), myocardial contrast echocardiography (MCE), single pho-
ton emission computed tomography (SPECT), and positron emission tomography (PET).

5.2.1. CMRI

The gold standard for assessing and diagnosing NR phenomenon is CMRI. Regardless
of the extent of the infarct, an increased degree of MVO observed by CMRI predicts a
worsened outcome in terms of LV remodeling, mortality, and heart failure hospitalizations.
The extent of MVO measured by CMRI several days after PPCI is associated with heart
failure hospitalizations and mortality after 12 months of the infarction [79,80].

Late gadolinium enhancement (LGE) and first pass perfusion are two gadolinium-
based approaches for detecting MVO. Both procedures involve the injection of gadolinium,
an extracellular substance that rapidly extravasates into the interstitial space. Gadolinium
clearance in normal tissue is relatively quick (1–2 min), whereas clearance from infarcted
tissue is significantly slower (approximately 30 min). In the late contrast enhancement pro-
cedure, imaging is performed 10–15 min after intravenous gadolinium administration. As a
result, relative to normal cardiac tissue, infarcted myocardium appears hyper-enhanced or
“bright”, while MVO shows a central hypo-enhanced zone within the hyper-enhanced area.
This is known as ‘late MVO’, and it is caused by severe damage to the microvasculature,
which prevents gadolinium from accessing the area [25,81].

The first pass perfusion technique is another gadolinium-based approach for MVO
detection. For the first 50 heart beats, first-pass perfusion imaging is performed simul-
taneously with contrast injection, producing at least three short axis slices. Shortly after
contrast injection, normal and infarcted myocardium show a uniform increase in signal
intensity, whereas MVO appears as a lowered signal intensity (hypo-enhancement) in the
core structure of the infarct persisting for more than 2 min. This is referred to as “early
MVO”. The superiority of one methodology over another for quantifying MVO is still a
point of contention. Several experimental studies observed certain differences in sensitivity
between early and late MVO [56,82].

Late MVO, on the other hand, is considered less sensitive than early MVO because
small ‘no-reflow’ areas are rapidly increased due to extracellular contrast medium diffusion
from surrounding regions with normal microvasculature. As a consequence, late MVO
detection may underestimate the degree of MVO [82].

Early MVO, however, had shortcomings such as insufficient LV coverage, low signal-
to-noise ratio, and low spatial resolution. An imaging method that integrates early imaging
with total LV coverage was proposed in an experimental study [83].

The medical evidence showed that the presence of MVO, rather than its extent, is the
most accurate indicator of changes in global functionality and LV end-systolic volume at
follow-up [56].

CMRI is frequently performed within the first week (day 3–5) of an AMI [84,85].
An experimental study assessed the timing of NR evaluation by CMRI. During the first
week following an AMI, significant changes in LVEF, infarct size, MVO, and the extent
of myocardial oedema were observed. The degree of MVO on LGE imaging decreased
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considerably between days 2 and 7. According to the current medical literature, the
recommended time to perform CMRI for detecting NR is between days 3 and 7 [86].

5.2.2. MCE

Gas-filled microbubbles are used in MCE, which are particularly effective at scattering
ultrasonography. These microbubbles are small (maximum 5 µm) and do not obstruct
capillaries. They can be used to detect microvascular perfusion, myocardial blood volume
and capillary flow, or to identify molecular events occurring on the microvascular endothe-
lium or within the cellular components of blood present within the microvasculature, even
though they remain entirely within the vascular space [87].

Microbubbles are used to assess microvascular perfusion because their intravascular
rheology matches that of erythrocytes. Microbubbles are introduced as a continuous
infusion, and steady state is reached after 2–3 min, when their concentration in any blood
pool, such as the LV cavity or myocardium, is constant and proportional to the blood volume
concentration of that pool. When the acoustic intensity obtained from the myocardia after
background subtraction is normalized to the LV cavity, the myocardial blood volume
fraction is determined. Because capillary blood accounts for 90% of myocardial blood
volume fraction at end-systole, a single end-systolic MCE image can be used to measure
capillary density in various myocardial areas [88].

Two semi-quantitative assessment procedures were used. Firstly, a perfusion score
was assigned, ranging from 1 to 3, based on the change in the myocardial signal intensity
throughout the replenishment curve as well as the degree of opacification at peak contrast
effect. Secondly, in each apical view, the endocardial length of the transmural contrast defect
(score = 3) was quantified, averaged, and reported as a percentage of the LV endocardial
length. Despite the achievement of epicardial patency, persistent contrast deficiencies were
linked to MVO [89–91].

Low flow through an open infarct-related artery may also be evaluated using the
microbubble destruction technique, in the same way as collateral flow. Lower amounts
of anterograde flow lead to a slower filling of myocardium compared with normal con-
ditions. If the capillary blood volume is basically intact (NR except in a small zone) and
the myocardium fills up in less than 15–20 s on MCE, the myocardium is viable, and
revascularization will improve its functionality. These results have been confirmed and
validated in a clinical investigation of AMI patients [89,92].

PPCI was successful in 100 patients diagnosed with a first STEMI and single-vessel
illness. The regional contrast score index, TIMI, CTFC, TMPG, and MBG were all assessed.
On MCE, 168 of the 717 asynergic segments showed a lack of perfusion. Regional contrast
score index was significantly linked with TMPG and CTFC (p = 0.031 and p = 0.027,
respectively) but had no correlation with MBG (p = 0.067). There were considerably more
segments with a perfusion deficiency on MCE among individuals with anterior AMI than
in patients with inferior AMI (p = 0.0001). Angiographic methods of perfusion evaluation,
such as TMPG and CTFC, correlated with MCE results. A larger amount of perfusion
deficiency was associated with anterior AMI. MCE results were significantly linked to
systolic LV function recovery and clinical conditions at six-months follow-up [93].

The evaluation of regional function and myocardial perfusion using MCE has been
proven in experimental investigations to be superior to the TIMI score for diagnosis and
prognosis in patients presenting to the emergency department with chest pain and a
nondiagnostic ECG [94].

A medical investigation involving 1017 patients that were examined for chest pain
in the emergency department demonstrated the incremental value of evaluating regional
function and myocardial perfusion with MCE. MCE can identify the risk area, validate
reperfusion success, and determine the extent of the residual infarct in AMI via the no-
reflow phenomenon. Moreover, it can also be used to determine the presence and the extent
of collateral perfusion after acute coronary blockage, and the mechanism that can affect
myocardial viability [95].
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5.2.3. SPECT

SPECT is a highly accurate diagnostic tool using gamma rays, with applications for
the NR phenomenon. A study showed that after PCI, 73 patients received a 201 thallous
chloride (TlCl)/123 I-beta-methyl iodophenyl pentadecanoic acid (I-BMIPP) SPECT scan
within one week of initial AMI. On each SPECT image, LV myocardium was separated into
17 segments and the accumulation of tracer in each segment was scored using a five-point
scoring system based on American Heart Association criteria. Summing the values for all
17 segments generated the total severity score. The mismatch ratio between myocardial
perfusion and metabolism was calculated using the total severity scores of 201TlCl and 123I-
BMIPP. The patients enrolled in the study were classified according to TIMI flow grade. The
dual-isotope myocardial SPECT of 201TlCl/123I-BMIPP indicated the biochemical degree
of the NR phenomenon, whereas coronary angiography had shown clearly recanalized
vascular flow. Therefore, myocardial dual-isotope SPECT may be beneficial in evaluating
reperfusion treatment [96].

123I-BMIPP was used to visualize myocardial fatty acid metabolism, reflecting the
memory at the onset of MI. The discrepancy between blood flow and metabolism after PCI
indicates the volume of reperfused myocardium and enables severe myocardial damage
without decreased flow (i.e., NR phenomenon) to be identified. Therefore, to evaluate
the usefulness of 201TlCl/123 I-BMIPP dual-isotope myocardial SPECT for identifying
NR, the relationship between perfusion metabolism mismatch and the degree of reflow
after PCI were investigated [97]. The “no-reflow phenomenon” was originally identified
during an animal experiment conducted by Kloner et al. in 1974 [98], in which the coronary
artery was occluded for 90 min and then reperfusion therapy was started. The myocardial
blood flow in the inner half of the damaged myocardium was only slightly improved,
although the occlusion of an epicardial coronary artery was relieved. In an experimental
study of human coronary arteries conducted by Schofer et al. based on nuclear cardiology,
myocardial reperfusion immediately after intracoronary thrombolysis was estimated by
performing intracoronary scintigraphy with technetium microalbumin aggregates before
and after coronary intervention; the absence of technetium uptake was considered to reflect
a lack of capillary reperfusion [50].

Planar images are utilized to develop a three-dimensional representation of myocar-
dial perfusion in SPECT, a method which is more frequently applied and available in
clinical practice today. SPECT can collect successive slices of normal and pathological
areas without overlap, and with better resolution than planar imaging. SPECT imaging
has been validated for the identification of coronary artery disease in several large-scale
investigations; nonetheless, there are certain limitations to this imaging method. These
include abnormalities generated by motion, attenuation, or extracardiac activity, all of
which have an impact on image quality and reader variability. Furthermore, SPECT imag-
ing commonly employs technetium-99m (Tc-99m) tracers, which have a poor first-pass
extraction rate, resulting in an underestimate of ischemia alterations in terms of extent and
severity [99,100].

SPECT imaging can be used to assess myocardial perfusion and tissue viability using
a variety of methods. There is no single procedure that is appropriate for all patients,
and investigations must be adjusted for each patient based on the diagnostic information
required by the clinician and the patient’s characteristics. Tc-99m and thallium-201 (Tl-201)
are the most frequently used radiotracers in SPECT imaging [101,102].

Images are captured in a variety of ways, including short axis cuts, long vertical
and horizontal axes, and transaxial views. Poor myocardial perfusion results in lower
radiotracer uptake, whereas adequate perfusion results in brighter images. The comparison
of rest and stress images can contribute to identifying regions of viable, reversible perfusion
abnormalities from non-reversible perfusion abnormalities. This visualization includes
determining whether revascularization is required [103].

The sensitivity and specificity of SPECT perfusion imaging for the identification of
coronary artery disease have been addressed in several studies. The reported sensitivity
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has generally varied from 70–90%, and the reported specificity has generally ranged
from 60–90% [104,105].

5.2.4. PET

PET is a non-invasive procedure that has a wide range of clinical and research ap-
plications in the evaluation of the pathophysiology of a variety of disorders, including
neurodegenerative disorders, infections, epilepsy, seizures, psychiatric disorders, and brain
tumors. It is also useful for studying blood flow. PET is a very sensitive imaging technology
that allows three-dimensional mapping of positron-emitting radiopharmaceuticals in mcg
doses without generating any substantial physiologic or pharmacologic effects. In contrast
to MRI and computed tomography (CT), which are better suited to evaluating a body’s
structure, PET is a molecular imaging technology that allows the study of biologic function
in conditions of health and disease [106].

After PET examination, despite the existence of sustained TIMI flow grade 3 in the
infarct-associated epicardial coronary artery, more than a third of patients were found to
have reduced myocardial tissue perfusion [107].

A prospective study was conducted on 45 patients with STEMI who were treated with
thrombolysis or PCI, 13NH3 being used to monitor myocardial blood flow. The areas with a
myocardial blood flow <80% of regularly perfused myocardium (hypoperfusion) and <50%
(NR) were automatically identified for each subject [108,109].

A whole-body PET was used for the NH3 (ammonia) experiments [110]. After injecting
740 million Becquerels (MBq) of 13NH3, an emission scan was taken. The perfusion study’s
summed frame was generated. The myocardial image was resampled and segmented
into 16 radial slices. Each polar map was divided into 33 areas, consisting of four rings
of eight regions and one apex region. Using a previously established approach, a zone of
normal tracer uptake was automatically delineated on the 13NH3 polar map. The reference
value (100% 13NH3 uptake) was set at the mean values of that region, and the entire polar
map was normalized to this value. Depending on the coronary structure shown on the
angiography, the infarct-related region in each patient was manually developed on the
polar map by grouping some of the 33 regions. The amount of perfusion defect in the LV
was calculated by adding the myocardial wall volumes of the pixels in the affected area,
and expressed as a percentage of total LV volume [108].

No association was detected between the relative resolution of ST segment deviation
and any of the PET myocardial damage indicators. This fact indicates that relative resolution
makes it impossible to draw clear conclusions about the magnitude of an infarct in a specific
patient. In large patient populations, however, the average relative resolution of ST segment
deviation has been shown to have significant predictive potential [111].

The use of PET allows the assessment of the infarct myocardium’s metabolic status
and is the gold standard for determining myocardial viability. However, maintenance
costs and other local considerations limit the number of institutions that may install and
use PET [112].

5.3. Classical Versus Modern Diagnostics Methods of the No-Reflow Phenomenon

The most important characteristics of classical and modern methods for diagnosis of
NR are summarized in Table 2.
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Table 2. Diagnostic methods of the no-reflow phenomenon.

Diagnostic
Methods Characteristic, Observations Ref.

Classical

EC
G

• Definition of the NR phenomenon: Persistence of the ST segment after
perfusion of the culprit coronary artery disease by thrombolysis or
coronary angiography.

• ST segment resolution recorded at 1 h after PCI is expected to
exceed 70%.

• An ST segment resolution less than 70% at 1 h is a marker of NR.
• A successful myocardial reperfusion involves rapid ST segment

resolution, parameter very specific (91%), sensitivity moderate (77%).

Caiazzo et al., 2020,
Tatu-Chit,oiu et al., 2014 [113,114]

C
or

on
ar

y
an

gi
og

ra
ph

y

• Enhances semiquantitative assessment of the epicardial coronary
blood flow.

• A suboptimal TIMI flow grade and blush grade, as well as a prolonged
“TIMI frame count” indicate the detection of NR.

• Even if the sensitivity of TIMI flow evaluation is modest, corroboration
between MBG grade and ST segment evaluation has a prognostic
impact independent of the revascularization method, an aspect that
requires accurate assessment of the two elements.

• MBG 2 to 3 is associated with a rapid ST segment resolution >70%,
correlated with a favorable prognosis.

• CTFC is the summed frame count from the interventional opening of
the coronary artery responsible for the MI to the crossing of the contrast
substance distally post-revascularization.

• CTFC is considered the “gold standard” for NR evaluation.
• Routine assessment of anterior descending artery CTFC compared to

the other epicardial coronary arteries is required due to its importance
and size.

• An extended frame count above 20 is a criterion for the detection of NR.

Gupta et al., 2016
Sorraja et al., 2005

Thygesen et al., 2018
Khan et al., 2020

Seyfeli et al., 2007
Bauer et al., 2020
Kaya et al., 2007

Giugliano et al., 2004 [27,74,115–120]

Modern

M
C

E

• Absence or poor presence of the contrast substance administered
during myocardial echocardiography indicates NR.

• We should assess the success of post-STEMI myocardial reperfusion
compared to coronary angiography.

Kaul et al., 2006
[121]

In
tr

ac
ar

di
ac

Ec
ho

ca
rd

io
gr

ap
hy

• The reversal of systolic flow, anterograde reduction of systolic flow, and
diastolic flow with a rapidly decelerating slope defines the NR
phenomenon.

• Post PPCI patients with NR due to distal microembolization will
present slow intracoronary flow velocity throughout the cardiac cycle.

Ramjane et al., 2008 [4]
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Table 2. Cont.

Diagnostic
Methods Characteristic, Observations Ref.

C
M

R
I

• Provides highly accurate assessment of myocardial tissue.
• Detects the presence and extension of the infarcted area, tissue oedema

present in the infarct area, and MVO as the expression of the
NR phenomenon.

• First contrast agent injection illustrates myocardial perfusion, while
delayed contrast myocardial MRI reveals myocardial necrosis.

• High spatial resolution allows assessment of the transmural extent of the
NR, as well as the infarcted area.

Wu et al., 2012 [122]

SP
EC

T

• Good accuracy in assessing the degree of myocardial flow, as well as the
presence of vascular micro-obstruction.

• Reproduces the degree of NR.
• NR appears as vascular micro-obstruction characterized by

hypo-amplification due to reduced blood flow.

Shimizu et al., 2006 [96]

PE
T

• Highly accurate for NR detection.
• Non-invasive diagnostic technique without major adverse effects.
• Shows in detail the hypoxic myocardial territory but it is less used in

current practice due to the high cost.

Jeremy et al., 1990 [123]

ECG, electrocardiogram; TIMI, thrombolysis in myocardial infarction; MBG, myocardial blush grade; CTFC,
corrected TIMI frame count; MCE, myocardial contrast echocardiography; STEMI, segment elevation myocar-
dial infarction; PCI, percutaneous coronary intervention; CMRI, cardiac magnetic resonance imaging; SPECT,
single photon emission computed tomography; PET, positron emission tomography, NR, no-reflow; MVO,
microvascular obstruction.

6. Conclusions

NR has several triggers and is a complex multifactorial phenomenon. Strategies
involving rapid and accurate diagnosis allow intracoronary treatment initiation at the time
of PCI. This can dramatically change the prognosis of patients diagnosed with reversible
NR leading to similar outcomes as for subjects without this condition. The presence
of persistent NR is considered a negative prognostic factor on both the short and long
term. Many diagnostic tools to identify the NR phenomenon are available, each of them
with specific advantages and certain limitations. The most effective approaches among
the non-invasive techniques are the assessment of microvascular flow by means of PET
or Cadmium-Zinc-Telluride gated SPECT myocardial perfusion imaging. In the same
study these two techniques can simultaneously evaluate: motility, thickening, perfusion,
myocardial flow, myocardial flow reserve, and synchrony. In current clinical practice,
invasive coronary angiography remains the gold standard technique for NR evaluation.
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