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Abstract

Purpose of Review Coronary artery no-reflow phenomenon is an incidental outcome of percutaneous coronary intervention in
patients presenting with acute myocardial infarction. Despite advances in pharmacologic and non-pharmacologic therapies,
coronary no-reflow phenomenon occurs more commonly than desired. It often results in poor clinical outcomes and remains
as a relevant consideration in the cardiac catheterization laboratory. In this systematic review, we have sought to discuss the topic
in detail, and to relay the most recent discoveries and data on management of this condition.

Recent Findings We discuss several pharmacologic and non-pharmacologic treatments used in the prevention and management
of coronary no-reflow and microvascular obstruction. Covered topics include the understanding of pharmacologic mechanisms
of current and future agents, and recent discoveries that may result in the development of future treatment options.

Summary We conclude that the pathophysiology of coronary no-reflow phenomenon and microvascular obstruction still remains
incompletely understood, although several plausible theories have led to the current standard of care for its management. We also
conclude that coronary no-reflow phenomenon and microvascular obstruction must be recognized as a multifactorial condition
that has certain predispositions and characteristics, therefore its prevention and treatment must begin pre-procedurally and be
multi-faceted including certain medications and operator techniques in the cardiac catheterization laboratory.

Keywords Coronary intervention - Acute myocardial infarction - Myocardial perfusion - Microvascular obstruction - No-reflow -
Slow-reflow

Introduction approximately 30% of their patients (total n=93) exhibited
mild or severe CNR following PCI [1]. Other authors have
cited an incidence as high as 60% [2¢]. In the 1980s, Schofer et
al. demonstrated, using thallium-201 and technetium-99m
scintigraphy, that the size of the area of no-reflow was not

significantly different after thrombolysis as compared to pre-

Clinical Relevance

Coronary artery no-reflow (CNR) phenomenon, often times
referred to as microvascular obstruction (MVO), continues to

plague outcomes in patients undergoing percutaneous coro-
nary intervention (PCI) in the setting of acute myocardial in-
farction. In 1995, Morishima and colleagues revealed that
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thrombolysis, suggesting that complete reperfusion did not
occur in the ischemic myocardium [3]. Regional wall motion
abnormality, portion of total infarction determined by scintig-
raphy, incidence of myocardial rupture, and death are higher
in patients who exhibit this phenomenon [1]. Clearly, the phe-
nomenon has clinical relevance and serves as a factor in out-
comes. Despite advances in our understanding of CNR path-
ophysiology and its prevention and treatment, the incidence of
no-reflow still remains approximately 32% [4].

Definition

Coronary artery no-reflow has several definitions.
Classically, it was defined as a phenomenon in which there
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is reduced myocardial flow and myocardial perfusion de-
spite reperfusion therapy with PCI during acute myocardial
infarction [7]. Normally, blood flow should resume unhin-
dered following primary PCI, and is evaluated typically
using the Thrombolysis In Myocardial Infarction risk score
(TIMI) flow grading system, TIMI frame count, and myo-
cardial blush grading [7-9]. TIMI 0 flow is defined as no
antegrade flow beyond the point of occlusion; TIMI 1 flow
is defined as faint antegrade flow beyond the occlusion
with incomplete filling of the distal vascular bed; TIMI 2
flow is defined as delayed or sluggish antegrade flow with
complete filling of the distal vascular beds; and TIMI 3
flow is defined as normal flow with complete filling of
the distal vascular bed [8]. In coronary no-reflow, TIMI flow
grades of 1 or 2 and high TIMI frame counts may be observed.
Despite epicardial coronary TIMI 3 flow, however, MVO may
occasionally persist therefore abnormal myocardial blush may
also be utilized to better evaluate this phenomenon. A com-
parison of angiographic CNR and MVO by cardiac magnetic
resonance will be discussed later. It is also important to rec-
ognize that coronary no-reflow can also occur during PCI of
saphenous vein grafts [7].

Pathophysiology

Although the pathophysiology is not completely under-
stood, several theories have been proposed. In canine
models, prolonged occlusion of epicardial coronary arter-
ies has been shown to cause damage to the endothelial
lining of distal microvasculature. Such damage as seen on
electron microscopy causes membrane-bound blebs and
swelling of endothelial cells, which in turn reduce forward
flow by physical obstruction, [5]. We have since come to
understand that in humans, the etiology is more complex.
In humans, distal embolization of thrombus fragments
plays a large role in CNR in addition to microvascular
arteriolar spasm [2¢, 3, 6] (Table 1).

It is important to recognize, however, that CNR may be
transient or sustained. Transient CNR is frequently related to
functional and reversible alteration of myocardial microvas-
culature and tissue perfusion while sustained CNR is associ-
ated with structural and irreversible damage [10].

Invasive assessment of coronary physiology using coro-
nary flow reserve, index of microcirculatory resistance, and
fractional flow reserve in patients undergoing primary PCI for
acute myocardial infarction has been utilized to help under-
stand the physiology. In a study of 82 patients with acute
myocardial infarction, invasive assessment was performed at
day 1, and at 6 months, and compared with contrast-enhanced
cardiac magnetic resonance imaging to assess relationships
with microvascular obstruction. MVO was present in approx-
imately half of the patients studied, and those patients exhib-
ited lower coronary flow reserve at primary PCI and at day 1,
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Table 1  Risk factors and proposed etiologies of coronary no-reflow
phenomenon [7, 15]

Coronary no-reflow phenomenon

Risk factors Age greater than 65 years

Active tobacco use

Previous myocardial infarction

Higher Killip classification score

Higher serum creatinine

Higher C-reactive protein levels

Greater time-to-treatment interval

Lower ejection fraction

Lower baseline TIMI flow grade

Larger initial perfusion defect size

Acute peri-procedural hyperglycemia
Chronic hyperlipidemia and hypertension
Low-echoic composition of lesions on IVUS
Chronic inflammatory conditions
Endothelial dysfunction

Reperfusion injury

Distal thromboembolism with PCI

Etiologies

Microvascular arterial spasm

TIMI thrombolysis in myocardial infarction, /VUS intravascular ultra-
sound, PCI percutaneous coronary intervention

with higher index of microcirculatory resistance. At 6 months
however, there was no significant difference between the two.
Overall though, there was a significant reduction in fractional
flow reserve over 6 months, specifically in patients with initial
MVO [11].

Based on this information, the authors concluded that dur-
ing acute myocardial infarction, microvascular dysfunction
begins to recover within the first 24 h and continues for
6 months. They also concluded that the presence of MVO
causes a limited response to adenosine and therefore fractional
flow reserve during acute myocardial infarction underesti-
mates the degree of culprit vessel stenosis in half of the
patients.

Virtual Histology

In addition to microscopic features, the composition of a
lesion as observed under intravascular ultrasound (IVUS)
directly correlates with not only plaque vulnerability but
also the incidence of CNR after revascularization. Low-
echoic structures are described as culprits of the phenom-
enon and are defined as small tubular structures exterior to
the media without a connection to the vessel lumen. Low-
echoic structures are more prevalent in acute coronary syn-
dromes, vulnerable plaques (thin-capped fibroatheromas),
lesions with higher plaque burden, and most importantly
lesions that demonstrated CNR phenomenon, as compared
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to lesions without low-echoic structures [12]. This direct
correlation implies that IVUS may be used to predict CNR
and guide prophylactic treatment prior to PCI. Albeit,
IVUS is time consuming and its use during an acute myo-
cardial infarction may be prohibitive.

Near-infrared spectroscopy in combination with IVUS has
been utilized to provide clinicians true vessel characterization
by indexing the plaque lipid core burden [13e¢]. This informa-
tion can be used to risk stratify patients undergoing coronary
intervention in non-emergent settings as axial plaque shift
during PCI has been identified as an acute prognostic marker
for coronary no-reflow [14].

Optical coherence tomography has also been utilized to
derive lipid indices in conjunction with IVUS for plaque bur-
den and structure, concluding that lipid indices >3500 and
plaque burden >81.5% are critical discriminators between
no-reflow and normal flow [15].

Differentiating CNR from MVO

Post-intervention, cardiac magnetic resonance has been
utilized for prognostication. Areas of CNR after acute
myocardial infarction have been associated with MVO as
seen on magnetic resonance and correlate with a greater
degree of myocardial damage. Additionally, patients who
exhibit MVO on magnetic resonance also experience
worse short- and long-term outcomes such as adverse car-
diac events and congestive heart failure [16]. However,
more recent data suggests that the incidence of angiograph-
ic CNR and MVO on magnetic resonance is significantly
different. In a comparison of outcomes between the two in
patients with acute myocardial infarction, 36% of patients
had angiographic evidence of CNR, whereas 67% had
MVO on follow-up cardiac magnetic resonance 2—5 days
after primary PCI. One patient with angiographic CNR did
not have MVO. This may suggest that CNR and MVO may
be two separate yet intimately related conditions, and mi-
crovascular obstruction may persist despite recanalization
of epicardial vessels with primary PCI. Patients with MVO
also had more adverse cardiac events, whereas the rate of
events was similar in patients with and without angio-
graphic coronary no-reflow. This insinuates that despite
angiographic recanalization efforts, MVO has greater
prognosticative value for a negative outcome [17¢¢].

Novel Discoveries

Recently, pro-inflammatory Matrix metalloproteinase-9
(MMP-9) levels have been associated with CNR. Local
intra-coronary MMP-9 levels distal to lesions in 65 pa-
tients presenting with acute myocardial infarction were
measured and noted that local MMP-9 levels as compared
to systemic levels has a positive predictive value for CNR

by TIMI flow grading [18]. The involvement of MMP in
inflammatory pathways has been long known, therefore it
is difficult to determine its role in CNR in regard to causa-
tion vs. association.

The relationship between CNR and fibrin clot perme-
ability and susceptibility to lysis in assays using exogenous
thrombin has also been described. A 2007 study concluded
that patients who demonstrated no-reflow after PCI had
more compact fibrin networks and resistance to lysis.
Given our current understanding of the role of genetics
involved in fibrinogen levels and fibrin clot structure and
function, the conclusion was made that perhaps some pa-
tients may have a genetic predisposition to CNR [19].
Similarly, serum levels of SCUBEI [signal peptide-CUB
(complement C1r/C1 s)-EGF-like domain-containing pro-
tein 1] in patients with CNR have been compared to normal
human subjects and an almost threefold increase in serum
levels has been noted in patients who exhibit CNR.
Therefore, it is suspected that SCUBEI, a cell surface gly-
coprotein encoded by the SCUBEI gene, is expressed in
platelets and endothelial cells, and may contribute to
thrombus activation, aggregation, and development of
CNR [20].

Oxidative stress has also been linked to development of
microvascular obstruction. Specifically, sustained levels of
NOX2, the catalytic subunit of NADPH oxidase that is re-
leased by platelet activation, results in a vicious cycle of plate-
let aggregate stabilization and thrombus growth that contrib-
utes to CNR [21]. Although the clinical implication of these
findings is yet to be determined, such discoveries continue to
pave the way for novel therapies.

Risk Factors and Prevention

As with all diseases, CNR has been associated with several
risk factors, therefore management of CNR begins with pre-
vention through avoidance of certain substances such as to-
bacco, caffeine, and alcohol and control of other risk factors
[22]. Detailed below, some of these risk factors are modifiable,
and others are non-modifiable. Interestingly, the majority of
such risk factors overlap with well-established risk factors for
coronary atherosclerosis itself, such as hyperlipidemia, hyper-
tension, tobacco use, renal disease, and chronic inflammatory
processes [7].

In a logistics regression model of 10 variables in 1140
patients of which 108 demonstrated CNR age, smoking, pre-
vious myocardial infarction, Killip classification, serum creat-
inine, C-reactive protein levels, prolonged ischemia related to
delayed treatment, LV ejection fraction, baseline TIMI flow
grade, and initial perfusion defect were all identified as pre-
dictors of CNR [23] (Table 1).
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Hyperglycemia

Although the link between diabetes mellitus and coronary
atherosclerosis is well accepted, acute hyperglycemia specifi-
cally has been associated with higher incidence of CNR. In a
study of 146 patients in which approximately 33% demon-
strated CNR on intracoronary myocardial contrast echocardi-
ography, higher admission glucose levels were documented as
compared to those that did not demonstrate CNR (209 vs
159 mg/dL) [24]. It is important to note that there was no
difference in glycosylated hemoglobin levels or incidence of
diabetes in the two groups, suggesting that acute hyperglyce-
mia regardless of presence or severity of diabetes mellitus is a
predictive and prognostic factor in CNR [24, 25]. Therefore,
management of acute hyperglycemia peri-procedurally is im-
portant for prevention and improving long-term outcomes in
patients who suffer CNR.

Hyperlipidemia

Similarly, the indications of statin therapy for prevention
and treatment of atherosclerosis are well established.
However, a large meta-analysis of 3086 patients treated
with statins pre-procedurally concluded that acute inten-
sive statin therapy significantly reduces post-procedural
risk of CNR. The incidence of post-procedural CNR was
reduced by 4.2% in all patients who underwent PCI, and
also there was attenuation of CNR by 5% in non-ST-
elevation myocardial infarction patients [26].

Hypertension

Hypertension is also no exception though its direct relation-
ship with CNR has not been studied in human models. In a
porcine model during which the ascending aorta was partially
clamped to produce the effect of increased afterload, areas of
infarction and no-reflow were both independently and signif-
icantly increased [27]. The benefits of angiotensin receptor
blockers in patients at risk for CNR have been demonstrated
in 51 patients on chronic therapy, during which the incidence
of CNR was significantly less (8 vs. 26.7%). The results were
attributed to the favorable effects of angiotensin receptor
blockers on microvascular integrity rather than its blood
pressure-lowering properties [28]. Beta-blockers have also
been studied in diabetic patients with CNR; the study revealed
that the incidence of CNR was 12 vs. 28% in patients treated
pre-procedurally with beta-blockers as compared to those who
were not [29]. However, given the lack of further data for the
use of the above-mentioned agents and the complex interplay
of hemodynamics in a patient suffering from an acute myo-
cardial infarction with myocardial dysfunction, the use of such
agents should be with great caution.
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Mechanical Considerations
Role of Aspiration Thrombectomy

As mentioned earlier, distal embolization of thrombus parti-
cles in microvasculature is one of the proposed etiologies of
CNR. Distal embolization is affected by two variables: me-
chanical disruption of the thrombus during ballooning, and the
initial burden or volume of thrombus present. In order to re-
duce the risk of distal embolization of thrombus fragments,
techniques such as thrombus aspiration have previously been
studied with improved clinical outcomes. One thousand pa-
tients with acute myocardial infarction who received throm-
bus aspiration prior to PCI as compared to PCI alone experi-
enced less adverse cardiovascular events, greater resolution of
ST-segments, and overall decreased number of deaths [30].
This was also the case in a meta-analysis of 11 studies evalu-
ating aspiration thrombectomy [31]. Both such studies sug-
gested that pre-PCI thrombus aspiration results in improved
clinical outcomes and angiographic characteristics irrespec-
tive of the baseline condition of the patient [30]. As a result,
thrombus aspiration was frequently utilized until a meta-
analysis of 21 trials revealed that despite improvement in
surrogate markers of enhanced reperfusion, 30-day post-
infarction mortality, risk of re-infarction, and stroke did
not improve with aspiration thrombectomy [32].
Nonetheless, it was noted that there was substantially less
CNR in patients who received aspiration thrombectomy
and this was confirmed in a 2016 meta-analysis of close
to 20,000 patients from 18 studies [33]. However, given
these inconsistencies in benefits of thrombus aspiration in
primary PCI for acute myocardial infarction and the sug-
gested risks involved, notably stroke, routine aspiration
thrombectomy has been downgraded to a class III recom-
mendation by ACC/AHA/SCAI guidelines [34].

Rheolytic thrombectomy and its utility in CNR has also
been studied and concluded that it did not improve the risk
of CNR, though the results were not statistically significant
[35]. Overall, this data suggests that aspiration thrombectomy
may be beneficial in reducing incidence of CNR especially
when there is a large thrombus burden, although clinical out-
comes are inconsistent. It should also be recognized that dif-
ferent techniques and operator experience may yield different
results, and that it is not without risk.

Role of Balloon Angioplasty

Intuitively, balloon inflation pressures and stent deploy-
ment seem to have a correlation with CNR. However, the
number of implanted stents, maximal inflation pressures,
and repeat balloon dilatations did not affect the incidence
of CNR during primary PCI for acute myocardial infarc-
tion [36]. Still, barotrauma and distal embolization may be
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minimized by limiting the number, diameter, and pressure
of balloon inflations since the exact mechanism of CNR is
yet to be fully understood [37].

Deferred stenting in patients with acute myocardial infarc-
tion has been studied in several trials involving minimalist
immediate mechanical intervention with variable results. A
recent meta-analysis of these trials however revealed that a
deferred stenting strategy did not reduce the occurrence of
CNR, death, myocardial infarction, or repeat revascularization
as compared with immediate stenting though it did result in
improved LV function long term [38].

Ischemic Post-Conditioning

As the proposed mechanism of CNR is founded in microvas-
cular dysfunction and reperfusion injury, the benefits of ische-
mic post-conditioning with serial interval balloon dilatations
has come into question [39].

A study of 25 patients with acute myocardial infarction
who underwent 1-min cycles of ischemic post-conditioning
and revealed that MVO was significantly reduced as seen on
contrasted cardiac magnetic resonance imaging [40].

Furthermore, ischemic post-conditioning improves global
and regional contractility, reduces infarct size, and even results
in increases in ventricular ejection fraction [41]. This was later
refuted by two randomized trials that failed to show short- or
long-term improvement in myocardial function. In-fact, myo-
cardial salvage was reduced in post-conditioning [42, 43].
Thus, ischemic post-conditioning may play a role in preven-
tion and treatment of angiographic CNR at a vascular level;
however, its overall effect on myocardial function and clinical
outcomes is still in debate.

Role of Mechanical Circulatory Support

Intra-aortic balloon pump counterpulsation (IABP) is typical-
ly utilized for afterload reduction in cardiogenic shock, but has
been used to enhance diastolic coronary perfusion despite the
controversies that surround its benefit [44].

In animal models, IABP support before, during, and after
reperfusion has been shown to improve coronary and myocar-
dial perfusion caused by microvascular obstruction [45, 46].

However, in a study of 17 human subjects who underwent
PCI of the left anterior descending artery, IABP did not pro-
vide a substantial benefit in coronary flow velocity pattern in
those who exhibited angiographic CNR vs. those who did not.
Diastolic deceleration time was smaller and systolic retrograde
flow was greater in the no-reflow group, but the utilization of
IABP did not change either parameter [47].

The role of Impella mechanical support devices in treat-
ment of coronary no-reflow has not yet been studied.

Role of Therapeutic Hypothermia

Again, in animal studies, therapeutic hypothermia initiated
before and after coronary artery reperfusion reduces coronary
no-reflow through its protective mechanisms on reperfusion
injury pathophysiology [48, 49]. Its routine use solely for
CNR prevention and treatment is not feasible in human
subjects.

Pharmacological Considerations
Role of Anti-Platelet Therapy

Given the multifactorial etiology of CNR, one of which
includes distal embolization of thrombus fragments, anti-
platelet therapy has been evaluated and commonly used
when thrombus burden is noted to be high angiographical-
ly. Arachidonic acid-induced platelet aggregation and se-
rum thromboxane B, levels before and after PCI have been
studied and have illustrated that arachidonic acid-induced
aggregation > 100 (AUC*min) before PCI predicted CNR
in diabetic patients with a 96.2% sensitivity and 38.5%
specificity [50].

In a 2010 study of 91 patients who presented with their
first acute myocardial infarction and underwent coronary
angiography, it was noted that patients who were not on
chronic aspirin therapy prior to the event had on average a
higher thrombus grade. This concludes that aspirin therapy
alone, as assessed using multivariate analysis, results in a
decrease in angiographic thrombus grade in patients with
first-time acute myocardial infarction treated with PCI
[51].

Owing to the similar mechanism of platelet aggregation
inhibition, P2Y12 inhibitors may have similar benefits. A
600 mg loading dose of clopidogrel during an acute myocar-
dial infarction, as compared to a 300 mg load, resulted in a
decreased incidence of angiographic CNR [52].

In addition to anti-platelet activity, ticagrelor specifically
increases endogenous adenosine levels that result in vasodila-
tation. Cellular injury results in production of adenosine via
metabolism of adenosine triphosphate and adenosine diphos-
phate through activation of nucleotidases CD39 and CD73
[53]. This adenosine however is up-taken by cells via the
adenosine transporter ENT-1 and metabolized, which results
in decreased concentrations of adenosine. Ticagrelor inhibits
ENT-1 which in turn results in increased extracellular concen-
tration of adenosine [54]. Adenosine then exerts its
vasodilatory effect via A,,R and A,gR adenosine receptors
that mediate vasodilation through nitric oxide-dependent and -
independent pathways, [55].

Cangrelor is a reversible P2Y 12 inhibitor with high affinity
and short half-life that permits its use in infusion form peri-
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procedurally as it does not require metabolite conversion [56].
Cangrelor does not inhibit ENT-1, although its main metabo-
lite does inhibit ENT-1, giving it weak inhibition of adenosine
uptake overall [57].

Glycoprotein IIb/Illa inhibitors have been associated
with improvements in microcirculation by relieving
thrombus burden and minimizing distal embolization [58,
59]. Abciximab has been studied extensively and found to
improve myocardial perfusion when used peri-
procedurally and up to several hours after PCI [60]. The
use of intravenous vs. intracoronary abciximab has come
into question however, with equivocal data supporting
both intracoronary and intravenous use as assessed by dif-
ferent methods such as ST-segment resolution, enzymatic
infarct size, and myocardial blush grade [61, 62].
Intracoronary abciximab has been associated with im-
proved myocardial reperfusion as assessed by myocardial
blush grade [62].

Role of Vasodilator Therapy

As described earlier, adenosine is a potent arterial vasodi-
lator and has the ability to reverse the effect of other en-
dogenous vasoconstrictors [63]. Additionally, it is an en-
dogenous nucleoside that activates extracellular receptors,
which result in the inhibition of platelet aggregation in-
volved in formation of thromboembolic and its propaga-
tion [64, 65].

It is known that intracoronary adenosine administered
throughout PCI significantly reduces CNR during acute myo-
cardial infarctions in both native coronaries and bypass grafts
[66-68]. Adenosine employs its properties on microvascula-
ture while PCI or thrombolysis induces patency within the
epicardial coronary artery [7].

Adenosine has been shown in the AMISTAD and
AMISTAD-II trials to reduce infarct size, but failed to
show improvements in clinical outcomes unless patients
achieved early reperfusion [69-71]. Several meta-
analyses have been performed which suggest the benefit
of adenosine; however, it is important to recognize that
adenosine has a very short half-life and therefore its benefit
may be limited if given in boluses. In a pig model in which
mid-LAD occlusion was induced, intracoronary bolus dos-
ing as compared to infusion dosing of adenosine revealed
that infusion protocols resulted in significant reductions in
infarct size and risk of CNR [72]. However, it is difficult to
recreate this in human subjects without risk, as
intracoronary infusion of adenosine may cause atrioven-
tricular conduction blocks and other side effects. In a
meta-analysis comparing adenosine to verapamil, adverse
events with adenosine such as bradycardia, hypotension,
and atrioventricular conduction block were significantly
increased [73]. Overall, a meta-analysis of 1487 patients
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in 13 randomized trials comparing intracoronary adenosine
to placebo during acute myocardial infarction revealed a
higher incidence of ST resolution, lower mean ischemic
time, larger increase in LV ejection fraction, lower rate of
heart failure, and lower incidence of major adverse cardiac
events in the short and long term in the intracoronary aden-
osine group as compared to placebo [74].

Currently, a multicenter, prospective, randomized, con-
trolled open label trial on the comparison of intracoronary
adenosine and sodium nitroprusside vs. standard therapy, en-
titled REFLO-STEMI trial, is being conducted [75].

A drug with a more sustained and perhaps greater
vasodilatory effect is sodium nitroprusside. Intracoronary
sodium nitroprusside and adenosine have been studied in
normal coronary arteries and noted that sodium nitroprus-
side resulted in a more prolonged coronary hyperemic re-
sponse as compared to adenosine [76]. Also, intracoronary
sodium nitroprusside in addition to adenosine results in
much greater improvement in coronary flow as compared
to adenosine alone and placebo [77]. Overall, two separate
meta-analyses of 11 total randomized clinical trials con-
clude that sodium nitroprusside is effective in preventing
CNR [78, 79].

Calcium channel blockers have been studied in CNR
given the nature of their mechanism of action in vasodila-
tation. An analysis of eight randomized controlled trials of
nondihydropyridine calcium channel blockers verapamil
and diltiazem in patients with CNR demonstrated that
intracoronary verapamil and diltiazem decreased the occur-
rence of CNR and reduced corrected TIMI frame count.
Additionally, there was a significant reduction in 6-month
major adverse cardiovascular events in the diltiazem/
verapamil group as compared to control groups [80].

Nevertheless, nondihydropyridine calcium channel
blockers may pose a cardiac depressant effect through neg-
ative ionotropy which could have severe implications in a
patient with acute myocardial infarction and systolic dys-
function. Consequently, nicardipine, a dihydropyridine cal-
cium channel blocker, was been studied in a large retro-
spective analysis of CNR patients and showed that CNR
was successfully reversed with complete restoration of
TIMI 3 flow in 98.6% of patients [81]. Most importantly,
nicardipine has less adverse hemodynamic side effects [82]
that allows for repeat dosing until resolution of coronary
no reflow [81].

Nicorandil is an agent that causes coronary vasodilata-
tion by serving as a nicotamide nitrate and also by opening
mitochondrial potassium channels that result in the reduc-
tion of intracellular calcium [83]. This mechanism may be
cardioprotective, hence its benefits during acute coronary
syndromes, as the opening of ATP-sensitive K+ channels is
an innate protective mechanism of cardiac myocytes when
insulted with ischemia [84]. Additionally, nicorandil
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modulates neutrophil activation and thus has anti-
inflammatory properties that impact the pathophysiology
of acute coronary syndrome [83]. Nicorandil, when given
as a single injection, has been proven to mitigate CNR [85]
and when given as an infusion, has been shown to improve
myocardial viability, function, and clinical outcomes [86,
87]. In a meta-analysis of 17 studies, nicorandil prevented
CNR and also was associated with greater LV ejection frac-
tion and lower LV end-diastolic volume indices suggesting
its continued effect on functional recovery after acute myo-
cardial infarction [88]. Unfortunately, nicorandil is not
available in the USA.

Other Therapies

Several other adjunctive therapies have been studied, as
discussed below, with variable results, and are therefore not
recommended for routine use. Nonetheless, large randomized
clinical trials are warranted to investigate their potential ben-
efits in CNR.

Cyclosporine-A is a powerful inhibitor of mitochondrial
permeability transition pores that play a large role in cellular
death during reperfusion injury [89]. Cyclosporine-A was
shown to have a positive impact in rat skin-graft models
and the prevention of no-reflow [90], and a reduction in

myocardial infarct size in a small trial of human subjects,
although the TIMI grade flow was similar as compared to
the control group [91]. In a study of 395 patients who
received intravenous cyclosporine-A prior to PCI for acute
myocardial infarction did not result in better clinical out-
comes as compared to placebo, and did not prevent left
ventricular remodeling at 1 year [92].

FXO06 is a human fibrin peptide that may improve the ne-
crotic core zone. In the FIRE trial, it was shown to improve
MVO as assessed by cardiac magnetic resonance, although it
failed to reduce the infarct size compared to placebo [93].

Pexelizumab is a humanized monoclonal antibody that
binds the C5 component of complement and failed to show
an improvement in 30-day mortality and rate of TIMI 3 flow
in the APEX-AMI trial [94].

Dabigatran, as studied in a rabbit model, concluded that it
did not prevent or mitigate CNR suggesting that fibrin does
not play a major role in microvascular obstruction [95]. This
however contradicts the results of the FIRE trial and the find-
ings on fibrin [14, 95].

Administration of liraglutide versus placebo during acute
myocardial infarction revealed a significantly lower incidence
of CNR as compared to placebo [96]. The effect of GLP-1
analogs may be attributed to improvement in glucose levels
and reduction in inflammation that ultimately result in

Table 2 Suggested peri-

procedural therapies for Suggested therapies

prevention and treatment of

coronary no-reflow phenomenon, Agent Indication Benefit

and their respective benefits

[40-82] Peri-procedural Insulin Acute hyperglycemia +
Aspirin CVD prophylaxis ++
P2Y12 Inhibitors PCI +++
Statins CVD prophylaxis ++
ARBs or Beta-blockers Hypertension/Remodeling +

During PCI IC Abciximab High thrombus burden +++
IC Adenosine Vasospasm/No-reflow +++
IC Sodium Nitroprusside Vasospasm/No-reflow +++
IC Nicardipine Vasospasm/No-reflow ++++
IC Diltiazem/Verapamil Vasospasm/No-reflow +++
Aspiration Thrombectomy High thrombus burden -
Ischemic Post-conditioning No-reflow phenomenon +—
MCS No-reflow phenomenon ?
Experimental Cyclosporine-A -

FX06 -
Pexelizumab -
Dabigatran -
Liraglutide ++
Erythropoietin -
Nicorandil (Approved in Europe only) 4+

CVD cardiovascular disease, ARB angiotensin II receptor blocker, /C intracoronary, MCS mechanical circulatory

support
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improved endothelial function, as both methods have been
known to contribute to CNR [7, 96].

Erythropoietin, administered in studies of ischemic animal
models, has been found to attenuate vascular injury through
reduced apoptosis, suppressed inflammation, and increased
nitric oxide availability [97]. Endogenous erythropoietin
levels were found to be inversely related to angiographic
and ECG coronary no-reflow following PCI in acute myocar-
dial infarctions [98]. Further human trials are necessary to
study and justify exogenous administration of erythropoietin
in coronary no-reflow phenomenon.

Conclusion

Coronary artery no-reflow phenomenon and microvascular
obstruction are known complications of primary PCI in
patients presenting with acute myocardial infarction.
Although the pathophysiology is not completely under-
stood, several proposed mechanisms have led to scientific
investigation of potential preventive and treatment mea-
sures as discussed in this review. Cardiac magnetic reso-
nance suggests that microvascular obstruction and angio-
graphic CNR may be two separate yet intimately related
entities as it relates to clinical outcomes. Given the multi-
factorial nature of CNR phenomenon and the intricate in-
terplay of hemodynamics observed in a patient with acute
coronary syndrome, several pharmacologic and non-
pharmacologic therapies have become the standard of care.
Nevertheless, all of these interventions either individually
or in conjunction with one-another should focus on preven-
tion by improving pre-procedural medical optimization,
door-to-balloon time, reperfusion techniques, and consid-
eration of aspiration thrombectomy in the presence of a
large thrombus burden. Once CNR is recognized, pharma-
cologic therapy with adenosine, sodium nitroprusside, and
calcium channel-blockers should be considered as they
have proven benefit. Table 2 summarizes our recommen-
dations in peri-procedural combination therapy for the pre-
vention and treatment of CNR (Table 2). Despite our cur-
rent understanding and technologic advancements in PCI,
such as newer generations of drug eluting stents, CNR and
MVO remain as a persistent problem with limited treat-
ment options.

Compliance with Ethical Standards

Conflict of Interest Ahmadreza Karimianpour and Anbukarasi Maran
declare no conflict of interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

@ Springer

References

Papers of particular interest, published recently, have been
highlighted as:

+ Of importance

*« Of major importance

1. Morishima I, Sone T, Mokuno S, Taga S, Shimauchi A, Oki Y, et al.
Clinical significance of no-reflow phenomenon observed on angi-
ography after successful treatment of acute myocardial infarction
with percutaneous transluminal coronary angioplasty. Am Heart J.
1995;130:239-43.

2.+ Bouleti C, Mewton N, Germain S. The no-reflow phenomenon:
state of the art. Arch Cardiovasc Dis. 2015;108:661-74. A review
on coronary no reflow phenomenon and the current standard
of care for treatment of

3. Schofer J, Montz R, Mathey DG. Scintigraphic evidence of the “no
reflow” phenomenon in human beings after coronary thrombolysis.
J Am Coll Cardiol. 1985;5:593-8.

4. Rezkalla SH, Dharmashankar KC, Abdalrahman IB, Kloner RA.
No-reflow phenomenon following percutaneous coronary interven-
tion for acute myocardial infarction: incidence, outcome, and effect
of pharmacologic therapy. J Interv Cardiol. 2010;23:429-36.

5. Kloner RA, Ganote CE, Jennings RB. The “no- reflow” phenome-
non after temporary coronary occlusion in the dog. J Clin Invest.
1974:54:1496-506.

6. Fugit MD, Rubal BJ, Donovan DJ. Effects of intracoronary
nicardipine, diltiazem, and verapamil on coronary blood flow. J
Invasive Cardiol. 2000;12:80-5.

7. Rezkalla SH, Stankowski RV, et al. Management of no-reflow phe-
nomenon in the catheterization laboratory. ] Am Coll Cardiol.
2017;10:215-23.

8. Gibson CM, Murphy SA, Rizzo MJ, Ryan KA, Marble SJ, McCabe
CH, et al. Thrombolysis in myocardial infarction (TIMI) study
group. Relationship between TIMI frame count and clinical out-
comes after thrombolytic administration. Circulation. 1999;99:
1945-50.

9. Gibson CM, Dotani MI, Murphy SA, Marble SJ, Dauterman KW,
Michaels AD, et al. Correlates of coronary blood flow before and
after percutaneous coronary intervention and their relationship to
angiographic and clinical outcomes in the RESTORE trial: random-
ized efficacy study of Tirofiban for outcomes and restenosis. Am
Heart J. 2002;144:130-5.

10. Durante A, Camici PG. Novel insights into an “old”” phenomenon:
the no reflow. Int J Cardiol. 2015;187:273-80.

11.  Cuculi F, De Maria GL, Meier P, et al. Impact of microvascular
obstruction on the assessment of coronary flow reserve, index of
microcirculatory resistance, and fractional flow reserve after ST-
segment elevation myocardial infarction. J Am Coll Cardiol.
2014:64:1894-904.

12.  Amano H, Ikeda T, Toda M, Okubo R, Yabe T, Watanabe I, et al.
Plaque composition and no-reflow phenomenon during percutane-
ous coronary intervention of low-echoic structures in grayscale in-
travascular ultrasound. Int Heart J. 2016;57:285-91.

13.e= Horvath M, Hajek P, Stechovsky C, et al. The role of near-infrared
spectroscopy in the detection of vulnerable atherosclerotic plaques.
Arch Med Sci. 2016;12:1308-16. A study on imaging modalities
that may be used to predict risk of coronary no-reflow, suggest-
ing that there is much more to be understood about plaque
morphology and microvascular obstruction pathophysiology.

14. Maini A, Buyantseva L, Maini B. In vivo lipid core plaque modi-
fication with percutaneous coronary revascularization: a near-
infrared spectroscopy study. J Invasive Cardiol. 2013;25:293-5.



Curr Atheroscler Rep (2018) 20: 44

Page 9 of 11 44

15.

1700

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Soeda T, Higuma T, Abe N, et al. Morphological predictors for no
reflow phenomenon after primary percutaneous coronary interven-
tion in patients with ST-segment elevation myocardial infarction
caused by plaque rupture. Eur Heart J Cardiovasc Imaging.
2016;18:103-10.

Wu K, Zerhouni E, Judd R, et al. Prognostic significance of micro-
vascular obstruction by MRI in patients with acute myocardial in-
farction. Circulation. 1998;97:765-72.

Durante A, Laricchia A, Benedetti G, et al. Identification of high-
risk patients after ST-elevation myocardial infarction: comparison
between angiographic and magnetic resonance parameters. Circ
Cardiovasc Imaging. 2017;10:e005841. A study on cardiac imag-
ing post PCI supporting the theory of continue microvascular
obstruction although coronary no-reflow may resolve
angiographically.

Guo F, Chai W, Liu M, et al. The relationship between MMP-9 and
infarct related artery reflow in acute STEMI patients. J Diabetes
Metab. 2017;8:749.

Zalewski J, Undas A, Godlewski J, Stepien E, Zmudka K. No-
reflow phenomenon after acute myocardial infarction is associated
with reduced clot permeability and susceptibility to lysis.
Arterioscler Thromb Vasc Biol. 2007;27:2258-65.

Bolayir HA, Gunes H, Kivrak T, et al. The role of SCUBE] in the
pathogenesis of no-reflow phenomenon presenting with ST seg-
ment elevation myocardial infarction. Anatol J Cardiol. 2017;18:
122-7.

Niccoli G, Celestini A, Calvieri C. Patients with microvascular
obstruction after primary percutaneous coronary intervention show
a gp91phox (NOX2) mediated persistent oxidative stress after re-
perfusion. Eur Heart J Acute Cardiovasc Care. 2013;2:379-88.
Niccoli G, Kharbanda RK, Crea F, Banning AP. No-reflow: again
prevention is better than treatment. Eur Heart J. 2010;20:2449-55.
Ndrepepa G, Tiroch K, Keta D, Fusaro M, Seyfarth M, Pache J, et
al. Predictive factors and impact of no reflow after primary percu-
taneous coronary intervention in patients with acute myocardial
infarction. Circ Cardiovasc Interv. 2010;3:27-33.

Iwakura K, Ito H, Ikushima M, Kawano S, Okamura A, Asano K, et
al. Association between hyperglycemia and the no-reflow phenom-
enon in patients with acute myocardial infarction. ] Am Coll
Cardiol. 2003;41:1-7.

Niccoli G, Cosentino N, Spaziani C, Minelli S, Fracassi F, Crea F.
New strategies for the management of no-reflow after primary per-
cutaneous coronary intervention. Expert Rev Cardiovasc Ther.
2011;9:615-30.

Li XD, Yang YJ, Hao YC, Yang Y, Zhao JL, Dou KF, et al. Effects
of pre-procedural statin therapy on myocardial no- reflow following
percutaneous coronary intervention: a meta analysis. Chin Med J.
2013;126:1755-60.

Pantsios C, Kapelios C, Vakrou S, Diakos N, Pozios I,
Kontogiannis C, et al. Effect of elevated reperfusion pressure on
“no reflow” area and infarct size in a porcine model of ischemia—
reperfusion. J Cardiovasc Pharmacol Ther. 2016;21:405-11.

Hu T, Wang HC, Wang RT, Lv AL, Luan RH, Li CX, et al. Effect of
chronic pretreatment of angiotensin-converting receptor blocker on
no-reflow phenomenon in patients with acute myocardial infarction
undergoing percutaneous coronary intervention. Cardiovasc Ther.
2013;31:e7—¢l1.

Al-Jabari AM, Elserafy AS, Abuemara HZ. Effect of chronic pre-
treatment with beta-blockers on no-reflow phenomenon in diabetic
patients with acute ST-elevation myocardial infarction undergoing
primary percutaneous coronary intervention. Egyptian Heart J.
2017;69:171-5.

Svilaas T, Vlaar PJ, van der Horst IC, Diercks GFH, de Smet
BJGL, van den Heuvel AFM, et al. Thrombus aspiration during
primary percutaneous coronary intervention. N Engl J Med.
2008;358:557-67.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

De Vita M, Burzotta F, Biondi-Zoccai GG, et al. Individual patient-
data meta-analysis comparing clinical outcome in patients with ST-
elevation myocardial infarction treated with percutaneous coronary
intervention with or without prior thrombectomy. ATTEMPT study:
a pooled analysis of trials on ThrombEctomy in acute myocardial
infarction based on individual PatienT data. Vasc Health Risk
Manag. 2009;5:243-7.

Mongeon FP, Bélisle P, Joseph L, et al. Adjunctive thrombectomy
for acute myocardial infarction: a Bayesian meta-analysis. Circ
Cardiovasc Interv. 2010;3:6-16.

Mancini JG, Filion KB, Windle SB, Habib B, Eisenberg MJ. Meta-
analysis of the long-term effect of routine aspiration thrombectomy
in patients undergoing primary percutaneous coronary intervention.
Am J Cardiol. 2016;118:23-31.

Ge J, Schafer A, Ertl G, Nordbeck P. Thrombus aspiration for ST-
segment-elevation myocardial infarction in modern era: still an is-
sue of debate? Circ Cardiovasc Interv. 2017;10:¢005739.
Awadalla H, Salloum J, Moustapha A, Assali A, Sdringola S, Fujise
K, et al. Rheolytic thrombectomy does not prevent slow-, no-reflow
during percutaneous coronary intervention in acute myocardial in-
farction. Int J Angiol. 2003;12:183-7.

Zhou H, He XY, Zhuang SW, Wang J, Lai Y, Qi WG, et al. Clinical
and procedural predictors of no-reflow in patients with acute myo-
cardial infarction after primary PCI. World J Emerg Med. 2014;5:
96-102.

Dash D. Complications of coronary intervention: device emboliza-
tion, no-reflow and air embolism. Heart Asia. 2013;5:54-8.

Qiao J, Pan L, Zhang B, Wang J, Zhao Y, Yang R, et al. Deferred
versus immediate stenting in patients with ST-segment elevation
myocardial infarction: a systematic review and meta-analysis. J
Am Heart Assoc. 2017;6:¢004838.

Ovize M, Baxter GF, Di Lisa F, et al. Post- conditioning and pro-
tection from reperfusion injury: where do we stand? Position paper
from the working Group of Cellular Biology of the Heart of the
European Society of Cardiology. Cardiovasc Res. 2010;87:406-23.
Mewton N, Thibault H, Roubille F, Lairez O, Rioufol G, Sportouch
C, et al. Postconditioning attenuates no-reflow in STEMI patients.
Basic Res Cardiol. 2013;108:383.

Thibault H, Piot C, Staat P. Long-term benefit of postconditioning.
Circulation. 2008;117:1037-44.

Freixa X, Bellera N, Ortiz-Pérez JT, et al. Ischaemic
postconditioning revisited: lack of effects on infarct size following
primary percuta- neous coronary intervention. Eur Heart J.
2012;33:103-12.

Hahn JY, Song YB, Kim EK, Yu CW, Bae JW, Chung WY, et al.
Ischemic postconditioning during primary percutaneous coronary
intervention: the effects of post- conditioning on myocardial reper-
fusion in patients with ST-segment elevation myocardial infarction
(POST) randomized trial. Circulation. 2013;128:1889-96.

Kern MJ, Augmentation of coronary blood flow by IABP in pa-
tients after coronary angioplasty. Circulation 1993.

Pierrakos CN, Bonios MJ, Drakos SG, Charitos EI, Tsolakis EJ,
Ntalianis A, et al. Mechanical assistance by IABP counterpulsation
during reperfusion increases coronary blood flow and mitigates the
no-reflow phenomenon: an experimental study. Artif Organs.
2011;35:867-74.

Amado LC, Kraitchman DL, Gerber BL, Castillo E, Boston RC,
Grayzel J, et al. Reduction of “no-reflow” phenomenon by intra-
aortic balloon counterpulsation in a randomized magnetic reso-
nance imaging experimental study. J Am Coll Cardiol. 2004;43:
1291-8.

Maekawa K, Kawamoto K, Fuke S, Yoshioka R, Saito H, Sato T, et
al. Effects of intraaortic balloon pumping on the angiographic no-
reflow phenomenon after percutaneous coronary intervention in
patients with anterior myocardial infarction. Circ J. 2006;70:37—43.

@ Springer



44

Page 10 of 11

Curr Atheroscler Rep (2018) 20: 44

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Hale S, Herring MJ, Kloner RA. Delayed treatment with hypother-
mia protects against the no-reflow phenomenon despite failure to
reduce infarct size. ] Am Heart Assoc. 2013;2:e004234.

Hale SL, Daec MW, Kloner RA. Hypothermia during reperfusion
limits no-reflow injury in a rabbit model of acute myocardial infarc-
tion. Cardiovasc Res. 2003;59:715-22.

Kuliczkowski W, Gasior M, Pres D, Kaczmarski J, Laszowska A,
Szewczyk M, et al. Aspirin resistance: impact on no-reflow, platelet
and inflammatory biomarkers in diabetics after ST-segment eleva-
tion myocardial infarction. Cardiology. 2015;131:41-50.

Niccoli G, Spaziani C, Marino M, Pontecorvo ML, Cosentino N,
Baca M, et al. Effect of chronic aspirin therapy on angiographic
thrombus burden in patients admitted for a first ST-elevation myo-
cardial infarction. Am J Cardiol. 2010;105:587-91.

Mangiacapra F, Muller O, Ntalianis A. Comparison of 600 versus
300-mg Clopidogrel loading dose in patients with ST-segment ele-
vation myocardial infarction undergoing primary coronary angio-
plasty. Am J Cardiol. 2010;106:1208-11.

Headrick JP, Lasley RD. Adenosine receptors and reperfusion inju-
ry of the heart. Handb Exp Pharmacol. 2009;193:189-214.

Van Giezen JJ, Sidaway J, Glaves P, et al. Ticagrelor inhibits aden-
osine uptake in vitro and enhances adenosine-mediated hyperemia
responses in a canine model. J Cardiovasc Pharmacol Ther.
2012;17:164-72.

Mustafa SJ, Morrison RR, Teng B, Pelleg A. Adenosine receptors
and the heart: role in regulation of coronary blood flow and cardiac
electrophysiology. Handb Exp Pharmacol. 2009;193:161-88.
Angiolillo DJ, Capranzano P. Pharmacology of emerging novel
platelet inhibitors. Am Heart J. 2008;156:S10-5.

Armstrong D, Summers C, Ewart L, Nylander S, Sidaway JE, van
Giezen JJJ. Characterization of the adenosine pharmacology of
ticagrelor reveals therapeutically relevant inhibition of equilibrative
nucleoside transporter 1. J Cardiovasc Pharmacol Ther. 2014;19:
209-19.

Gibson CM, de Lemos JA, Murphy SA, Marble SJ, McCabe C,
Cannon CP, et al. Combination therapy with abciximab reduces
angiographically evident thrombus in acute myocardial infarction:
a TIMI 14 substudy. Circulation. 2001;103:2550-4.

Deibele AJ, Jennings LK, Tcheng JE, Neva C, Earhart AD, Gibson
CM. Intracoronary eptifibatide bolus administration during percu-
taneous coronary revascularization for acute coronary syndromes
with evaluation of platelet glycoprotein IIb/IlIa receptor occupancy
and platelet function: the intracoronary Eptifibatide (ICE) trial.
Circulation. 2010;121:784-91.

Petronio AS, De Carlo M, Ciabatti N, et al. Left ventricular remod-
eling after primary coronary angioplasty in patients treated with
abciximab or intracoronary adenosine. Am Heart J. 2005;150:1015.
Thiele H, Schindler K, Friedenberger J, Eitel I, Fiirnau G, Grebe E,
et al. Intracoronary compared with intravenous bolus abciximab
application in patients with ST-elevation myocardial infarction un-
dergoing primary percutaneous coronary intervention: the random-
ized Leipzig immediate percutaneous coronary intervention
abciximab IV versus IC in ST-elevation myocardial infarction trial.
Circulation. 2008;118:49-57.

Gu YL, Kampinga MA, Wieringa WG, Fokkema ML, Nijsten MW,
Hillege HL, et al. Intracoronary versus intravenous administration
of abciximab in patients with ST- segment elevation myocardial
infarction undergoing primary percutaneous coronary intervention
with thrombus aspiration: the comparison of intracoronary versus
intra- venous abciximab administration during emergency reperfu-
sion of ST-segment elevation myocardial infarction (CICERO) trial.
Circulation. 2010;122:2709-17.

Forman MB, Jackson EK. Importance of tissue perfusion in ST
segment elevation myocardial infarction patients under- going
reperfusion strategies: role of adenosine. Clin Cardiol. 2007;30:
583-5.

@ Springer

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

Forman MB, Stone GW, Jackson EK. Role of adenosine as adjunc-
tive therapy in acute myocardial infarction. Cardiovasc Drug Rev.
2006;24:116-47.

Forman MB, Hou D, Jackson EK. Treating acute “no-reflow” with
intracoronary adenosine in 4 patients during percutaneous coronary
intervention. Tex Heart Inst J. 2008;35:439-46.

Assali AR, Sdringola S, Ghani M, Denkats AE, Yepes A, Hanna
GP, et al. Intracoronary adenosine administered during percutane-
ous intervention in acute myocardial infarction and reduction in the
incidence of “no reflow” phenomenon. Catheter Cardiovasc Interv.
2000;51:27-32.

Fischell TA, Carter AJ, Foster MT, Hempsall K, DeVries J, Kim
DH, et al. Reversal of “no reflow” during vein graft stenting using
high velocity boluses of intracoronary adenosine. Catheter
Cardiovasc Diagn. 1998;45:360-5.

Sdringola S, Assali A, Ghani M, Yepes A, Rosales O, Schroth GW,
et al. Adenosine use during aortocoronary vein graft interventions
reverses but does not prevent the slow-no reflow phenomenon.
Catheter Cardiovasc Interv. 2000;51:394-9.

Mahaffey KW, Puma JA, Barbagelata NA, DiCarli MF, Leesar MA,
Browne KF, et al. Adenosine as an adjunct to thrombolytic therapy
for acute myocardial infarction: results of a multicenter, random-
ized, placebo-controlled trial: the Acute Myocardial Infarction
STudy of Adeno- sine (AMISTAD) trial. ] Am Coll Cardiol.
1999;34:1711-20.

Ross AM, Gibbons RJ, Stone GW, Kloner RA, Alexander RW,
Investigators AMISTAD-II. A randomized, double-blinded,
placebo- controlled multicenter trial of adenosine as an adjunct to
reperfusion in the treatment of acute myocardial infarction
(AMISTAD-II). J Am Coll Cardiol. 2005;45:1775-80.

Kloner RA, Forman MB, Gibbons RJ, Ross AM, Alexander RW,
Stone GW. Impact of time to therapy and reperfusion modality on
the efficacy of adenosine in acute myocardial infarction: the
AMISTAD-2 trial. Eur Heart J. 2006;27:2400-5.

Yetgin T, Uitterdijk A, Te Lintel HM, et al. Limitation of infarct size
and no-reflow by intracoronary adenosine depends critically on
dose and duration. JACC Cardiovasc Interv. 2015;8:1990-9.
Nazir SA, Khan JN, Mahmoud IZ, et al. The REFLO-STEMI trial
comparing intracoronary adenosine, sodium nitroprusside and stan-
dard therapy for the attenuation of infarct size and microvascular
obstruction during primary percutaneous coronary intervention:
study protocol for a randomised controlled trial. Trials. 2014;15:
371.

Polimeni A, De Rosa S, Sabatino J, et al. Impact of intracoronary
adenosine administration during primary PCI: a meta-analysis. Int J
Cardiol. 2016;203:1032-41.

Su Q, Nyi TS, Li L. Adenosine and verapamil for no-reflow during
primary percutaneous coronary intervention in people with acute
myocardial infarction. Cochrane Database Syst Rev. 2015;5:
CDO009503.

Parham WA, Bouhasin A, Ciaramita JP, Khoukaz S, Herrmann SC,
Kern MJ. Coronary hyperemic dose responses of intracoronary so-
dium nitroprusside. Circulation. 2004;109:1236-43.

Parikh KH, Chag MC, Shah KJ, Shah UG, Baxi HA, Chandarana
AH, etal. Intracoronary boluses of adenosine and sodium nitroprus-
side in combination reverses slow/no- reflow during angioplasty: a
clinical scenario of ischemic preconditioning. Can J Physiol
Pharmacol. 2007;85:476-82.

Su Q, Li L, Naing KA, Sun Y. Safety and effectiveness of nitro-
prusside in preventing no-reflow during percutaneous coronary in-
tervention: a systematic review. Cell Biochem Biophys. 2014;68:
201-6.

Zhao S, Qi G, Tian W, Chen L, Sun Y. Effect of intracoronary
nitroprusside in preventing no reflow phenomenon during primary
percutaneous coronary intervention: a meta-analysis. J Interv
Cardiol. 2014;27:356-64.



Curr Atheroscler Rep (2018) 20: 44

Page 11 of 11 44

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Wang L, Cheng Z, Gu Y, Peng D. Short-term effects of verapamil
and diltiazem in the treatment of no reflow phenomenon: a meta-
analysis of randomized controlled trials. Biomed Res Int.
2015;2015:382086.

Huang RI, Patel P, Walinsky P, et al. Efficacy of intracoronary
nicardipine in the treatment of no-reflow during percutaneous cor-
onary intervention. Catheter Cardiovasc Interv. 2006;68:671-6.
Lambert CR, Pepine CJ. Effects of intravenous and intracoronary
nicardipine. Am J Cardiol. 1989;64:8H-15H.

Falase B, Easaw J, Youhana A. The role of nicorandil in the treat-
ment of myocardial ischaemia. Expert Opin Pharmacother. 2001;2:
845-56.

Tanaka H, Okazaki K, Shigenobu K. Cardioprotective effects of
NIP-121, a novel ATP-sensitive potassium channel opener, during
ischemia and reperfusion in coronary perfused guinea pig myocar-
dium. J Cardiovasc Pharmacol. 1996;27:695-701.

Ishii H, Ichimiya S, Kanashiro M, Amano T, Imai K, Murohara T, et
al. Impact of a single intravenous administration of nicorandil be-
fore reperfusion in patients with ST-segment-elevation myocardial
infarction. Circulation. 2005;112:1284-8.

Ito H, Taniyama Y, Iwakura K, Nishikawa N, Masuyama T, Kuzuya
T, et al. Intravenous nicorandil can preserve microvascular integrity
and myocardial viability in patients with reperfused anterior wall
myocardial infarction. ] Am Coll Cardiol. 1999;33:654-60.

Ono H, Osanai T, Ishizaka H, et al. Nicorandil improves cardiac
function and clinical outcome in patients with acute myocardial
infarction undergoing primary percutaneous coronary intervention:
role of inhibitory effect on reactive oxygen species formation. Am
Heart J. 2004;148:E15.

Iwakura J, Ito H, Okamura A, et al. Nicorandil treatment in patients
with acute myocardial infarction: a meta-analysis. Circ J. 2009;73:
925-31.

Javadov SA, Clarke S, Das M, Griffiths EJ, Lim KHH, Halestrap
AP. Ischaemic preconditioning inhibits opening of mitochondrial

90.

91

92.

93.

94.

9s.

96.

97.

98.

permeability transition pores in the reperfused rat heart. J Physiol.
2003;549:513-24.

Kucukcelebi A, Ozcan M. The beneficial effect of cyclosporine-A
on the no-reflow phenomenon in rat skin island flaps. Br J Plast
Surg. 1992;45:512-4.

Piot C, Croisille P, Staat P, Thibault H, Rioufol G, Mewton N, et al.
Effect of cyclosporine on reperfusion injury in acute myocardial
infarction. N Engl J Med. 2008;359:473-81.

Cung TT, Morel O, Cayla G, Rioufol G, Garcia-Dorado D,
Angoulvant D, et al. Cyclosporine before PCI in patients with acute
myocardial infarction. N Engl J Med. 2015;373:1021-31.

Atar D, Petzelbauer P, Schwitter J, Huber K, Rensing B, Kasprzak
ID, et al. For the F.LR.E. Investigators. Effect of intravenous FX06
as an adjunct to primary percutaneous coronary intervention for
acute ST-segment elevation myocardial infarction results of the
F.ILR.E. (Efficacy of FXO06 in the Prevention of Myocardial
Reperfusion Injury) trial. ] Am Coll Cardiol. 2009;53:720-9.
Armstrong PW, Granger CB, Adams PX, et al. APEX AMI inves-
tigators. Pexelizumab for acute ST-elevation myocardial infarction
in patients undergoing primary percutaneous coronary intervention:
a randomized controlled trial. JAMA. 2007;297:43-51.

Hale SL, Kloner RA. Dabigatran treatment: effects on infarct size
and the no-reflow phenomenon in a model of acute myocardial
ischemia/reperfusion. J Thromb Thrombolysis. 2015;39:50-4.
Chen WR, Tian F, Chen YD, Wang J, Yang JJ, Wang ZF, et al.
Effects of liraglutide on no-reflow in patients with acute ST-
segment elevation myocardial infarction. Int J Cardiol. 2016;208:
109-14.

Parsa CJ, Matsumoto A, Kim J, Riel RU, Pascal LS, Walton GB, et
al. A novel protective effect of erythropoietin in the infarcted heart.
J Clin Invest. 2003;112:999-1007.

Niccoli G, Andreotti F, Marzo F, Cecchetti S, Santucci E, D’ Amario
D, et al. Endogneous serum erythropoietin and no-reflow in patients
with ST-elevation myocardial infarction. Eur J Clin Investig.
2011;41:1210-9.

@ Springer



	Advances in Coronary No-Reflow Phenomenon—a Contemporary Review
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Clinical Relevance
	Definition
	Pathophysiology
	Virtual Histology
	Differentiating CNR from MVO
	Novel Discoveries

	Risk Factors and Prevention
	Hyperglycemia
	Hyperlipidemia
	Hypertension

	Mechanical Considerations
	Role of Aspiration Thrombectomy
	Role of Balloon Angioplasty
	Ischemic Post-Conditioning
	Role of Mechanical Circulatory Support
	Role of Therapeutic Hypothermia

	Pharmacological Considerations
	Role of Anti-Platelet Therapy
	Role of Vasodilator Therapy
	Other Therapies

	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance �•• Of major importance



