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M) Check for updates

A fresh look at coronary
microembolization

Interest in coronary microembolization and its sequelae
has fluctuated over time. In the 1980s, several investiga-
tors (notably Davies and Falk), performed autopsy stud-
ies in patients with coronary artery disease who had died
suddenly. Together with the rupture or fissure of epi-
cardial coronary atherosclerotic plaques', obstruction
of the coronary microcirculation by microemboli was
frequently identified. These microemboli predominantly
consisted of platelet aggregates, fibrin, hyalin and ath-
erosclerotic plaque material, including cholesterol'-*. In
the same decade, the development of platelet aggregation
in the stenotic coronary arteries of dogs was character-
ized by Folts and Willerson. They identified endothelial
dysfunction involving serotonin, thrombin and throm-
boxane A, as mediators and causing cyclic flow varia-
tions with embolization of platelet aggregates into the
microcirculation’™’.

With the increasing use of elective and primary
percutaneous coronary intervention (PCI), interest in
coronary microembolization was renewed in the early
2000s prompted by the question of what happened to
plaque material that was released during PCI'""?. The
use of protection devices during PCI enabled partic-
ulate plaque debris, thrombotic material and soluble
factors to be retrieved from native and graft coronary
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Abstract | Mechanical stress from haemodynamic perturbations or interventional manipulation
of epicardial coronary atherosclerotic plaques with inflammatory destabilization can release
particulate debris, thrombotic material and soluble substances into the coronary circulation.
The physical material obstructs the coronary microcirculation, whereas the soluble substances
induce endothelial dysfunction and facilitate vasoconstriction. Coronary microvascular obstruction
and dysfunction result in patchy microinfarcts accompanied by an inflammatory reaction, both
of which contribute to progressive myocardial contractile dysfunction. In clinical studies, the
benefit of protection devices to retrieve atherothrombotic debris during percutaneous coronary
interventions has been modest, and the treatment of microembolization has mostly relied on
antiplatelet and vasodilator agents. The past 25 years have witnessed a relative proportional
increase in non-ST-segment elevation myocardial infarction in the presentation of acute
coronary syndromes. An associated increase in the incidence of plaque erosion rather than
rupture has also been recognized as a key mechanism in the past decade. We propose that
coronary microembolization is a decisive link between plaque erosion at the culprit lesion

and the manifestation of non-ST-segment elevation myocardial infarction. In this Review,

we characterize the features and mechanisms of coronary microembolization and discuss the
clinical trials of drugs and devices for prevention and treatment.

vessels'’. However, the clinical benefit of protection
devices was modest at best, and interest in coronary
microembolization understandably subsided.

During the past decade, several investigators (nota-
bly Libby) have emphasized an increasing incidence of
plaque erosion rather than rupture as the key underly-
ing event of acute coronary syndromes, particularly as a
consequence of increasing statin use'"". The increasing
incidence of plaque erosion has been associated with a
quantitative shift from ST-segment elevation myocardial
infarction (STEMI) to non-ST-segment elevation myo-
cardial infarction (NSTEMI) over the past 25 years''*'%.
Coronary microemboli are more frequently found at
autopsy in patients with plaque erosion who have died
suddenly than in those with plaque rupture”. The fact
that not all patients with NSTEMI need routine inter-
vention but do require intensified antithrombotic
treatment”>”' places the spotlight on the obstruction and
dysfunction of the coronary microcirculation. Indeed,
the treatment of coronary microembolization is likely to
be more important in the outcome of patients with acute
coronary syndromes than during elective PCI. In this
Review, we characterize the features and mechanisms of
coronary microembolization and discuss clinical trials
of drugs and devices for prevention and treatment.
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Key points

» Coronary microembolization results from spontaneous or interventional erosion or
rupture of an epicardial coronary atherosclerotic plaque.

¢ Atherothrombotic plaque debris causes physical obstruction of coronary microvessels
and results in microinfarcts with an inflammatory response.

* The surviving myocardium around the patchy microinfarcts has reduced contractile
function as a result of inflammatory signal transduction leading to myofibrillar
oxidation.

¢ Atherosclerotic plaque erosion or rupture releases soluble substances that induce
coronary microvascular endothelial dysfunction, vasoconstriction, platelet
aggregation and coagulation.

* Routine use of interventional protection devices does not improve patient outcomes
but these devices are indicated in cases of high atherothrombotic plaque burden.

¢ Plaque stabilization with statins and canakinumab prevents coronary
microembolization, whereas platelet inhibitors, vasodilators and interleukin
antagonists attenuate coronary microvascular impairment.

Experimental coronary microembolization
Animal models. Intracoronary injection of inert par-
ticles (such as talcum, lycopodium spores or plastic
microspheres of various diameters) in anaesthetized
dogs has been used since the early twentieth century to
study the effects of a fairly standardized, partial coronary
obstruction on cardiac rhythm and contractile function,
including cardiogenic shock? . Intracoronary injec-
tion of inert polystyrene microspheres is the current
standard method of inducing a regional acute coronary
syndrome’™’' and, with repetitive microembolization,
heart failure’>* in animal models (for example, dogs*~,
pigs’’~*, sheep’!, mice* and rats*’). The advantage of
using polystyrene microspheres is that the diameter
(usually around 40 um) and the number of injected
spheres can be standardized and adjusted to coronary
inflow. The disadvantage of this method is the inert
nature of these microspheres™, which cause physical
obstruction of the coronary microcirculation but have
no prothrombotic, pro-inflammatory or vasoconstrictor
potential.

An alternative but somewhat less standardized
approach is the intracoronary infusion of exogenously
(ex vivo) generated homologous or autologous throm-
botic material that, although not inert, still does not
include atherosclerotic debris and soluble factors
released from an atherosclerotic culprit lesion. This
method has been used in rats* and pigs*.

A model of severe epicardial coronary stenosis with
endothelial dysfunction, developed by Folts et al.’, causes
the spontaneous formation of platelet aggregates in the
stenotic segment with progressive inflow reduction,
followed by sudden restoration of blood flow when the
platelet aggregate is dislodged from the stenotic segment
and embolized into the coronary microcirculation. This
model has been used in dogs***® and pigs'” and is charac-
terized by cyclic coronary flow variations, which ena-
ble prothrombotic and vasoconstrictor factors, such as
thrombin®, serotonin and thromboxane A, (REF?), to be
studied.

Blood flow and cardiac function. In anaesthetized dogs,
intracoronary injection of inert microparticles results
in an immediate decrease in coronary blood flow***,

followed by reactive hyperaemia’*>*”** and then a return
to normal blood flow”*** (FIC. 1). Regional myocardial
contractile function, as measured by sonomicrometry,
in the perfusion territory of the embolized coronary
artery decreases immediately, then partially recovers
over minutes but does not return to baseline function*.
The response of global left ventricular (LV) function
depends on the number and size of embolizing particles
and the size of the affected coronary perfusion terri-
tory. The response can range from transient and subtle
LV dysfunction® to protracted and severe cardiogenic
shock®. With repetitive coronary microembolization,
baseline coronary blood flow can still be normal or even
above normal but coronary reserve in response to adeno-
sine is markedly reduced®. Both the slightly increased
baseline flow (reflecting reactive hyperaemia) and, more
importantly, the reduced maximal blood flow secondary
to physical obstruction of the coronary microvasculature
contribute to reduced coronary reserve*. The reduction
in regional contractile function with repetitive coronary
microembolization is cumulative (FIC. 1), and repetitive
coronary microembolization has become a standard
method to induce LV dysfunction and heart failure’>*.
The dissociation between profound contractile dysfunc-
tion and normal or even slightly elevated coronary blood
flow (that is, a perfusion—contraction mismatch pattern),
is a salient feature of microembolized myocardium®>.

Morphological sequelae. Coronary arterioles are func-
tional end arteries, and their physical obstruction causes
microinfarction (FIG. 2). The size of the microinfarcted
area corresponds to the site of vascular obstruction
which, in turn, is determined by the diameter of the
embolizing particles™. On haematoxylin and eosin stain-
ing, the microinfarction from coronary microemboliza-
tion appears as typical necrosis in dogs**, pigs’', mice"”
and rats*>**. There is also evidence for apoptosis in the
microinfarcted area shown by terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL)*"*2-%*
and increased expression of caspase 3, caspase 9 and
Bax 2 (also known as apoptosis regulator BAX)>>7%%55,
However, the contribution of apoptosis to cell death
from microinfarction is minor compared with that from
necrosis. The microinfarct resulting from physical
obstruction of a microvessel by inert microspheres is
characterized by a profound inflammatory response
leading to pyroptotic cell death®**. Morphologically,
oedema and neutrophil and macrophage infiltration
occur around the microinfarct site in dogs™, pigs®,
mice* and rats”. The inflammatory response is also
characterized by the increased expression of cytokines,
such as tumour necrosis factor (TNF) in macrophages!
and cardiomyocytes®', as well as of interleukins**** and
inducible nitric oxide synthase (iNOS)* at the mRNA
and protein levels. In rats, the activation of extracellular
signal-regulated kinase 1 (ERK1) and ERK2 seems to
be involved in initiating the inflammatory response®.
Inflammation around microinfarcts in pigs is associ-
ated with increased insulin-like growth factor 1 (IGF1)
mRNA expression in infiltrating monocytes®, which
is a potential start signal for an angiogenic response
and for the promotion of collateral growth, as seen in
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Fig. 1| Repetitive intracoronary infusion of polystyrene microspheres in a dog.

The arrows along the top indicate infusion of 30,000 polystyrene microspheres of 42 um
in diameter. Coronary blood flow (red) isimmediately reduced after infusion, recovers
quickly and displays some reactive hyperaemia (exceeds baseline flow). Systolic myocardial
wall thickening (blue) is also immediately reduced and recovers quickly but not back to
baseline. After four infusions of microspheres, coronary blood flow is normal but systolic
wall thickening has a cumulative deficit. Adapted with permission from REF.*%, APS.

a long-term model of coronary microembolization in
dogs®. CT and MRI in pig models of coronary micro-
embolization demonstrated not only a decrease in
regional and global contractile function but also patchy
perfusion defects, oedema and microinfarcts®*>-*,

Signal transduction of contractile dysfunction. Regional
contractile function in microembolized myocardium fol-
lows a typical time course, with a decrease immediately
after microembolization, followed by a partial recovery
and then a subsequent deterioration over several hours,
with a nadir at 6-12 h after the procedure’®*%6-6%6%,
A nadir in global LV function is also seen at around 12 h
after microembolization®’. The magnitude of contractile
dysfunction exceeds that of acute ischaemia, reflecting
the contribution of loss of viable contractile cardio-
myocytes from microinfarction and, more importantly,
contractile impairment in viable myocardium from
the effect of negative inotropic inflammatory media-
tors (FIC. 3). With the intracoronary injection of micro-
spheres in anaesthetized pigs, the total surface area of
microperfusion defects was more closely correlated with
LV contractile dysfunction than with the total volume
of microperfusion defects on electron-beam CT*. This
finding supports the notion that interaction with the
surrounding myocardium and inflammation are more
important for contractile dysfunction than the loss of
viable tissue®.

The increased expression of TNF in macrophages
and cardiomyocytes is central among the inflamma-
tory mediators to exert negative inotropic effects on
the microembolized myocardium*>°*°!. Therefore,
antibodies to TNF abrogate the progressive contrac-
tile dysfunction between 1 and 8 h after microembo-
lization in anaesthetized dogs®'. In anaesthetized pigs,
nitric oxide is formed upstream of increased TNF
expression and sphingosine is synthesized downstream
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of increased TNF expression®. As such, inhibition of
nitric oxide formation by N-nitro-L-arginine methyl
ester (L-NAME) or inhibition of sphingosine formation
by N-oleoylethanolamine (NOE) abrogates progres-
sive contractile dysfunction between 1 and 8 h after
microembolization™. The ultimate effect of such inflam-
matory signal transduction is apparently the increased
formation of reactive oxygen species (ROS), oxidative
modification of contractile myofibrils® and reduced
Ca?* responsiveness of the contractile machinery”.
The causal role of ROS is supported by the prevention
of myofibrillar oxidation and progressive contractile
dysfunction by high-dose vitamin C%. In chronically
instrumented dogs, regional contractile dysfunction
has its nadir 4-12 h after coronary microembolization
but recovers almost completely over 1 week®. Recovery
is accelerated by intravenous methylprednisolone, fur-
ther supporting the causal role of inflammation in the
observed regional contractile dysfunction®. Although
the causal role of inflammatory mediators in contractile
dysfunction from coronary microembolization is obvi-
ous, we do not currently know the exact biochemical,
cellular and subcellular source of each participating
mediator nor the full sequence of signalling steps.

Several drugs attenuate contractile dysfunction but
where and how they interact with signal transduction
is unclear. Some of these drugs, including metoprolol*,
nobiletin™, resveratrol®, breviscapine’’, puerarin’,
nicorandil” and glycyrrhizin® reduce markers of apop-
tosis (reduced caspase 3 activation and expression of p53
and Bax, reduced TUNEL staining) and activate classical
cardioprotection pathways’ such as phosphoinositide
3-kinase (PI3K), protein kinase B (Akt) and glycogen
synthase kinase 3 (GSK3p)**"""%. Some of these drugs,
including pyrrolidine dithiocarbamate*, glycyrrhizin®
and breviscapine’’, also attenuate the expression of
inflammatory cytokines****”' or ROS*. In chronically
instrumented pigs with coronary microembolization,
long-term treatment with the angiotensin II receptor
antagonist irbesartan improved both perfusion and con-
tractile dysfunction”. Pretreatment with trimetazidine
in anaesthetized pigs with coronary microembolization
attenuated apoptosis (reduced activation of caspase 3
and caspase 9, reduced TUNEL staining) and global LV
dysfunction (as shown on echocardiography) 12 h after
coronary microembolization™.

Cardioprotection. Cardioprotection in its strictest sense
refers to the reduction of infarct size that results from
sustained and severe myocardial ischaemia and subse-
quent reperfusion by mechanical or pharmacological
interventions’. Whereas microembolization induces
patchy microinfarcts, the increased expression of TNF
not only causes progressive contractile dysfunction®
but is also cardioprotective. In anaesthetized pigs, TNF
expression was increased 6 h after coronary micro-
embolization, and the infarct that resulted from 90 min of
severe coronary hypoperfusion and 2 h of reperfusion
was then reduced in size; this cardioprotection was
abrogated by TNF antibodies™. While coronary micro-
embolization per se apparently exerts cardioprotection
under specific circumstances, it does not interfere with
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Fig. 2 | Microinfarction after coronary microembolization in a dog. a| Haematoxylin
and eosin-stained microinfarct with surrounding infiltration (enlarged insert) distal to an
embolizing microsphere. b | Phase-contrast microscopy of the microinfarct forimproved
demarcation. ¢ | Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
staining of a few apoptotic cardiomyocytes within a microinfarct (phalloidin staining).
d| In situ hybridization of tumour necrosis factor mRNA in the viable myocardium
surrounding a microinfarct. Parts a and b adapted with permission from REF *°,

APS. Parts c and d adapted with permission from REF.", Elsevier.

cardioprotection produced by ischaemic precondi-
tioning or postconditioning. Conversely, in anaesthe-
tized pigs, the immediate increase in coronary venous
adenosine concentration associated with coronary
microembolization did not result in infarct size reduc-
tion with the 90 min of severe myocardial ischaemia
and 120 min of reperfusion that followed 10 min after
microembolization”. In addition, coronary microem-
bolization did not interfere with cardioprotection from
a true ischaemic preconditioning protocol (one 10-min
cycle of severe ischaemia and 15 min of reperfusion),
which was associated with a substantial increase in inter-
stitial adenosine before 90 min of sustained ischaemia
followed by 120 min of reperfusion, although coronary
microembolization slightly increased infarct size’.
These findings contrast with the delayed cardioprotection
associated with increased TNF expression described
above’. Collectively, these data suggest that coronary
microembolization per se might induce some delayed
protection but neither contributes to nor interferes
with cardioprotection from pre-infarction angina. Almost
the same is true for ischaemic postconditioning. The
microinfarcts from coronary microembolization at early
reperfusion following 90 min of severe myocardial ischa-
emia increased infarct size after 2 h of reperfusion in
anaesthetized pigs’’. However, microembolization did not
prevent infarct size reduction by an ischaemic postcon-
ditioning protocol (six cycles of 20 s of coronary occ-
lusion and 20 s of reperfusion)”. Therefore, coronary

microembolization, which is possibly associated with
manipulation of the culprit lesion when applying an
ischaemic postconditioning protocol, does not abrogate
protection from postconditioning. Cardioprotective
conditioning procedures are therefore still effective and
could blunt deleterious infarct expansion from coronary
microembolization.

Coronary no-reflow. Coronary no-reflow is the manifes-
tation of coronary microvascular injury from sustained
and severe myocardial ischaemia and reperfusion®-*’.
No-reflow results from a number of pathomechanisms,
including interstitial, endothelial and cardiomyocyte
oedema, impaired vasomotion, leukocyte adherence
and infiltration, stasis of blood elements, and capillary
destruction and rupture®. No-reflow can occur after
sustained coronary occlusion and reperfusion in a pre-
vious virgin coronary vascular territory; therefore, it
does not require physical obstruction by atherothrom-
botic material or the action of soluble factors released
from upstream atherosclerotic lesions. Nevertheless,
there are typical leukocyte-platelet aggregates®~*" and
erythrocyte aggregates® that obstruct the capillaries in
the myocardium with no-reflow. Additionally, in a real-
istic clinical scenario of acute plaque rupture or erosion,
there will be physical obstruction by atherothrombotic
debris and microvascular dysfunction from prothrom-
botic, pro-inflammatory and vasoconstrictor soluble
substances’***. Coronary microembolization with
sodium laurate in rats induced microthrombi together
with endothelial and cardiomyocyte injury, which were all
attenuated by pretreatment with prostaglandin E, (REF*).

Heart failure. Progressive LV dysfunction following cor-
onary microembolization with glass beads (400-600 pm
diameter) in chronically instrumented dogs was first
used as a preclinical heart failure model by Franciosa
etal.””. Sabbah et al. then refined this dog model by using
polystyrene microspheres (70-110 um diameter) and a
protocol of sequential microembolizations to establish
stable heart failure” characterized by patchy myocardial
fibrosis and LV hypertrophy™, apoptosis (demonstrated
by DNA fragmentation and electron microscopy)” and
neurohumoural activation®*">. With more limited cor-
onary microembolization, heart failure (neurohumoural
activation and volume expansion) with preserved ejec-
tion fraction could also be established”. This model with
characteristic features of LV dysfunction and neuro-
humoural activation was repeated in sheep®. Sabbah et al.
used coronary microembolization-induced heart failure
in dogs to study the effects of several drugs. Metoprolol
not only improved LV function’* but also attenuated
apoptosis” and endoplasmic reticulum stress’ and
increased the expression of excitation—contraction cou-
pling proteins™. Metoprolol and enalapril also prevented
progressive LV dilatation in this model’’. In a similar
model of heart failure, in which microspheres of 45 um
diameter were used to induce coronary embolization in
pigs, intracoronary cardiosphere-derived cell infusion
reduced infarct size and collagen volume, increased
myocyte number and capillary density, and improved

96

regional and global LV function™.
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Animal experiments on coronary microemboliza-
tion have strengths and limitations (BOX 1). Collectively,
however, these models are imperfect surrogates for the
human clinical situation of acute or chronic coronary
syndromes, with or without PCL

Clinical coronary microembolization

The clinical presentation of coronary microemboliza-
tion is unspecific, ranging from lack of symptoms and
retrospective detection by chance to symptoms of an
acute coronary syndrome. Coronary microembolization
occurs spontaneously and as a result of cardiac, mostly
coronary, interventions. Spontaneous coronary micro-
embolization, typically symptomatic as an acute coro-
nary syndrome, can be ascertained only at autopsy after
sudden cardiac death’"". Increases in levels of biomark-
ers, such as creatine kinase or troponin (particularly
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Fig. 3 | Coronary microembolization and its consequences. a | Rupture or erosion of an
atherosclerotic plaque in an epicardial coronary artery releases particulate atherothrom-
botic debris and soluble substances into the coronary microcirculation. Debris causes
physical obstruction of coronary microvessels, whereas soluble substances cause
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arginine methyl ester; NOE, N-oleoylethanolamine.
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with high-sensitivity assays), above the normal range
reflect myocardial injury but are unspecific and fairly
common in the general population®. Such elevations in
biomarkers become more frequent with increasing age
and with the presence of other risk factors for athero-
sclerosis and are indicative of poor prognosis®®. The
true contribution of coronary microembolization to an
increase in biomarker levels cannot be distinguished
from other causes, such as alternative forms of myocar-
dial ischaemia, myocarditis, stroke, trauma and excessive
exercise. Coronary microembolization is therefore more
unequivocally identified in cardiac (notably coronary)
interventions. Massive and often disastrous coronary
embolization can arise from aortic or mitral valve endo-
carditis or iatrogenic valve interventions, atrial fibrilla-
tion or peripheral thrombosis through a patent foramen
ovale. However, a coronary embolus is rarely the cause
of an acute coronary syndrome and is seen in no more
than 3% of patients undergoing catheterization for acute
myocardial infarction (MI)'®.

In the early reperfusion era, 80% of patients with
acute MI who had undergone balloon angioplasty or
thrombolysis and died within 3 weeks of the procedure
had coronary emboli at autopsy'”". The emboli consisted
of atherothrombotic material within the primary infarc-
tion, extending the infarction, inducing new infarction or
involving non-infarcted myocardium'®'. Microvascular
obstruction/no-reflow is frequently seen on MRI in pati-
ents with reperfused acute STEMI, and microvascular
obstruction is a determinant of patient prognosis,
independent from and in addition to infarct size'**"'*.
However, MRI visualizes microvascular obstruction
only in the infarcted tissue and not in the non-infarcted
area at risk. MRI is usually performed within 1 week of
reperfusion, and microvascular obstruction is typically
identified at this point. However, the duration of micro-
vascular obstruction and its distinction from scarring or
angiogenesis on later MRI scans is unclear. Importantly,
the contribution of coronary microembolization com-
pared with other causes of microvascular obstruction,
such as endothelial and interstitial oedema, vasocon-
striction, leukocyte adherence, capillary destruction
or haemorrhage, is impossible to quantify*>'”>. We will
therefore address only the clinical scenarios for which
clear evidence for coronary microembolization exists.

To date, the recognition of coronary microembo-
lization in patients with spontaneous acute coronary
syndrome has not resulted in a protocol for risk strat-
ification and management other than according to
established guidelines*"'*. Coronary microemboliza-
tion remains the conceptual ‘missing link’ between the
culprit plaque lesion in the epicardial coronary artery
(diagnosed by intravascular imaging) and the clinical
presentation of NSTEMI with an increased level of
troponin but without ST-segment elevation, with the
consequent lack of an urgent need for PCI in many
instances and an indication for proactive antiplatelet and
anti-inflammatory treatment. In a sense, iatrogenically
induced coronary microembolization during a coro-
nary intervention can be viewed as a human model of a
minor acute coronary syndrome and might facilitate its
mechanistic understanding.
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Box 1| Animal models of coronary microembolization

All models

Strengths

e Controlled setting

¢ Defined number and size of microemboli

* Systematic post-mortem morphology and biochemistry
Limitations

* Non-human species

* Young age

* No underlying atherosclerosis

* Inert embolic material, except for autologous thrombi****

Rodent

Strengths

* Inexpensive

* Transgenic strains

Limitations

e Cardiac anatomy different from that of humans
* High heart rate

* Anaesthesia

Dog

Strengths

* Human-like anatomy and heart rate

* Human-like model of chronic coronary syndromes
* Possibly without anaesthesia

Limitation

* Expensive

Pig

Strengths

* Human-like anatomy and heart rate

* Human-like model of myocardial infarction
Limitation

* Expensive

Spontaneous coronary microembolization
Spontaneous coronary microembolization in the absence
of PCI can be seen only at autopsy. In a systematic search
for microthrombi in patients with heart disease, mostly
of ischaemic origin, microthrombi rich in platelets and
fibrin were seen in the coronary microcirculation,
and platelet-rich microthrombi were more common
in younger patients (aged <45 years) who had suffered
sudden cardiac death than in older patients’. The com-
bination of epicardial plaque rupture or fissure together
with microvascular atherothrombotic embolization in
patients with ischaemic heart disease who had suffered
sudden cardiac death was subsequently established
through autopsy studies. The microemboli consisted of
atherosclerotic plaque material, including cholesterol’,
platelet aggregates, platelet-leukocyte aggregates™*,
hyalin® and fibrin>%, and caused microinfarcts with an
inflammatory response>>”. These microinfarcts with
inflammation were reminiscent of those seen in animal
experiments with embolization induced by inert micro-
spheres (discussed above). Subsequently, Schwartz et al.
demonstrated that plaque erosion caused coronary
microembolization more frequently than plaque rup-
ture, microemboli were unrelated to stenosis severity of
the culprit coronary artery and emboli were mostly seen
in microvessels of <120 um in diameter'.

Periprocedural coronary microembolization
Biomarkers. Transient increases in serum levels of
creatine kinase, creatine kinase-MB (CK-MB), and
troponin I or troponin T after PCI are characteristic
of periprocedural myocardial injury'®-'*. Preferably,
high-sensitivity cardiac troponin assays are used””.
According to the Fourth Universal Definition of
Myocardial Infarction'”, an increase in cardiac troponin
levels (measured by high-sensitivity assay) to above the
99" percentile upper reference limit in patients with nor-
mal baseline values or an increase by >20% in patients
with elevated baseline values is defined as procedural
myocardial injury (PMI). Major PMI and type 4a MI are
defined by increases in cardiac troponin levels to above
the fivefold 99 percentile upper reference limit and only
such an increase carries an adverse prognosis for clinical
outcome''’. However, the assessment of PMI from an
elevation in troponin levels cannot distinguish between
injury from side-branch occlusion and injury from distal
coronary microembolization during PCI. The magni-
tude of biomarker release depends on the clinical situ-
ation of the patient''” (greater in patients with diabetes
mellitus'" or chronic kidney disease''?), the nature of the
vessel undergoing PCI (greater in saphenous vein grafts
(SVGs) than in native coronary arteries)''>''* and the
type of procedure (greater with rotablation than simple
stenting)'*®. The difference between elective and primary
PCI in terms of resultant coronary microembolization
is simply the iatrogenic versus spontaneous nature of its
origin in the culprit lesion.

Imaging. Distal embolization can initially be visualized
by angiography as an abrupt filling defect in a peripheral
coronary branch''*'". Imaging during PCI can identify
the origin of the embolizing material in the epicardial
coronary vascular wall by intravascular ultrasonography
(IVUS)'"® or optical coherence tomography (OCT)'".
IVUS has greater penetration into the vascular wall
than OCT and allows the different plaque components
(that s, calcified, fatty, fibrotic and necrotic) to be distin-
guished by radiofrequency-based virtual histology. OCT
has greater spatial resolution than IVUS and permits
more detailed visualization of the endothelial layer and
fibrous plaque cap'*'. Therefore, OCT is particularly
well suited to distinguishing between plaque rupture
(a thin fibrous cap with rupture) and plaque erosion (a
thick fibrous cap without rupture), both of which can
result in coronary microembolization". Plaque volume
on IVUS correlates with TNF release into the aspirate
from an SVG during PCI'*, and the volume of the
plaque necrotic core in native coronary arteries corre-
lates with the release of creatine kinase and troponin
into the systemic circulation following PCI'*®. Showers
of microemboli during elective PCI of native coronary
arteries in patients with stable angina were visualized
by intracoronary Doppler and correlated with the post-
procedural elevation in serum troponin levels'* (FIG. 4).
In patients with diabetes undergoing elective PCI, the
Doppler-derived amount of microembolization corre-
lated with the incidence of major adverse cardiovascular
events (MACE) at 2-year follow-up'*. A typical finding
indicating coronary microembolization, also reported
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in experimental studies using intracoronary injection
of microspheres**'#*, is an increase in baseline coronary
blood flow and a reduction in coronary reserve imme-
diately after PCI'**'#. The reduction in coronary reserve
correlated with postprocedural serum creatine kinase
and troponin levels'”.

As in animal experiments with intracoronary injec-
tion of microspheres®®>-/, local myocardial lesions
resulting from microembolization in patients undergo-
ing PCI can be visualized on postprocedural MRI'*'%,
Quantification of patchy areas with delayed gadolinium
contrast hyperenhancement correlated with postproce-
dural serum troponin levels'** and a reduction in plaque

2 mm distal

area: 0.21 mm?

Imm 0.2mm

Fig. 4 | Imaging of plaque rupture and coronary microembolization. a | Intravascular
ultrasonography of a ruptured epicardial coronary atherosclerotic plaque after percuta-
neous coronary intervention (PCI). Arrows point to the ruptured cap and to the plaque,
the debris from which is emptied into the coronary microcirculation. b | In the same
vessel 2mm distally, the thin cap is still intact but the plaque is empty. ¢ | Optical coherence
tomography of a thin and ruptured fibrous cap overlying an atherosclerotic plaque
following PCI. d | Section of the same image at higher magnification. e | Intracoronary
Doppler imaging of coronary blood flow velocity with high-intensity signals at

baseline (arrow). f| After PCl, blood flow velocity is increased and more high-intensity
signals (arrows) reflect showers of microemboli. Parts a and b adapted with permission
from REF”**, Deutscher Aerzte-Verlag GmbH. Parts c and d adapted with permission from
REF.**, EuroIntervention. Parts e and f adapted with permission from REF.'””, Springer
Nature Limited.
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volume on IVUS'”. Areas with delayed hyperenhance-
ment also had decreased local perfusion reserve, reflect-
ing coronary microvascular obstruction'#. The amount
of postprocedural hyperenhancement on MRI between
24 h and 6 days after PCI or coronary artery bypass graft
surgery correlated with clinical outcome during a 3-year
follow-up period'”. A disadvantage of MRI is that it can-
not be used to distinguish between myocardial injury
from coronary microembolization and other types of
local injury such as side-branch occlusion.

Interventional prevention and treatment. In patients
undergoing elective PCI, remote ischaemic precondi-
tioning by one or more cycles of blood pressure cuff
inflation and deflation on the arm reduced biomarker-
defined PMI**** and the incidence of adverse events
in several'” but not all"** studies. These studies differ
from the experimental models discussed earlier in which
local ischaemic preconditioning did not attenuate cor-
onary microembolization. Whether remote ischaemic
preconditioning stabilized the plaque or attenuated the
myocardial injury from distal embolization is unclear.
Possibly, remote ischaemic preconditioning induces the
release of systemically circulating anti-inflammatory and
cardioprotective substances, whereas local precondition-
ing does not'*>'*. Reduced microvascular obstruction
by remote ischaemic preconditioning in patients under-
going PCI for acute MI has also been reported'””~'*’ but
whether this benefit resulted from attenuated coronary
microembolization or is a secondary effect of reduced
infarct size is unknown®.

Direct stenting reduced coronary microvascular
resistance and tended to decrease postprocedural tro-
ponin release in patients with stable angina'*'. In patients
with acute MI, this procedure improved thrombolysis
in myocardial infarction (TIMI) flow'** and reduced
microvascular obstruction and infarct size on MRI in
a subanalysis of a larger trial'*’. The most likely mecha-
nism for this reduction in microvascular obstruction is
through the prevention of coronary microembolization
from the culprit lesion.

The recognition of periprocedural coronary micro-
embolization as a complication of PCI has stimulated
the development of protection devices — filters or occlu-
sion/aspiration systems to capture atherothrombotic
debris, soluble substances or both that are released from
the culprit lesion during PCI. The use of distal protec-
tion devices during elective PCI in native coronary arter-
ies or SVGs was established as safe and feasible''*'**-1¢
(FIG. 5). In the SAFER trial'*’ of patients undergoing PCI
of SVGs under distal protection by an occlusion/aspi-
ration device, TIMI flow was improved, the incidence
of no-reflow was reduced, and the primary composite
clinical end point of death, MI, emergency bypass and
target-vessel revascularization after 30 days was reduced.
In the FIRE trial'*, no significant difference in proce-
dural outcome or the primary composite end point of
death, MI or target-vessel revascularization was seen
in patients undergoing PCI of SVGs under protection
with a filter device as compared with a balloon occlu-
sion/aspiration device. Similarly, no significant differ-
ence in procedural and clinical end points was evident
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Fig. 5 | Angiography of PCl with a protection device and morphology of captured
debris. a| Angiography of a saphenous vein graft (sternal wires from earlier coronary
artery bypass graft surgery), with a stent balloon and a distal filter device. b | A photo-
graph of the device with the captured debris. ¢ | Haematoxylin and eosin-stained
histology of particulate debris from the aspirate with amorphic lipid substance (ALS),

a foam cell (FC), cholesterol crystals (arrows) and a thrombus (T). Parts a and b courtesy
of Michael Haude (Rheinlandklinikum Neuss, Germany). Part ¢ adapted with permission
from REF.?*, Springer Nature Limited.

in the AMEthyst trial' in patients undergoing PCI of
SVGs under protection with a novel filter device (AVE
Interceptor; Medtronic) as compared with a balloon
occlusion/aspiration device. In the PROXIMAL trial*’,
no significant difference was seen in postprocedural cre-
atine kinase level or in the primary clinical end point of
death, MI and target-vessel revascularization between a
proximal and a distal balloon occlusion/aspiration device
in patients undergoing PCI of SVGs. Finally, in the
CANARY trial®’, patients undergoing PCI of native cor-
onary arteries under protection from a filter device had
no benefit in terms of postprocedural troponin or crea-
tine kinase levels. Therefore, evidence for the use of a pro-
tection device exists only in PCI of SVGs and essentially
comes only from the results of the SAFER trial.

Several small, randomized, controlled clinical trials
in patients with STEMI undergoing primary PCI have
demonstrated the benefits of manual or device-based
thrombus aspiration in terms of attenuated coronary
microvascular and myocardial injury and clinical
outcome'**"'” (TABLE 1). In the large TOTAL trial'®® of
patients with STEMI, investigators reported better
ST-segment resolution and less distal embolization on
angiography from PCI with manual thrombus aspiration
versus primary PCI alone. However, clinical outcome
(cardiovascular death, re-infarction, cardiogenic shock
or NYHA class IV heart failure) was not significantly
improved, and a safety signal for stroke was reported
with the use of thrombus aspiration'**. Patients with
STEMI who presented late (212 and <48 h) after symp-
tom onset also did not derive a benefit from thrombus
aspiration'®. Therefore, in the 2018 European Society
of Cardiology guidelines for the management of acute
MI, routine use of thrombus aspiration is not recom-
mended but can be considered in cases of large throm-
bus burden'®. By contrast, in patients with STEMI
and culprit lesions that are particularly vulnerable to

rupture (defined on IVUS), the combination of throm-
bus aspiration with a distal filter could be protective
for the coronary microcirculation and improve clinical
outcome'”’. In the TATORT-NSTEMI trial'”!, patients
with NSTEMI and thrombus-containing culprit lesions
had no better TIMI flow or reduced enzymatic infarct
size with thrombus aspiration than with standard PCI,
but a reduction in the primary composite end point of
all-cause death, re-infarction and new heart failure with
thrombus aspiration was reported. No guideline recom-
mendation exists for the use of thrombus aspiration in
patients undergoing PCI for NSTEMI but the positive
clinical outcome data from the TATORT-NSTEMI
trial'”! suggest a greater potential for thrombus aspira-
tion in NSTEMI than STEM], indicating that coronary
microembolization could have a greater role in NSTEMI
than in STEML

Analysis of coronary aspirates. Filter and aspiration
devices are used not only to protect the coronary micro-
circulation during PCI but also to retrieve particulate
debris and soluble factors for analysis'”. Debris consists
of plaque material, including foam cells'"* and choles-
terol crystals'”?, and thrombus material rich in platelets
and fibrin'*®"”*'”>, The aspirate from stented native cor-
onary arteries contains less particulate debris'** and the
retrieved embolic material in native coronary arteries is
smaller in volume and particle size'”*'”® than that from
SVGs (plaque volume 135+ 16 versus 176 + 19 mm?;
particulate debris 66 +10 versus 146 +23 mg)'".
In other studies, patients with diabetes''! or chronic
kidney disease''> had more particulate debris (and
more calcium for the latter group of patients''?) in
the aspirate from their stented SVGs than patients
without these conditions. The coronary aspirate from
native coronary arteries and SVGs can also contain
microparticles derived from platelets and the endothe-
lium, with no significant difference in their concen-
tration between native coronary arteries and SVGs'”°.
In patients undergoing PCI for STEMI, increased
numbers (as compared with peripheral arterial blood)
of neutrophil-platelet aggregates were retrieved by
thrombus aspiration'””. Notably, thrombi also contained
high levels of neutrophil extracellular traps (NETs),
which correlated with infarct size as determined by
CK-MB levels and MRI'”. Again, in patients undergo-
ing PCI for STEMI, increased levels of double-stranded
DNA (as a surrogate for NETs) and IL-6 were retrieved
by thromboaspiration from the culprit site and corre-
lated with coronary microvascular obstruction on MRI
4+2 days later'”®.

Soluble substances in the aspirate from stented
native coronary arteries or SVGs have been deter-
mined biochemically or by functional bioassays. An
increased release of tissue factor''*'”>'”?, endothelin''>'”?,
serotonin'’>'®’, thromboxane''>'*” and TNF''*!*>'¥" has
been reported from the aspirate of stented coronary
arteries and SVGs. The level of endothelin was greater in
aspirate from native coronary arteries than from SVGs,
with no significant differences in the other soluble sub-
stances between the two types of vessel'”. Aspiration
from ruptured atherosclerotic plaque retrieved from
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Table 1| Coronary microvascular, myocardial and clinical outcomes in studies of manual or device-based thrombus aspiration

Study
reference

Burzotta et al.
(2005)***

Stone et al.
(2005)"*

Silva-Orrego
etal.(2006)""

Curaetal
(2007)*>*

Muramatsu
etal.(2007)"°

Kelbaek et al.
(2008)""

Svilaas et al.
(2008)**8

Tahk et al.
(2008)**°

Haeck et al.
(2009)1&;0

Sardella et al.
(2009)*¢*

Dudek et al.
(2010)¢?

Migliorini et al.
(2010)117%

Ciszewski et al.
(2011)'*

De Carlo et al.
(2012)'%

Stone et al.
(2012)"*¢

Frobert et al.
(2013)”

Study name
(identifier®)

REMEDIA

EMERALD

DEAR-MI
(NCT00257153)

PREMIAR

ASPARAGUS

DEDICATION
(NCT00192868)

TAPAS
(ISRCTN16716833)

NA

PREPARE
(ISRCTN71104460)

EXPIRA

PIHRATE
(NCT00377650)

JETSTENT
(NCT00275990)

MUSTELA
(NCT01472718)

INFUSE-AMI
(NCT00976521)

TASTE
(NCT01093404)

Clinical
scenario

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

STEMI

Intervention n (placebo/

Manual
aspiration

Distal
occlusion/
aspiration

Aspiration
device

Distal filter

Distal
occlusion/
aspiration

Distal filter

Manual
aspiration

Distal
occlusion/
aspiration

Proximal
occlusion/
aspiration

Aspiration
device

Aspiration
device

Distal
jet-aspiration

Aspiration
device

Manual
or distal
jet-aspiration

Manual
aspiration

Manual
aspiration

intervention
49/50

249/252

74/74

70/70

168/173

314/312

536/535

56/60

143/141

87/88

96/100

245/256

70/67

104/104

223/229

3,623/3,621

Coronary micro-
vascular end points

1 MBG®

NA

1 MBG

1 No-reflow on
angiography

| Distal embolization
on angiography

=MBG

=TIMI flow®
=MBGC®

| Composite of slow
flow, no-reflow and
distal embolization on
angiography

NA

1 MBGP

1 TIMI flow?

=TIMI flow
=MBG

= Distal embolization
on angiography

1+ MBGP
1 MVO (subgroup)

=TIMI flow
1 MBG
=TIMI flow
=MBG

=TIMI flow
=MBG

1 TIMI flow
1 MBG
1 MVO

=TIMI flow
=MBG

NA

Myocardial end

points

1 ST-segment
resolution®

=ST-segment
resolution®

= Infarct size on CT®

1 ST-segment
resolution

| CK-MB level

=ST-segment
resolution®

=ST-segment
resolution

= CK-MB level

=ST-segment
resolution®

= CK-MB level

=Troponin T level

1 ST-segment
resolution

= CK-MB level

=ST-segment
resolution®

= CK-MB level

1 ST-segment
resolution®

= Infarct size on MRI

(subgroup)
1 ST-segment
resolution®

1 ST-segment
resolution®

= Infarct size on

SPECT®

1 Myocardial
salvage index®
=CK-MB level

1 ST-segment
resolution®

= Infarct size on

MRI®

=ST-segment
resolution

= Infarct size on MRI

NA

Clinical
outcomes

=MACCE

=MACCE

=MACE

=MACE

=MACE

=MACCE

=MACE

=MACE

=MACCE

=MACE

=MACE

I MACE

=In-hospital
mortality

=MACE

=MACCE

= Mortality®
=MACCE
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Table 1 (cont.) | Coronary microvascular, myocardial and clinical outcomes in studies of manual or device-based thrombus aspiration

Study
reference

Jolly et al.
(2015)"°8

Deschetal.
(2016)'%°

Hibi et al.
(2018)'7°

Feistritzer
etal.(2020)'"

Coronary micro- Myocardial end Clinical

vascular end points points outcomes

=TIMI flow 1 ST-segment =MACE®

= No-reflow on feglliffon Safety

angiography signal for

1 Distal embolization stroke

on angiography

=TIMI flow =Infarct size on MRl  =MACCE

=MBG =Troponin T level

— MVO? (high-sensitivity

- assay)

1 TIMI flow = CK-MB level | In-hospital
MACCE

1 No-reflow on

angiography”

=TIMI flow =Troponin T level | MACE®

- MBG (high-sensitivity

Study name Clinical Intervention n (placebo/
(identifier®) scenario intervention
TOTAL STEMI Manual 5,030/5,033
(NCT01149044) aspiration
(NCT013792438) STEMI with Manual 55/56

late (=12 h aspiration

and <48 h)

presentation
VAMPIRE3 STEMI or Aspiration 96/98
(NCT01460966) NSTEMI and plus distal

hypo-echoic filter

plaque

with deep

ultrasound

attenuation

(length >5mm)
TATORT NSTEMI with Aspiration 217/215
(NCT01612312) thrombus- device

containing

culprit lesion

assay)

1, significant increase; |, significant decrease; =, no significant change; CK-MB, creatine kinase-MB; ISRCTN, International Standard Randomized Controlled Trials
Number; MACCE, major adverse cardiac and cerebrovascular events; MACE, major adverse cardiac events; MBG, myocardial blush grade; MVO, microvascular
obstruction; NA, not applicable; NCT, national clinical trial; NSTEMI, non-ST-segment elevation myocardial infarction; STEMI, ST-segment elevation myocardial
infarction; TIMI, thrombolysis in myocardial infarction. ?If available. ®Primary study end points.

patients undergoing primary PCI also had increased
concentrations of IL-6 and serum amyloid'®'. In func-
tional bioassays using rat isolated mesenteric arter-
ies, the aspirate from stented SVGs induced profound
vasoconstriction'®*'®?, which was mediated by seroto-
nin and thromboxane and facilitated by the endothelial
dysfunction caused by TNF"*'%2. Accordingly, block-
ade of 5-HT (serotonin) and thromboxane receptors
abrogated the intense vasoconstriction, as did more
unspecific vasodilatation by verapamil and less so by
nitroprusside'®. In patients with severely stenotic SVGs,
the release of TNF into SVG aspirate correlated with a
reduction in plaque volume (measured by IVUS) and
with the development of restenosis (measured by angio-
graphy) after 6 months'*’ and a correlation between
TNF release and restenosis was also seen in patients
with diabetes'"".

In the OPTICO-ACS trial'**, 170 consecutive patients
undergoing PCI for an acute coronary syndrome had
an increased concentration of CD8* lymphocytes and
cytotoxic effector molecules (granzyme A, granulysin
and perforin) and a lower concentration of TNF in the
aspirate distal to the culprit lesion when characterized
by OCT as plaque erosion than when characterized as
plaque rupture.

Collectively, these data from analyses of coronary
aspirate support the notion that active prothrombotic,
pro-inflammatory and vasoconstrictor substances are
a major cause of microvascular and myocardial injury
from microembolization. The exact cellular (vascular
and inflammatory cells within the atherosclerotic plaque,
intravascular cells in the thrombotic material) and bio-
chemical sources of these substances are still unclear.
Given that the myocardial perfusion territory of a vessel

with physical obstruction by atherosclerotic debris can
probably not be rescued from infarction, greater atten-
tion should be directed to the pathogenetic soluble
factors and their pharmacological antagonism.

Prevention and treatment

Herrmann et al. were the first to report that patients who
were statin naive undergoing elective PCI had greater
increases in postprocedural serum creatine kinase levels
than patients treated with statins'*, and this finding was
subsequently confirmed'®. Whether long-term statin
treatment improved plaque stability'® and prevented
coronary microembolization or instead attenuated
myocardial injury from coronary microembolization
was unclear. Indeed, acute pretreatment with statins of
patients who were statin naive before elective PCI also
decreased postprocedural serum creatine kinase and
troponin elevations'®”'®. Attenuation of intercellular
adhesion molecule 1 (ICAM1) and E-selectin concen-
trations in the plasma reflected reduced endothelial
inflammation but, again, whether this finding reflected
proximal coronary plaque stabilization or reduced distal
microvascular and myocardial injury was uncertain'®.
In any event, acute pretreatment with statins just before
PCI also reduced the rate of postprocedural MACE'".
The observation of reduced release of serum creatine
kinase and troponin and a reduced incidence of MACE
with statin reload a few hours before elective PCI**'**
supports the notion that statins also attenuate dis-
tal microvascular and myocardial injury. Less coronary
microvascular and myocardial injury was also seen in
mouse isolated hearts with ischaemia-reperfusion'*>'*!
and in anaesthetized pigs with coronary occlusion and
reperfusion'”.
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Antiplatelet and antithrombotic agents are routinely
used before any cardiac catheterization and PCI pro-
cedure and are standard and guideline-recommended
treatments for any acute coronary syndrome'**'"".
Therefore, evaluating the effect of antiplatelet agents
on periprocedural coronary microembolization is
impossible. However, in the ARMYDA-2 trial'®, an
increased loading dose of clopidogrel (600 mg) atten-
uated the increases in serum CK-MB, troponin I and
myoglobin levels more than the standard dose (300 mg).
Antiplatelet agents not only reduce intravascular forma-
tion and embolization of platelet aggregates but also have
direct cardioprotective effects to attenuate myocardial
injury'”-*"'. However, not all antiplatelet agents are
equal. In the ISAR-REACT 5 trial*®”, the regimen with
prasugrel was superior to that with ticagrelor in reduc-
ing the composite end point of death, MI or stroke in
patients with acute coronary syndromes after 1 year. The
reasons for the difference between the two platelet inhib-
itors in their effects on coronary microembolization are
not understood*”. The INFUSE-AMI trial'®® demon-
strated that intracoronary abciximab (a glycoprotein
IIb/IIIa inhibitor) reduced microvascular obstruction
and infarct size in patients undergoing primary PCI
for MI. Routine administration of glycoprotein IIb/IIIa
inhibitors resulted in better TIMI flow, reduced ischae-
mic events and reduced mortality in patients with
reperfused STEMI in a large meta-analysis of 8,585
patients””. However, most of the trials included in this
analysis were conducted before the era of prasugrel and
ticagrelor. By contrast, fibrinolysis with intracoronary
infusion of alteplase did not attenuate microvascular
obstruction in patients with STEMI undergoing PCI
within 6 h of symptom onset*”*. Therefore, whether
intracoronary fibrinolysis confers additional benefit to
PCI and antiplatelet agents in the attenuation of coro-
nary microvascular obstruction is still unclear and under
investigation'®.

The use of coronary vasodilators, including adeno-
sine, nitroprusside and verapamil, in the attenuation
of coronary microvascular obstruction has not been
convincing. The effects of adenosine on microvascular
obstruction per se’>** and on clinical benefit*"'*>*" are
ambiguous. The ex vivo vasoconstrictor effects of coro-
nary aspirate from SVGs, when analysed in isolated rat
mesenteric arteries, were attenuated to a greater extent
by verapamil than by nitroprusside, whereas adenosine
had a negligible effect'®. Verapamil also improved TIMI
flow to a greater extent than nitroglycerin in patients
undergoing PCI of degenerated SVGs**.

Anti-inflammatory interventions to prevent and treat
coronary microembolization warrant further study. The
CANTOS trial*” addressed the pathogenetic role of
IL-1P in patients with previous MI and increased plasma
C-reactive protein (CRP) concentrations. A reduced
rate of cardiovascular events, including unstable angina
requiring urgent revascularization, was reported with
subcutaneous administration of the human mono-
clonal IL-1pB-neutralizing antibody canakinumab®®.
Mechanistically, canakinumab might blunt the
IL-1B-associated increase in NETs and levels of tissue
factor found in patients with MI and increased plasma
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CRP concentration®'’. Patients who received canak-
inumab in the CANTOS trial had a reduced cardio-
vascular event rate associated with reductions in
plasma IL-6 concentrations®''. Long-term antagonism
of IL-1B and IL-6 could stabilize epicardial atheroscle-
rotic plaques and prevent their eventual rupture or ero-
sion. In the more acute situation of an interventional
procedure for a stable or acute coronary syndrome,
in which coronary microembolization can occur and
anti-inflammatory action in the coronary microcircu-
lation might be important, the benefit of interleukin
receptor antagonists and other anti-inflammatory drugs
is less clear*'”. Indeed, the monoclonal IL-1p receptor
antagonist anakinra given subcutaneously to patients
within 48 h of PCI for NSTEMI reduced plasma CRP
levels but did not provide clinical benefit*"’. By con-
trast, the IL-6 receptor antagonist tocilizumab given
intravenously in patients undergoing PCI for NSTEMI
reduced plasma concentrations of both CRP and tro-
ponin T (measured by high-sensitivity assay)*'*. In addi-
tion, reduced myocardial injury was seen in patients
who were resuscitated after cardiac arrest’”. Notably, in
patients with STEMI, intravenous tocilizumab during
PCI reduced microvascular obstruction and improved
the salvage index on MRI 3-7 days after the proce-
dure, supporting the notion that inflammatory micro-
embolization is a contributing factor in microvascular
obstruction'®. However, the protection by tocilizumab
was significant but small in magnitude, and no outcome
data for tocilizumab in patients with NSTEMI or STEMI
are yet available. In the SELECT-ACS trial*”, preproce-
dural infusion of inclacumab (a monoclonal antibody to
the endothelial adhesion molecule P-selectin) reduced
circulating P-selectin and troponin I concentrations in
patients with NSTEMI undergoing angiography and ad
hoc PCI. Colchicine given orally to patients with acute
coronary syndrome within hours to days of PCI*'*-***
reduced plasma CRP and interleukin concentrations in
some*'**"” but not all***"*** studies. Similarly, colchicine
reduced biomarkers of myocardial injury in some*'****
but not all** studies. Therefore, the clinical benefit of

Box 2 | Prevention and treatment of coronary
microembolization

Plaque stabilization
* Canakinumab

e Statins

¢ Tocilizumab

Platelet inhibition
* Aspirin
® P2Y,, inhibitors

Vasodilatation
* Nitroprusside

* Verapamil
Anti-inflammation
¢ Canakinumab

¢ Colchicine

* Statins

* Tocilizumab
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periprocedural anti-inflammatory treatment with PCI
is still uncertain but these agents warrant further inves-
tigation. The prevention and treatment of coronary
microembolization are summarized in BOX 2.

Coronary microembolization in COVID-19

Coronavirus disease 2019 (COVID-19) is character-
ized by endothelial infection by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), with con-
sequent endothelial injury*** and systematic thrombo-
inflammation**** involving cytokine release, increased
platelet activation and platelet-leukocyte aggre-
gation”*. The theory that IL-6 has a pathogenetic role
in COVID-19 is supported by the finding that the
IL-6 receptor antagonist tocilizumab (with aspirin or a
P2Y, inhibitor) blunted platelet activation after ex vivo
exposure of platelets and leukocytes from healthy
volunteers to COVID-19 plasma®*®. These data sup-
port the notion that inhibition of IL-6 not only sta-
bilizes atherosclerotic plaques but also attenuates
the downstream effects of platelet aggregation and
inflammation. Thromboembolization, particularly in
patients with pre-existing endothelial dysfunction, is
a typical complication of COVID-19 and could also
affect the coronary circulation, even in the absence of
pre-existing coronary artery disease. Indeed, human
coronary endothelial cells are particularly sensitive to
SARS-CoV-2 infection*””. Thrombi rich in fibrin, plate-
lets and leukocytes in the coronary microcirculation
were seen at autopsy in 10-20% of patients who had
died from COVID-19 (REFS*****). In a pathology analy-
sis, intracoronary microthrombi, which were particu-
larly rich in fibrin and complement, were seen in 35%
of patients who had died from COVID-19 and had evi-
dence of myocardial necrosis, irrespective of whether
or not they had pre-existing coronary artery disease’.
In patients with STEMI with or without COVID-19,

thromboaspiration retrieved thrombi containing fibrin,
leukocytes and NETs*'. In patients with COVID-19, no
plaque fragments were observed and a greater density of
NETs was present in the aspirate than in patients without
COVID-19 (REF*).

Conclusions
The secular trends in a shift from plaque rupture to
plaque erosion as the trigger event'” and from STEMI to
NSTEMI in clinical presentation'® suggest the increasing
pathophysiological importance of distal embolization in
the coronary circulation. Indeed, coronary microemboli
are more frequently seen at autopsy after plaque erosion
than after plaque rupture'. There is certainly no sto-
ichiometric one-to-one relationship between plaque
erosion, coronary microembolization and NSTEMI.
Nevertheless, the observed association advocates for
greater awareness of coronary microembolization in the
assessment and treatment of these patients. Prevention
of spontaneous coronary microembolization entails the
use of all anti-atherosclerotic medications. Statins and
inhibitors of platelet aggregation are effective for the
prevention of coronary microembolization and to treat
its consequences. Studies of protection devices to pre-
vent procedural coronary microembolization have been
largely disappointing, and their use is limited to situations
of large atherothrombotic plaque burden in SVGs.
Future therapies should target the interaction between
inflammation and platelet aggregation®” at the epicar-
dial culprit lesion and in the coronary microcirculation.
Further analyses of coronary aspirate or transcoronary
gradients from patients with acute coronary syndromes'*
could uncover more detail on the pathophysiological
mechanisms of coronary microembolization and help to
develop targeted therapies.
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