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ABSTRACT

Patients with transient ST-segment elevation myocardial infarction or spontaneous reperfusion,
which occurs in approximately 20% of patients with ST-segment elevation myocardial infarction
(STEMI), have smaller infarcts and more favorable clinical outcomes than patients without sponta-
neous reperfusion. Understanding the mechanisms underlying spontaneous reperfusion is there-
fore important since this may identify possible novel therapeutic targets to improve outcomes in
patients with STEMI.

In this review, we discuss some of the possible determinants of spontaneous reperfusion including
pro-thrombotic profile, endogenous fibrinolytic status, lipoprotein(a) (Lp[al), inflammatory markers,
and neutrophil extracellular traps (NETSs). Effective (rapid) endogenous fibrinolysis, as assessed in
whole blood in vitro, using a point-of-care technique assessment of global thrombotic status, has
been strongly linked to spontaneous reperfusion. Lp(a), which has a high degree of homology to
plasminogen, may impair fibrinolysis through competitive inhibition of tissue plasminogen activa-
tor-mediated plasminogen activation as well as tissue plasminogen activator-mediated clot lysis
and contribute to pathogenic clot properties by decreasing fibrin clot permeation. NETs appear to
negatively modulate clot lysis by increasing thrombin fiber diameter and inhibiting plasmin-driven
lysis of plasma clots.

There are limited data that oral anticoagulation may modulate endogenous fibrinolysis but anti-
platelet agents currently appear to have no impact. Phase lll trials involving subcutaneous P2Y,, or
glycoprotein lib/llla inhibitors, oral factor Xla inhibitors, interleukin-6 inhibitors, and apolipoprotein(a)
antisense oligonucleotides in patients with cardiovascular disease are ongoing. Future studies will be
needed to determine the impact of these novel antithrombotic, anti-inflammatory, and lipid-lowering
therapies on endogenous fibrinolysis and spontaneous reperfusion.

Key words: acute coronary syndrome, endogenous fibrinolysis, global thrombosis test,
lipoprotein(a), spontaneous reperfusion

INTRODUCTION
Despite optimal medical and interventional
treatments, morbidity and mortality from
acute coronary syndrome (ACS) remain si-
gnificant.

ACS represents myocardial ischemia
or infarction, most commonly caused by
a decrease in myocardial blood supply due
to temporary or persistent coronary artery
occlusion. Conventionally, ACS is divided
into three clinical categories according to
the presence or absence of ST-segment
elevation on the initial electrocardiogram,

with or without dynamic changes, and the
presence or absence of a rise in high-sen-
sitivity cardiac troponin concentration [1]. In
ST-segment elevation myocardial infarction
(STEMI), cardiac symptoms such as chest pain
are associated with ST-segment elevation on
the electrocardiogram, coupled with a rise in
high-sensitivity cardiac troponin. This occurs
due to complete cessation of blood flow in
a main epicardial coronary artery or one of its
branches, most often due to disruption of an
atherosclerotic plaque leading to thrombotic
vessel occlusion. Generally, the vessel stays
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Figure 1. Mechanistic alterations underlying ST-segment elevation myocardial infarction (STEMI) and transient STEMI

occluded, and lasting myocardial necrosis occurs unless
the vessel patency is restored, whether by mechanical or
pharmacological means.

Transient STEMI (t-STEMI) or spontaneous reperfusion,
which occurs in approximately 20% of patients with STEMI,
is generally defined as spontaneous ST-segment impro-
vement on electrocardiogram and/or the achievement of
initial thrombolysis in myocardial infarction grade 2-3 flow
in the infarct-related artery (IRA) before primary percuta-
neous coronary intervention (PPCl) and typically coincides
with resolution or improvement of symptoms (Figure 1)
[2, 3]. For patients presenting with persistent ST-segment
elevation, immediate reperfusion of the occluded coronary
artery with primary percutaneous coronary intervention
(PCI) is recommended [1]. However, the optimal manage-
ment of patients with t-STEMI is less well defined.

In the TRANSIENT trial, 141 patients with t-STEMI were
randomized to immediate PCl (n = 70) versus delayed
PCI (n = 71) and followed up for the primary outcome
of median infarct size as assessed by cardiac magnetic
resonance imaging [4]. The study demonstrated that an
immediate invasive strategy did not reduce infarct size
compared with a delayed invasive strategy (1.3%; interqu-
artile range [0.0%-3.5%] vs. 1.5% [0.0%-4.1%]; P = 0.48).
In data drawn from the Acute Coronary Syndrome Israeli
Survey, 405 (17%) patients with ST-segment elevation-a-
cute coronary syndrome in Killip class 1 were not treated
with PPCl because of evidence of spontaneous reperfusion
(=70% reduction in ST-segment elevation on consecutive
electrocardiograms and >70% resolution of pain) [5]. The
intervention in patients with evidence of spontaneous

reperfusion was performed at a median of 26 hours after
admission. There were no significant differences in in-ho-
spital mortality (1% vs. 2%; P = 0.4), 30-day major cardiac
events (4% vs. 4%; P = 0.9), and mortality at 30 days (1%
vs. 2%) and 1 year (4% vs. 4%; P = 0.72) between the two
cohorts, which demonstrates that deferring immediate in-
tervention seems to be safe in patients with clinical indices
of spontaneous reperfusion. On the other hand, a more
recent article by Koc et al. [6] showed that 25% of t-STEMI
patients stillhad an occluded IRA on initial angiography. All
patients enrolled had a field diagnosis of STEMI and were
transported directly for PPCl. The STEMI was considered
transient if no residual ST-segment elevations were present
on admission to the catheterization laboratory.

Thereis a substantial amount of evidence that patients
with spontaneous reperfusion have smaller myocardial
infarcts and better clinical outcomes than those patients
without spontaneous reperfusion [7]. Understanding the
mechanisms underlying spontaneous reperfusion is, the-
refore, important since this may identify possible novel
therapeutic targets to improve outcomes in patients with
STEMI.

In this review, we discuss potential mechanisms of
t-STEMI, prognostic tools, biomarkers, and potential future
therapeutic targets to enhance spontaneous reperfusion.

TRANSIENT STEMI
AND CLINICAL OUTCOMES
Among patients with a diagnosis of acute myocardial
infarction with elevated cardiac biomarkers, a number of
studies have demonstrated that patients presenting with
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Table 1. Studies reporting transient STEMI due to spontaneous reperfusion

Study/year Criteria for spontaneous SR (%)
reperfusion

Clinical outcomes between patients

with and without spontaneous reperfusion

Kanji et al. Angiographic (TIMI 2-3) Spontaneous reperfusion was associated with a longer occlusion time (435 seconds
(2023) [17] vs 366 seconds; P <0.001) and a shorter lysis time (1257 seconds vs. 1616 seconds;
P < 0.001), lower troponin, and better LVEF
Significantly lower MACE rates were observed in patients with spontaneous
reperfusion compared with those without spontaneous reperfusion, at 30 days,
1 year, and a mean follow-up of 629 days (4.1% vs. 10.6%; P = 0.01), with 65% lower
MACE rate in patients with spontaneous reperfusion at maximal follow-up (HR, 0.35;
95% Cl, 0.14-0.97; P = 0.02), driven by a lower incidence of cardiovascular death
(HR, 0.38; 95% Cl, 0.15-0.95; P = 0.04)
Alici et al. 1641 Angiographic (TIMI 3) 14.6 LVEF value was significantly higher in the SR group compared to the non-spontaneo-
(2022) [18] us reperfusion group (41.01 + 7.51 vs. 36.01 + 6.63; P=0.02)
In-hospital mortality rate was significantly lower in the spontaneous reperfusion
group compared to the non-SR group (0% vs. 6.7%; P <0.001)
Demirkiran 407 Complete resolution of 42 t-STEMI patients demonstrated the highest LVEF and the most preserved global
etal. (2022) ST-segment elevations as well LV strain (longitudinal, circumferential, and radial) across the three groups (overall
[20] as symptoms on arrival to the P <0.001)
hospital, with or without initial The CMR-defined infarction was less frequently observed in t-STEMI than in STEMI
treatment of sublingual nitrate, patients (77 [65%] vs. 124 [98%]; P <0.001]
heparin, P2Y, inhibitor, A smaller infarct size was seen in t-STEMI compared to STEMI patients (1.4 g [0.0-3.9]
and/or aspirin vs. 13.5 g [5.3-26.8]; P <0.001)
Koc et al. 299 Complete resolution of 6.7 Patients with spontaneous reperfusion had a higher LVEF
2022 [6] ST-segment elevations up to (59.9 £ 6.3% vs. 51.6 + 10.2%; P <0.001)
the isoelectric line prior to PPCI Survival did not differ between the t-STEMI and STEMI groups
initiation over a median follow-up period of 5.6 years
Janssens 251 Complete resolution of 56.2 CMR revealed microvascular obstruction less frequently (4.2% vs. 34.6%; P <0.001)
etal. ST-segment elevations and and smaller infarct size (1.4%; interquartile range [IQR], 0.0-3.7% vs. 8.8%; IQR,
(2021) [19] symptoms before revasculari- 3.9-17.1% of the LV, P <0.001) with a better preserved LVEF

zation therapy was initiated

(57.8£6.7% vs.52.5 + 7.6%; P <0.001)

Fibrinolysis was more efficient in t-STEMI, as demonstrated by a reduced clot lysis

time (89 £ 20% vs. 99 + 25%; P = 0.03)

Abbreviations: Cl, confidence interval; CMR, cardiac magnetic resonance; HR, hazard ratio; IQR, interquartile range; LV, left ventricle; LVEF, left ventricular ejection fraction;
STEMI, ST-segment elevation myocardial infarction; TIMI, thrombolysis in myocardial infarction; t-STEMI, transient STEMI

signs of spontaneous reperfusion have better in-hospital
[8-11] and long-term clinical outcomes [9, 12-16] compa-
red to those without spontaneous reperfusion.

Since an earlier review of this topic [7], several artic-
les concerning spontaneous reperfusion in the setting
of STEMI have been published reinforcing the previous
evidence base that patients with spontaneous reper-
fusion have more favorable outcomes compared to those
without spontaneous reperfusion [6, 17-20]. A summary
of these studies reporting clinical outcomes with t-STEMI
is shown in Table 1. One of the major determinants of
infarct size is duration of ischemia, therefore intuitively,
spontaneous reperfusion would be expected to lead to
improved clinical outcomes compared to those seen in
patients with persistent ST-segment elevation due to
shorter ischemia time.

RISK SCORES THAT PREDICT
SPONTANEOUS REPERFUSION
The PREdicting bleeding Complications In patients under-
going Stentimplantation and subsEquent Dual Anti Platelet
Therapy (PRECISE-DAPT) is a simple five-item risk score,
which provides a standardized tool for predicting the risk
of bleeding in patients on dual antiplatelet therapy after
PCI [21]. The PRECISE-DAPT score’s clinical components
include age, creatinine clearance, hemoglobin, white-
-blood-cell count, and previous spontaneous bleeding.
A score equal to or above 25 indicates a high bleeding risk

and, therefore, advocates a short period of dual antiplatelet
therapy. Beyond estimating bleeding risks, a recent study
suggests that the PRECISE-DAPT score in patients with STE-
Mlisindependently linked to the likelihood of IRA patency
before PPCI (PRECISE-DAPT score 10 [3-46] vs. 14 [3-50];
P <0.01). A study by Saylik et al. [22] showed that among
204 STEMI patients undergoing PPCl, a higher PRECISE-
-DAPT score was associated with higher intracoronary
thrombus burden.

The CHA,DS,-VASc score is a simple scoring system
developed for estimating cardioembolic thrombosis risk
in patients with non-valvular atrial fibrillation and to guide
recommendations for anticoagulation [23]. Alici et al. [18]
recently demonstrated that the CHA,DS_-VASc score was si-
gnificantly lower in patients with spontaneous reperfusion
compared to those without spontaneous reperfusion
(mean CHA DS,-VASc score 1.36 + 0.64 vs. 2.01 + 0.80;
P <0.001) [18]. The receiver operating characteristic analysis
indicated that the CHA,DS_-VASc score at a cut-off value of
<1 may predict spontaneous reperfusion with 56.1% sen-
sitivity and 73.3% specificity (area under the curve 0.703,
95% confidence interval: 0.681-0.725; P <0.001).

Therefore, risk stratification tools such as PRECISE-DAPT
and CHA DS_-VASc, which can be calculated easily and
in a timely fashion, could provide important prognostic
information and may also serve to identify patients who
are very unlikely to have spontaneous reperfusion and who
require a higher level of monitoring.
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MECHANISMS OF SPONTANEOUS
REPERFUSION

Although spontaneous reperfusion is associated with
improved outcomes, its pathophysiology remains unclear.
There are several determinants that influence spontaneous
reperfusion. Studies have highlighted the importance of
the extent, severity, and location [24] of coronary artery
disease as well as plaque morphology [25]. By identifying
clinical characteristics of patients with spontaneous reper-
fusion and establishing relationships between this cohort
of patients and potentially modifiable determinants de-
scribed below, we could implement a variety of strategies
to identify patients at risk of future cardiovascular events
and personalize management not only to reduce the risk of
an eventoccurring but reduce the severity of any sequelae
following coronary occlusion.

Endogenous fibrinolysis

Once a thrombus begins to form in an artery, the natural
protective enzymes that can break down the clot before
it causes lasting damage also become activated. The na-
tural protective enzymes that break down a clot form the
“endogenous fibrinolytic system”, which is a physiological
protective mechanism in healthy individuals that isimpera-
tive for the prevention of occlusive thrombus formation and
lasting vessel occlusion.When the balance is altered in favor
of platelet activation and/or coagulation, or if endogenous
fibrinolysis becomes less efficient, pathological thrombosis
can occur (Figure 1). Anumber of proteins and enzymes are
involved in fibrinolysis and include those that potentiate
fibrinolysis, such as tissue plasminogen activator, uroki-
nase-type plasminogen activator, and thrombomodulin
as well as those that inhibit fibrinolysis like plasminogen
activator inhibitor-1, thrombin activatable fibrinolysis in-
hibitor, a1-antiplasmin, and a2-macroglobulin.

Until recently, endogenous fibrinolysis has been
difficult to measure. The value of measuring individual
fibrinolysis activity markers such as tissue plasminogen
activator, plasminogen activator inhibitor-1, or thrombin
activatable fibrinolysis inhibitor is very limited in aiding
diagnosis and risk stratification in the individual patient,
based on the weak prognostic values obtained in some
studies and the lack of power in others. Measuring the an-
tigen or activity level of enzymes requires highly specialist
laboratory expertise, is not widely available, and it takes
along time to obtain the results. Serum D-dimer is a fibrin
degradation product that detects ongoing fibrinolysis
and is, therefore, useful in diagnosing hypercoagulable
states; however, the prognostic value of D-dimer remains
controversial in the context of ACS. Elevated concentrations
of D-dimer have been reported in several clinical settings
[26], and as a non-specific acute-phase marker, its clinical
utility is limited. The relative importance of each of these
aforementioned biomarkers compared to the others is
unclear and, therefore, one cannot build a picture of the
overall endogenous fibrinolytic status by measuring indi-

vidual markers alone [27, 28]. Furthermore, no clinically
significant difference in whole blood assays has been ob-
served or reported in any studies involving spontaneous
reperfusion in the setting of STEMI.

This not only highlights the fact that a “global” assess-
ment of thrombotic status is preferable but also that there
is a need for a novel biomarker that can identify STEMI
patients with a low likelihood of spontaneous reperfusion.
There are currently 2 methods to assess global endogenous
fibrinolysis, namely viscoelastic tests such as the rotational
thromboelastometry ROTEM® (Pentapharm GmbH, Munich,
Germany) or thromboelastography (Haemonetics Ltd., Co-
ventry, UK), which assesses thrombus formation and lysis
at low shear rates, more akin to venous thrombosis, and
the Global Thrombosis Test (Thromboquest Ltd., London,
UK), which assesses thrombus formation and lysis under
arterial flow conditions of high shear [29-31].

Studies have shown that impaired endogenous fibri-
nolysis is an independent predictor of recurrent heart
attack, stroke, and death in patients with ACS[12, 32]. The
less efficient the endogenous fibrinolysis, the greater the
cardiovascular risk. In a recent prospective study, blood
from STEMI patients (n = 801) was tested pre-PCl to assess
in vitro, point-of-care, occlusion times, and endogenous
lysis times using the Global Thrombosis Test [17]. It showed
that individuals with spontaneous reperfusion (defined as
infarct-related artery thrombolysis in myocardial infarction
flow grade 3 before PCl) demonstrated more rapid endo-
genous fibrinolysis than patients without spontaneous
reperfusion. Specifically longer occlusion time, reflecting
lower platelet reactivity and a shorter lysis time, reflecting
more efficient endogenous fibrinolysis, were significantly
associated with spontaneous reperfusion. Notably, there
were no differences in clinical characteristics or antiplatelet
therapy before angiography between patients with and
without spontaneous reperfusion. Furthermore, among
patients with spontaneous reperfusion, those with com-
plete ST-segment resolution had more rapid endogenous
fibrinolysis times and had reduced platelet reactivity than
those with only partial ST-segment resolution. Over a 4-year
follow-up period, patients with spontaneous reperfusion
experienced fewer major adverse cardiovascular events
than those without (4.1%vs. 10.6%; P=0.01).The frequency
of subsequent major adverse cardiovascular events was lo-
west in individuals with both spontaneous reperfusion and
complete ST-segment resolution (1.5% vs. 10.1%; P=0.03).

Clot structure

The formation of fibrin clots that are relatively resistant to
lysis represents the final step in the process of blood coagu-
lation and thrombosis. The assessment of clot structure
can provide information about clot permeability as well
as susceptibility to lysis [33]. There is significant evidence
indicating that abnormal fibrin properties, which enhance
the resistance of clots to lysis, represent a novel risk factor
for arterial and venous thrombotic events [34]. Patients
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with coronary artery disease have been shown to have
clots that are less permeable and with longer lysis time
than clots formed from blood taken from healthy subjects
[35]. Moreover, patients with ACS have been shown to have
denser clot structure (greater fibrin concentration), lower
clot permeability, faster clot polymerization, and prolonged
lysis time compared to patients with stable angina, and
these features correlated with raised C-reactive protein
(CRP) and oxidative stress [36]. There have been no studies
comparing the clot structure of patients with and without
spontaneous reperfusion. An important limitation of using
clot structure to reflect the susceptibility to fibrinolysis is
that fibrin clots are created from plasma, rather than whole
blood, and therefore do not take account of cellular com-
ponents that can also have a major impact on properties
of a thrombus in vivo.

Platelet reactivity

Platelet activation, leading to enhanced platelet aggre-
gation, contributes to an increased risk of cardiovascular
events in patients with coronary disease. The main deter-
minants of platelet activation and aggregation in stenosed
arteries are shear stress and wall shear stress. Poor platelet
inhibition (in response to antiplatelet agents) in the early
phase of ACS and PCl is associated with increased risk of
recurrent ischemic events including acute stent thrombosis
[371.In a meta-analysis of randomized controlled trials, re-
ducing high platelet reactivity in ACS was associated with
a reduction of major ischemic complications [38].

Capranzano et al. [39] assessed the relationship be-
tween platelet reactivity, using the VerifyNow assay, with
spontaneous reperfusion in STEMI patients. High on-treat-
ment platelet reactivity was shown to be associated with
lower rates of pre-PCl thrombolysis in myocardial infarction
flow grade 2 or 3 and higher rates of thrombus score grade
3/4(29.8% vs.52.1%; P=0.02) compared with that observed
in patients without high on-treatment platelet reactivity
(32.5% vs. 51.1%; P = 0.04).

Ticagrelor and prasugrel have been shown to reduce
circulating platelet activation markers in ACS [40] as well
as chronic coronary syndrome [41]. Nevertheless, the
ATLANTIC (Administration of Ticagrelor in the Cath-Lab or
the Ambulance for New ST-Elevation Myocardial Infarction
to Open the Coronary Artery) study showed that prehospi-
tal administration of ticagrelor does not improve pre-PCl
coronary flow, compared to ticagrelor administration in
hospital [42]. The cause of persistently increased platelet
activation, despite antiplatelet medication, may be multi-
factorial. Opioid medication utilized for pain management
in patients with ACS has been shown to delay the onset
of action of P2Y,, inhibitors [43]. Another explanation for
this is that the effectiveness of clopidogrel depends on its
conversion to an active metabolite, which is accomplished
by the cytochrome P450 2C19 enzyme and individuals who
have either 1 or 2 loss-of-function copies of the cytochrome
P4502C19 gene (defined at intermediate and poor metabo-

lizers respectively) will have significantly reduced enzyme
activity and cannot activate clopidogrel, which means the
drug will have a reduced antiplatelet effect.

In another study of patients with STEMI receiving aspi-
rin and clopidogrel, the prevalence of high on-treatment
platelet reactivity was lower in patients with spontaneous
reperfusion than in those without spontaneous reperfusion
(15.9% vs. 66.7%; P=0.01) [44]. Patients with spontaneous
reperfusion have also been shown to have reduced platelet
reactivity, as measured under conditions of high shear
using the Global Thrombosis Test, compared to patients
without spontaneous reperfusion [17].

Interaction between inflammation and
fibrinolysis

The active inflammatory process involved in the forma-
tion of atherosclerotic plaques is well described [45], and
there is also increasing evidence of complex, bi-direc-
tional cross-talk between inflammation and coagulation
pathways [46, 47]. Exposure of blood to tissue factor,
either through plaque rupture or release from circulating
monocytes, results in activation of coagulation, resulting
in thrombin and ultimately fibrin generation, as well
as platelet activation. These coagulation factors have
additional inflammatory effects. Binding of tissue factor,
thrombin, and other activated coagulation proteases to
specific protease-activated receptors on inflammatory cells
may induce the release of proinflammatory cytokines and
chemokines, which can further modulate coagulation and
fibrinolysis [46-48].

The main inhibitor of fibrinolysis in the circulation is
plasminogen activator inhibitor-1, and increased levels
have been linked to myocardial infarction [49]. Not only
are high CRP levels associated with elevated plasminogen
activator inhibitor-1 levels in several conditions such as
sepsis, inflammation, and myocardial infarction, but in
experimental models, proinflammatory cytokines liberated
during inflammation, including CRP, interleukin-6, and
tumor necrosis factor alpha, directly influence plasminogen
activator inhibitor-1 synthesis [50, 51]. Incubation of hu-
man aortic endothelial cells with CRP induced a time- and
dose-dependentincrease in plasminogen activator inhibi-
tor-1 expression and activity [51],and a reduction in tissue
plasminogen activator activity [52], showing a direct effect
on fibrinolytic status. There is a direct functional relation-
ship between plasminogen activator inhibitor-1 and CRP
and a correlation between CRP and endogenous fibrinolysis
time or plasma clot lysis time [32]. In a retrospective study
evaluating 998 STEMI patients who underwent emergency
coronary angiography, 229 (22.95%) patients had evidence
of spontaneous reperfusion (defined as infarct-related arte-
ry thrombolysis in myocardial infarction flow grade 3 before
PCI) [53]. CRP levels were significantly lower in patients
with spontaneous reperfusion than in those without spon-
taneous reperfusion (3.48 mg/dl vs. 5.48 mg/dl; P= 0.01).
Furthermore, multivariate logistic regression, adjusted for
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age, sex, cardiovascular risk factors, antiplatelet therapy,
time to angiography, and hematological variables, demon-
strated that CRP level was an independent predictor of
spontaneous reperfusion (odds ratio 0.92; 95% confidence
interval, 0.87-0.99; P=0.02).

Neutrophil extracellular traps

Atherosclerosis is triggered by the damage of vascular
endothelial cells and neutrophils are the first line of inflam-
matory cells to be activated and recruited to these dama-
ged endothelial cells. Neutrophils can release neutrophil
extracellular traps (NETs), which are web-like chromatin
structures composed of deoxyribonucleic acid, histones,
and granule proteins that promote arterial thrombosis by
providing a scaffold for platelets, red blood cells, extracel-
lular vesicles, and clotting factors, such as von Willebrand
factor and tissue factor [54].

NETs and their individual components appear to mo-
dulate clot lysis and data suggest that the permeability of
plasma clots was reduced by about 50% in the presence of
DNA or histones. This is in part due to increased thrombin
fiber diameter but also due to inhibition of plasmin-driven
lysis of plasma clots [55]. Increased concentrations of hi-
stones have been shown to markedly impair fibrinolysis in
vitro, and the addition of DNA further prolongs lysis time
[56].The effects of histones and DNA in isolation were sub-
tle and suggest that histones affect clot structure, whereas
DNA alters the way clots are lysed. DNase, an enzyme that
breaks up extracellular DNA, can nullify these effects and
has been shown to accelerate tPA-induced lysis (measured
as percent of baseline thrombus weight per time point)
in clots obtained from patients with STEMI undergoing
PPCI [57]. In the same study performed by Mangold et
al., coronary NET burden was inversely correlated with
ST-segment resolution (r = —0.608; P = 0.003) and positi-
vely with cardiac magnetic resonance imaging-measured
infarct size (r = 0.689; P = 0.003). Moreover, culprit lesion
site DNase activity was inversely correlated with coronary
thrombus NET burden (r = —0.623; P <0.0001) as well as
cardiac magnetic resonance imaging-measured infarct
size (r =—0.475; P = 0.008) and positively with ST-segment
resolution (r =0.579; P=0.001)

Blasco et al. [58] recently demonstrated that the pre-
sence of NETs in coronary thrombi was associated with
a worse prognosis soon after STEMI. NETs were detected
in 51% of coronary thrombi aspirated from 406 patients
with STEMI and their presence was strongly associated with
recurrent adverse cardiovascular events in the first 30 days
after infarction (hazard ratio 2.82; P = 0.01), particularly
reinfarction (odds ratio 2.28; P=0.03).

NETs also enhance blood coagulation, not only by
activating the intrinsic pathway of coagulation but also
by degrading tissue factor pathway inhibitor, the major
extrinsic coagulation pathway inhibitor. NETs can impair
smooth muscle cells and the death of smooth muscle cells
and foam cells, together with the degradation of the extra-

cellular matrix, results in thinning of the fibrous cap and
the formation of rupture-prone vulnerable plaques [59].

Such evidence provides the rationale for NET-targeted
strategies to improve thrombolysis, particularly in the
setting of STEMI.

Lipoprotein (a)

Lipoprotein (a) (Lp[al), is a low-density lipoprotein (LDL)
particle bound to apolipoprotein(a). Elevated levels of
Lp(a) have been shown to be associated with increased
risk of cardiovascular events in patients with established
cardiovascular disease irrespective of LDL cholesterol levels
[60]. Lp(a) levels vary among the general population from
<0.2 to 2250 mg/dl but have been shown to remain stable
throughout an individual’s life [61].

Lp(a) may exert its adverse effects by negatively im-
pacting endogenous fibrinolysis. Plasmin is an important
enzyme present in blood that degrades many plasma
proteins, including fibrin clots. Lp(a) has a high degree of
homology to plasminogen (a pro-enzyme that is cleaved to
form plasmin) and may cause thrombosis by competitively
inhibiting tissue plasminogen activator-mediated plasmi-
nogen activation and tissue plasminogen activator-me-
diated clot lysis. Furthermore, Lp(a) stimulates the activity
of plasminogen activator inhibitor-1, which is the major
inhibitor of the fibrinolytic system. Undas and co-workers
have shown that elevated plasma Lp(a) levels are associated
with pathogenic clot properties, namely decreased fibrin
clot permeation and impaired susceptibility to fibrinolysis,
both in apparently healthy subjects and patients with
advanced coronary artery disease [62].

A study conducted in patients with myocardial infarc-
tion receiving thrombolytic therapy showed that Lp(a)
levels were not related to the reperfusion outcome of
thrombolysis [63]. However, among those patients who
did not receive thrombolysis, the spontaneous reperfusion
rate was significantly higher in patients with low Lp(a) levels
compared to those with high Lp(a) levels. Lp(a) levels were
shown to be significantly higher in patients with persistent
occlusion compared with those with spontaneous reper-
fusion of the IRA in the early phase of ACS [64]. More recen-
tly, Sankhesara et al. [65] have shown elevated Lp(a) levels
to be associated with greater thrombus burden in younger
STEMI patients. The findings of these studies accord with
the thrombotic and anti-fibrinolytic properties of Lp(a).

POTENTIAL THERAPEUTIC TARGETS

Endogenous fibrinolysis
Despite optimal contemporary treatments with PPCI
and antithrombotic medications, studies have shown
that impaired endogenous fibrinolysis is an independent
predictor of adverse cardiovascular outcomes in patients
with ACS [12, 32].

The study conducted by Kaniji et al. [17] provides insi-
ghts into the role of the endogenous fibrinolytic system in
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thrombotic coronary artery occlusion and the likelihood of
spontaneous restoration of coronary artery patency prior to
mechanical or fibrinolytic therapy intervention. Therefore,
measurement of endogenous fibrinolysis using the Global
Thrombosis Test may be a novel target for pharmacological
intervention and could in the future allow targeting of
potent antithrombotic medications to high-risk patients.

Clot structure

The PLATO sub-study demonstrated that impaired fibrin
clot properties, such as fibrin network architecture and
susceptibility to fibrinolysis, independently predict adver-
se clinical outcomes following ACS [32]. Clot structure
assessment can provide us with an abundance of infor-
mation with regard to what therapeutic interventions can
potentially break down resistant clots in life-threatening
events or even favorably modify fibrin clot structure to
prevent future cardiovascular events. Zabczyk et al. [33]
have recently summarized the studies that have already
reported effects of conventional therapeutic interven-
tions on fibrin clot properties. Of the current conventional
secondary prevention drugs for cardiovascular disease,
aspirin can increase clot permeability at all doses in healthy
individuals [66], statins can increase clot permeability and
clot maximum absorbency as well as reduce clot lysis time
[67,68], and anti-hypertensive medications (monotherapy
with quinapril, losartan, amlodipine, hydrochlorothiazide,
or bisoprolol) can increase clot permeability and reduce
clot lysis time [69]. With regard to anti-diabetic medica-
tion, metformin has been shown to decrease clot lysis
time in vitro [70], and insulin has been shown to increase
clot permeability in type 1 diabetics after 4-6 months of
treatment [71]. Future studies utilizing novel therapeutic
interventions could incorporate clot structure assessment
to gain a better mechanistic understanding if a favorable
clinical outcome is achieved.

Lipoprotein (a)

Until recently, Lp(a) has been considered a non-modifiable
cardiovascular risk factor as few therapies are available to
sufficiently reduce Lp(a) levels. New data, however, have
shown that novel cholesterol-lowering treatments, namely
proprotein convertase subtilisin/kexin type 9inhibitors [72],
inclisiran (a long-acting silencing ribonucleic acid) [73]
and antisense oligonucleotides [74] can reduce Lp(a)
levels by approximately 25%, 20%, and 80% respectively.
The FOURIER trial was a randomized trial of evolocumab
versus placebo inpatients with established atheroscle-
rotic cardiovascular disease [72]. Lp(a) was measured at
baseline in 25 096 patients and at 48 weeks, evolocumab
significantly reduced Lp(a) by a median of 26.9%. In the
ODYSSEY OUTCOMES trial, alirocumab reduced Lp(a) levels
by 23% from baseline to month 4, compared to placebo.
In the ORION-10 and ORION-11 trials, a total of 1561 and
1617 patients with elevated LDL-cholesterol levels, re-
spectively. were randomly assigned in a 1:1 ratio to receive

either inclisiran or placebo [73]. The median reduction in
Lp(a) levels was 21.9% and 18.6% from the baseline in the
ORION-10 and ORION-11 trials, respectively. In a phase
I/lla trial assessing 30 patients with elevated Lp(a) levels,
administration of the antisense oligonucleotide IONIS-
-APO(a)-LRx in a multiple-ascending-dose phase, resulted
in mean reductions in Lp(a) of 66% in the 10 mg group,
80% in the 20 mg group, and 92% in the 40 mg group
(P <0.001 for all vs. placebo) at day 36 [74].

The pivotal role played by Lp(a) in thrombus formation
and stability provides the rationale for employing Lp(a)
lowering therapies to prevent atherothrombosis. Phase Il
studies (NCT04023552 and NCT05581303) involving anti-
sense oligonucleotides (i.e., pelacarsen and olpasiran) are
currently ongoing to assess whether Lp(a) reduction trans-
lates to improved cardiovascular outcomes. Additionally
small interfering ribonucleic acid therapies targeting Lp(a)
messenger ribonucleic acid are also under development
[75]. Whether these drugs, in addition to reducing Lp(a),
can also enhance endogenous fibrinolysis and, therefore,
increase the likelihood of spontaneous reperfusion follo-
wing STEMI will require further assessment.

P2Y_,and glycoprotein IIb/llla inhibitors

Despite significant advances in antiplatelet therapy for
ACS, oral P2Y , inhibitors have failed to demonstrate either
improved patency or reduced mortality when administered
in the prehospital setting [76]. Furthermore, although po-
tent intravenous glycoprotein llb/llla inhibitors (abciximab,
tirofiban, and eptifibatide) have been shown to reduce the
incidence of death and recurrent ACS in high-risk patients
undergoing PCl compared with unfractionated heparin, they
blockall circulating platelets resulting in increased frequency
of major bleeding complications [77]. Thus, there is a need
for antiplatelet agents that achieve rapid and potent platelet
inhibition to restore patency of the IRA in the prehospital
setting without unreasonably high bleeding risk.

Selatogrel is a novel, potent, reversible, and selective
P2Y . inhibitor administered subcutaneously undergoing
clinical trial evaluation. Results from preclinical, phase I and
Il trials have confirmed that the agent provides sustained
and reversible P2Y . platelet inhibition with an acceptable
safety profile [78-81]. Zalunfiban, a novel subcutaneously
administered glycoprotein llb/llla inhibitor designed for
prehospital administration, has been shown to achieve
rapid, high-grade platelet inhibition that exceeds that
of P2Y_, inhibitors and also has a rapid offset of action to
minimize the risk of bleeding [82].

Zalunfiban and selatogrel represent an exciting new ge-
neration of platelet antagonists that may be administered
easily via subcutaneous injection at first medical contact
in patients with STEMI. The ongoing phase Il studies, Ce-
leBrate (NCT04825743) and SOS-AMI (NCT04957719) will
provide more definitive answers and shed further light on
whether these medications might increase the frequency
of “spontaneous” reperfusion and improve outcomes.
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Anticoagulants
The mainstay of pharmacological treatment for ACS
patients is dual antiplatelet therapy. Anticoagulants (inc-
luding vitamin K antagonists, non-vitamin K antagonist
oral anticoagulants, fondaparinux, and heparin) have
been shown to alter fibrin clot structure by increasing clot
permeability and altering clot density [83, 84]. Pilot data
have also shown that in patients with atrial fibrillation, tre-
atment with non-vitamin Kantagonist oral anticoagulants
showed a trend to enhance endogenous fibrinolysis as well
as a favorable effect on reducing platelet reactivity [85].

Among the non-vitamin K antagonist oral anticoagu-
lants, rivaroxaban is the only one to successfully undergo
phase Il evaluation in ACS patients in combination with
dual antiplatelet therapy. The ATLAS ACS-2 TIMI 51 study
showed that the addition of even very low-dose anticoagu-
lant (rivaroxaban 2.5 mg twice daily) to dual antiplatelet
therapy in patients with a recent ACS significantly reduced
the primary endpoint of cardiovascular death, myocardial
infarction or stroke, compared with placebo, and also
reduced the rates of death from cardiovascular causes
(2.7 vs. 4.1%; P <0.01) and from any cause (2.9 vs. 4.5%;
P <0.01); however, this came at a price of increased major
bleeding and intracranial hemorrhage [86].

Factor Xl is the zymogen of a plasma protease, factor
Xa, that contributes to thrombin generation during blood
coagulation which may potentially lead to vessel occlusion
and pathological manifestations of thrombosis [87]. Factor
Xl-directed strategies are proposed to reduce thrombosis
with minimal effect on hemostasis due to its limited role
in the initiation phase of the extrinsic pathway and the-
refore, in theory, they might be safer than rivaroxaban
in ACS patients. Circulating factor Xla has been shown
to be associated with prothrombotic plasma fibrin clot
phenotype, represented by low permeability and impaired
susceptibility to lysis, suggesting additional pathways that
factor Xla inhibitors could act as novel antithrombotic
agents in coronary artery disease [88]. There is already
aphase lll clinical trial underway (NCT05754957) assessing
the efficacy and safety of the addition of factor Xla inhibitor
milvexian versus placebo to standard-of-care in patients
with recent ACS. Again, whether such patients with ACS
given milvexian, on top of dual antiplatelet therapy, will
have a lower frequency of subsequent ischemic events, and
whether this could be driven by enhanced spontaneous
reperfusion remains to be seen.

Anti-inflammatory therapies
The most important inflammatory mediators that play
a significant role in the atherosclerotic process are the cy-
tokines, interleukin-1 beta and interleukin-6 chemokines,
interferon-gamma, and tumor necrosis factor alpha.

The LoDoCo trial [89] and COLCOT trial [90] showed
that among patients with a recent myocardial infarction,
colchicine at a dose of 0.5 mg daily led to a significantly

lower risk of ischemic cardiovascular events than placebo.
The CANTOS study showed for the first time that isolated
treatment with canakinumab targeting interleukin-1 beta
inhibition can reduce the risk of cardiovascular events in
patients post-ACS [91]. However, this came at the price of
anincreased risk of fatal infection or sepsis (incidence rate,
0.31vs.0.18 events per 100 person-years; P=0.02). Further-
more, canakinumab is extremely expensive (approximately
£12 000 per injection) and is not cost-effective for preven-
tion of recurrent cardiovascular events in patients with
a prior myocardial infarction [92]. This has highlighted the
need for the development of other novel therapeutic stra-
tegies as well as for a more appropriate cohort of patients
more likely to respond to anti-inflammatory therapies.

Although prompt reperfusion of the infarct-related
artery results in reduced infarct size and more favorable
outcomes in STEMI patients, paradoxically the restoration
of blood flow itself may also lead to further myocardial da-
mage thought to be via the generation of reactive oxygen
species, intracellular calcium overload, and acidosis [93]. Up
to 50% of the viable myocardium loss may be attributed
to the reperfusion injury and the associated inflammatory
response [93]. Interleukin-6 levels are substantially eleva-
ted after myocardial infarction contributing to both the
inflammatory process as well as reperfusion injury [94,
95]. The ASSAIL-MI trial was a randomized, double-blind,
placebo-controlled trial, where 200 STEMI patients were
assigned randomized in a 1:1 fashion to promptly receive
a single infusion of 280 mg tocilizumab or placebo [96].
The primary endpoint was the myocardial salvage index
as measured by cardiac magnetic resonance imaging
after 3-7 days. The study demonstrated that tocilizumab
increased myocardial salvage in patients with STEMI
(69.3 £ 19.3% vs. 63.6 + 20.58%; P = 0.04).

ARTEMIS (NCT06118281) is a phase-lll, double-blind,
randomized control trial scheduled to start patient recru-
itment in mid-2024 and will compare an interleukin-6 in-
hibitor (ziltivekimab) to placebo in patients with acute
myocardial infarction (STEMI or NSTEMI) and evidence of
type | myocardial infarction on coronary angiography. This
trial will try to determine whether ziltivekimab reduces
cardiovascular event rates. Whether such chronic main-
tenance therapy can enhance and favorably modulate
thrombo-inflammatory status and reduce future vascular
occlusion will be eagerly awaited.

CONCLUSION
Patients with spontaneous reperfusion in the setting of
STEMI experience more favorable outcomes and reduced
mortality. A biomarker that can identify patients with STEMI
with a low likelihood of spontaneous reperfusion would
justify the use of more potent antithrombotic medications
in such patients, in a personalized fashion, avoiding unne-
cessary treatment in those with spontaneous reperfusion
and improving outcomes for those with persistent vessel
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occlusion. Assessment of endogenous fibrinolysis in whole
blood appears to be the most promising biomarker availa-
ble at present and provides pathophysiologically relevant
information. Future studies will be needed to assess the
impact of novel antithrombotic, anti-inflammatory, and
lipid-lowering therapies currently in development on
endogenous fibrinolysis and spontaneous reperfusion.
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