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Abstract: Despite considerable improvement in diagnostic modalities and therapeutic options over
the last few decades, the global burden of ischemic heart disease is steadily rising, remaining a
major cause of death worldwide. Thus, new strategies are needed to lessen cardiovascular events.
Researchers in different areas such as biotechnology and tissue engineering have developed novel
therapeutic strategies such as stem cells, nanotechnology, and robotic surgery, among others (3D
printing and drugs). In addition, advances in bioengineering have led to the emergence of new
diagnostic and prognostic techniques, such as quantitative flow ratio (QFR), and biomarkers for
atherosclerosis. In this review, we explore novel diagnostic invasive and noninvasive modalities
that allow a more detailed characterization of coronary disease. We delve into new technological
revascularization procedures and pharmacological agents that target several residual cardiovascular
risks, including inflammatory, thrombotic, and metabolic pathways.
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1. Introduction

Coronary artery disease (CAD) is the most common type of heart disease, killing
approximately 380,000 people in 2020 [1]. Treatment of CAD includes lifestyle changes, risk
factor management, drugs, and invasive procedures (percutaneous or surgical), depending
on the presence of symptoms, extent, or clinical presentation of the disease (acute or
chronic). Recently, new technologies have promoted substantial progress in the diagnosis
and treatment of CAD. These technologies include the physiological assessment of CAD,
which complements the findings of the anatomical evaluation; cardiac biomarkers; and
microRNAs, which help in the detection of CAD. New drugs have allowed the reduction of
cardiovascular events and advances in invasive treatment. Aided by robotics, shockwave,
nanotechnology, stem cells, and three-dimensional printing can be useful to visualize
the extent of the coronary occlusion and stenosis (Central Illustration). In this article, we
summarize the literature on recent advances regarding therapeutic strategies and diagnostic
methods for CAD.

2. Diagnoses and Evaluation of Coronary Artery Disease

“But there is a disorder of the breast marked with strong and peculiar symptoms,
considerable for the kind of danger belonging to it (...). The seat of it and the sense
of strangling and anxiety with which it is attended, may make it not improperly
be called angina pectoris.” [2].

Since Heberden’s description in 1772 [2], our understanding of CAD has considerably
expanded. Its characteristics, natural history, and pathological peculiarities have been
scrutinized, and methods for a more thorough clinical evaluation have been constantly
emerging. In 1958, the first selective coronary arteriogram was performed by Dr. F. Mason
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Sones, which has become a cornerstone in CAD evaluation [3]. Cumulative knowledge
has set the foundation for a rapidly evolving field, and novel methods in the evaluation
of CAD help physicians to more accurately evaluate the burden of the disease upon
their patients.

CAD may be assessed via anatomical or functional methods. The first relies on ob-
serving the disease by detecting physical obstruction to blood flow. The key to anatomical
methods is coronary angiography, which delineates coronary anatomy using contrast
media and radiation. Upon similar premises, but with the advantage of being a non-
invasive method, coronary computed tomography (CCT) is increasingly being used in
broader scenarios. In addition to luminal evaluation, CCT offers insights into vascular
structures beyond the degree of obstruction and allows the evaluation of the coronary
artery calcium (CAC) score, an important prognostic tool with the capacity to reclassify
patients during primary prevention. Intracoronary imaging methods have also been devel-
oped, and intravascular ultrasonography (IVUS) and optical coherence tomography (OCT)
have been incorporated in clinical practice. More recently, plaque evaluation technology
has been developed, and near-infrared spectroscopy (NIRS) is a novel technique in this
area (Table 1).

Coronary angiography is inaccurate for assessing the function of coronary lesions;
often, stenosis that is deemed severe on angiographic assessment does not restrict coronary
blood flow at rest or with maximal dilatation. The physiological assessment of CAD allows
complementing the findings of the anatomical evaluation. Probably the most widespread
physiological assessment method is the exercise electrocardiogram (ECG). Resting ECG
may provide clues regarding CAD, such as signs of past events or ischemic changes;
however, in stable patients, such changes are unlikely to occur without a higher than basal
metabolic demand, because the obstruction in this scenario is fixed. Imaging methods,
such as stress echocardiography, single-photon emission computed tomography (SPECT),
cardiac magnetic resonance (CMR), or positron emission tomography (PET), have emerged
as more accurate means of evaluating ischemia. Despite being distinct ischemia induction
techniques, all these methods have an ischemia detection accuracy of above 80% [4]. As
such, SPECT and CMR stress-perfusion have become methods used almost worldwide
for noninvasive functional evaluation, allowing the characterization of specific ischemic
myocardial segments, especially for individuals with suspected CAD with intermediate risk
probability. Invasive functional assessment has also been developed, and catheter-based
methods such as fractional flow reserve (FFR), instant wave-free ratio (iFR), coronary flow
reserve (CFR), and quantitative flow ratio (QFR) are being added to the arsenal of CAD
evaluation tools. Additionally, noninvasive methods for plaque-specific functional analysis
have been developed; FFR and other similar measures can be performed with the aid of
CCT (Table 2).

Finally, biomarkers have been investigated to aid with CAD detection. Circulating mi-
croRNAs have been proposed as a potential target in this context. Additionally, perivascular
fat attenuation has recently been studied and associated with local immune-inflammatory
response activation, which is closely related to plaque vulnerability [5]. Below, some of the
aforementioned methods are discussed in more detail.
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Table 1. Characteristics of methods for anatomical assessment of coronary artery disease. Abbre-
viations: IVUS: intravascular ultrasonography; OCT: optical coherence tomography; NIRS: near-
infrared spectroscopy; PCI: percutaneous coronary intervention; NA: not applicable. Adapted from
Maehara et al. [6].

IVUS OCT NIRS

Resolution + ++ NA

PCI (stent sizing, expansion) ++ ++ NA

Necrotic core + + ++

Detection of thin cap ± ++ -

Thrombus ± + -

Stent tissue coverage + ++ -

Calcification ++ - -

Remodeling ++ - -

Neointimal hyperplasia + ++ -

Requires blood-free field of view No Yes No

Table 2. Characteristics of methods for physiological assessment of coronary artery disease. Ab-
breviations: CCTA: coronary computed tomography angiography; CFR: coronary flow reserve;
FFR: fractional flow reserve; HMR: hyperemic microvascular resistance; iFR: instantaneous wave-
free ratio; IMR: index of microcirculatory resistance; QFR: quantitative flow ratio. Adapted from
Maitre-Ballesteros et al. [7].

Method Advantages Limitations

FFR Prognostic studies available
Guidewire: cost; complication

Hyperemia: cost; side effect of adenosine
Increase time of procedure

iFR

Validated by noninferiority
studies vs. FFR

Hyperemia-independent
Quicker than FFR

Guidewire: cost; complication
Hyperemia: cost; side effects of adenosine

Specific software required

QFR Hyperemia-independent
No pressure wire

Specific software required
Precise acquisition of angiography

Manual correction by expert

CCTA-FFR
Noninvasive

Increase performance of
CCTA

Cost
Offline analysis

CFR

Study all coronary tree
Prognostic performance

Overall assessment (macro-
and microcirculation)

Variability: intrinsic plus variable resting
condition

Guidewire: cost; complication
Hyperemia: cost; side effects of adenosine

Increase time of the procedure

IMR Microcirculatory analysis
Guidewire: cost; complication

Hyperemia: cost; side effect of adenosine
Increase time of the procedure

HMR Microcirculation analysis

Guidewire: cost; complication
Hyperemia: cost; side effect of adenosine

Increase time of the procedure
Doppler: additional cost; Doppler signal

not analyzable in 30% of patients
No cutoff value
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2.1. Anatomical Methods
2.1.1. Intravascular Ultrasonography (IVUS)

Intravascular ultrasonography (IVUS) has played an important role in recent interven-
tional evolution. It enables not only the anatomical evaluation of lesion severity and plaque
morphology but also better stent deployment and intrastent obstruction evaluation [8].
Additionally, IVUS is an invaluable tool in the evaluation of patients with myocardial
infarction with nonobstructive coronary arteries (MINOCA).

IVUS technology is based on the acquisition of intravascular images with the aid
of a transducer in the tip of a catheter during interventional coronary angiogram (ICA),
generating cross-sectional images of the arteries. The IVUS waves travel through the blood
and then sequentially throughout the artery layers: intima (which partially reflects these
waves, generating a bright image), media (usually dark), and adventitia (also bright) [9].
The cross-sectional nature of the image allows for a better appreciation of the plaque
anatomy compared with ICA alone. The presence and degree of calcification in a lesion
of interest can also be assessed. IVUS is particularly useful for detecting dissections and
eccentric plaques not seen on ICA, which can be mechanisms for MINOCA detected on
angiogram. Several clinical studies have evaluated its usefulness in clinical practice [10–12].
The assessment of the minimal lumen area (MLA) by intravascular imaging could be a
surrogate for ischemia evaluation [13,14]. Park at al. showed that in patients with isolated
ostial and shaft intermediate left main coronary artery stenosis, an IVUS-derived MLA of
≤4.5 mm2 was a useful index of a fractional flow reserve (FFR) of ≤0.80 [14]. However,
this number varies according to the location of the lesion, which limits its use in daily
clinical practice.

The Providing Regional Observations to Study Predictors of Events in the Coronary
Tree (PROSPECT) study evaluated the use of IVUS for predicting events after acute coronary
syndrome (ACS) [15]. The 3-year cumulative rate of major adverse cardiovascular events
(MACEs) was 20.4%. Almost half of these were in nonculprit lesions, and plaque-related
risk factors were a plaque burden of 70% or greater (hazard ratio (HR) 5.03) and an MLA
of 4 mm2 or less (HR 3.21). Additionally, the authors used radiofrequency analysis to
estimate plaque composition, and those classified as thin-cap fibroatheromas had a higher
risk as well (HR 3.35). Furthermore, IVUS-guided PCI has shown superiority in reducing
MACEs [16] and target vessel failure [17].

2.1.2. Near-Infrared Spectroscopy (NIRS)

NIRS imaging offers the ability to penetrate blood and tissue to detect lipid core-
containing coronary plaques. The technology is based on the spectral analysis of the
plaque with the aid of catheter-based equipment. The concept of spectroscopy is based
on different materials having different interactions with light, which can basically be
absorbed or scattered within the tissue [18,19]. These different interactions lead to the
establishment of spectral “fingerprints”, enabling the observer to infer the composition of
a determined object [20]. This technology has been widely used in other fields of science,
allowing, for example, the identification of the composition of distant astronomical objects
in astrophysics [21].

The electromagnetic spectrum is composed of an array of wavelengths, from longer to
shorter: radiofrequency, microwave, infrared, visible light (and its respective colors), ultra-
violet, X-rays, and gamma rays [22]. Whereas the eye can interpret radiation in the visible
light part of the spectrum only, different equipment can evaluate other wavelengths [20].
This is where NIRS is valuable.

The NIRS technique has been evaluated in some trials [23,24]. The aforementioned
PROSPECT trial assessed plaque composition with radiofrequency analysis, which is
similar to NIRS [15]. The Providing Regional Observations to Study Predictors of Events in
the Coronary Tree II (PROSPECT II) trial evaluated the ability of IVUS and NIRS to detect
vulnerable plaques within the coronary arteries [25]. Patients in the acute/subacute phase
of an MI (up to 4 weeks) were recruited. After successful treatment of all flow-limiting
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lesions in patients with recent MI, intravascular imaging was performed in the proximal
6–10 cm of all three coronary arteries with a combination NIRS–IVUS catheter. The authors
found a higher risk of subsequent MACE in patients with identified highly lipid lesions
(adjusted OR 2.27, 95% CI 1.25–4.13) and a high plaque burden (with additive effect). Those
with lesions with both a high plaque burden and highly lipid lesions had a 7% 4-year rate
of MACEs, whereas those with high plaque burden without signs of highly lipid content
had a rate of 2.2%.

2.1.3. Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) is another intravascular imaging method that
relies on the reflection of light to form cross-sectional images. Compared with IVUS, it has
both advantages and disadvantages.

The first and more notable advantage of OCT is its higher imaging resolution, which
may lead to more accurate appreciation of thin-cap fibroatheroma, stent malapposition,
coronary dissection, and neointimal proliferation, among others [24,25]. Additionally, OCT
can be used to more thoroughly evaluate calcified plaques and thrombi, because IVUS
evaluation can be limited in this specific scenario. [25–27]. Another advantage is that OCT
allows for a better 3D modeling of the vessels, if desired [25,27].

However, OCT demands injection of a contrast medium to achieve blood clearance,
as blood may disturb the light signal, and this may culminate in a larger quantity of
contrast [26,27]. Another downside to the need for blood clearance is that lesions located
at the ostia might not be adequately assessed, as achieving clearance in these locations is
difficult. MLA may also be evaluated with OCT, which has lower numerical thresholds
than IVUS and has a good positive predictive value (PPV) and a low negative predictive
value (NPV) for significant FFR lesions [26,27].

2.2. Functional Methods
2.2.1. Fractional Flow Reserve (FFR)

Fractional flow reserve (FFR) is an invasive index of the functional severity of stenosis
determined from coronary pressure measurement during cardiac catheterization [28]. This
technique is used to evaluate the maximum possible distal flow to the myocardium supplied
by a stenotic artery as a fraction of the normal maximum flow. It relies on two pillars, the
first being the positioning of a pressure-monitoring guide wire distal to the specific lesion
and the second being the administration of a vasodilator to achieve maximal hyperemia.
The pressure distal to the lesion is then compared with a normal reference, such as the
aortic root pressure. Under normal circumstances, the ratio of a given point on an epicardial
vessel to this normal reference should be one, meaning flow is not remarkably obstructed.
Pijls et al. showed that an FFR < 0.75 reliably discriminates coronary stenosis, whether
associated with inducible ischemia or not [29]. In another study, Pijls et al. compared
FFR with multiple noninvasive tests (bicycle exercise testing, thallium scintigraphy, stress
echocardiography with dobutamine, and quantitative coronary arteriography) [30]. All the
patients with an FFR < 0.75 had at least one of these tests compatible with ischemia, which
was reverted after angioplasty or surgery. This evidence strongly suggests that FFR is an
accurate method for the detection of ischemia. However, the clinical implications of these
findings remain uncertain.

The Fractional Flow Reserve Versus Angiography for Multivessel Evaluation (FAME)
study was the first to assess the clinical impacts of FFR [31]. The results from this study
indicated that FFR-guided PCI is associated with a significantly lower incidence of MACEs,
defined as a composite of death, MI, or any repeat revascularization, compared with
routine angiography-guided PCI in patients with multivessel coronary disease, without a
significant increase in procedure time and with lower costs and resource use.

The Fractional Flow Reserve versus Angiography for Multivessel Evaluation 2
(FAME 2) study evaluated whether FFR-guided PCI plus the best available medical therapy
would be superior to the best available medical therapy alone in reducing the MACEs
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among patients with stable CAD [32]. PCI was only considered for patients with an FFR
≤ 0.80. The enrollment was prematurely stopped owing to a highly significant difference
in the incidence rates of the primary end point between the PCI and medical therapy
groups. However, patients were not blinded to the presence of a lesion thought to be
hemodynamically important, and a large majority of the events were revascularizations
performed based on symptoms that mainly occurred in the early half of the trial.

The Fractional Flow Reserve versus Angiography for Multivessel Evaluation (FAME)
3 trial compared coronary artery bypass grafting (CABG) with FFR-guided PCI for three-
vessel CAD [33]. The findings demonstrated that FFR-guided PCI using current-generation
DES did not meet the criteria for noninferiority compared with CABG at one-year follow
up (HR 1.50; 95% CI 1.10–2.20; p for noninferiority = 0.35). However, the short follow-up
time (one year) may have underestimated an increased benefit of CABG, which, in other
studies, showed a beneficial cumulative effect over several years of follow-up.

In summary, FFR appears to be a safe method to determine which lesions do not
warrant treatment in addition to visual analysis. However, what it represents in terms of
clinical value is still debated.

2.2.2. Computed Tomography Fractional Flow Reserve (CCTA-FFR)

Despite some degree of controversy, FFR has been implemented in clinical prac-
tice for the evaluation of stable CAD. However, its invasive nature precludes its more
widespread use.

Coronary computed tomography angiography (CCTA) is a noninvasive method that
has been increasingly used in patients with chest pain, providing acceptable anatomical,
but limited functional, evaluation. Upon these premises, CCTA-based FFR (CCTA-FFR)
has emerged as an alternative to merge anatomical and functional evaluation through a
noninvasive test. Whereas FFR is based on the direct measurement of distal and proximal
pressures, CCTA-FFR is based on fluid dynamics principles and calculations [34].

Min et al. compared 252 patients who underwent CCTA, CCTA-FFR, ICA, and FFR
regarding ischemia detection [35]. Compared with ICA and FFR, CT and CCTA-FFR were
found to have 73% diagnostic accuracy, 90% sensitivity, 54% specificity, 67% PPV, and 84%
NPV. The addition of CCTA-FFR seemed to increase the yield of CT alone, with a larger
area under the curve (AUC) (0.81 vs. 0.68). Of note, this study described about 6 h of time
required for each CCTA-FFR case. Additionally, 46.5% of patients had obstructive CAD
on ICA, whereas 53.2% had this finding on CT. Of these, 37.1% had FFR < 0.80 and 53.3%
had CCTA-FFR < 0.80. Similarly, the Diagnosis of Ischemia-Causing Stenosis Obtained via
Noninvasive Fractional Flow Reserve (DISCOVER-FLOW) study compared CCTA-FFR
with ICA and FFR and found a diagnostic accuracy of 84.3%, sensitivity of 87.9%, specificity
of 82.2%, PPV of 73.9%, and NPV of 92.2% [36].

A second iteration of the CCTA-FFR algorithm was tested against invasive angiogra-
phy with FFR in 251 patients with suspected CAD in the Analysis of Coronary Blood Flow
Using CT Angiography: Next Steps (NXT) trial [37]. This trial reported that the diagnostic
accuracy, sensitivity, specificity, PPV, and NPV for CCTA-FFR on a per-patient basis were
81%, 86%, 79%, 65%, and 93%, respectively.

In the Prospective Longitudinal Trial of FFRCT: Outcome and Resource Impacts
(PLATFORM) trial, CCTA-FFR was incorporated into clinical practice, and patients with
chest pain with planned noninvasive testing or ICA were first submitted to CCTA-FFR
or received planned care [38]. Hence, four cohorts were built: (1) standard noninva-
sive testing; (2) ICA; (3) CCTA-FFR first for patients with planned noninvasive testing;
(4) CCTA-FFR first for patients with planned ICA. When comparing these groups, 73.3% of
patients in the ICA cohort had an angiogram without obstructive CAD, whereas only 12.4%
of patients who underwent CCTA-FFR first and still needed ICA later had angiograms
without obstructive CAD. MACEs (death, MI, or unplanned revascularization) were low
throughout the cohorts and did not differ among strategies. The rates of revascularization
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were similar among groups. This finding suggests that deferring ICA based on CCTA-FFR
is safe and may prevent patients from undergoing invasive procedures.

The Fractional Flow Reserve Derived from Computed Tomography Coronary Angiog-
raphy in the Assessment and Management of Stable Chest Pain (FORECAST) trial showed
that compared with routine management, the use of CCTA-FFR decreased the need for
invasive angiography but did not reduce costs or MACEs [39].

In conclusion, CCTA-FFR apparently has a high accuracy when FFR is used as the gold
standard, adding discriminative power to CT alone and reducing false-positive findings by
associating a functional evaluation with this anatomical method.

2.2.3. Instant Wave-Free Ratio (iFR)

After the clinical validation of FFR, new techniques have been developed in the search
for a method that unites physiological assessment with simpler procedures. Instant wave-
free ratio (iFR) is one of these methods that obviates the need for a hyperemic agent such
as adenosine. The iFR is calculated by measuring the resting pressure gradient across a
coronary lesion during diastole when microvascular resistance is low and stable [40,41].

A hyperemic agent in FFR is needed because the analysis of flow derives from a direct
measure of pressure, and, for these variables to linearly correlate, coronary resistance must
be low and constant. The authors who developed this technique found a period during
diastole (when the myocardium (and, consequently, the microvasculature) is relaxed) when
the coronary resistance is naturally low and constant [41]. While monitoring resistance, the
wave-intensity analysis of this segment of time reflects a wave-free period, which means
a more controlled environment to assess the functional value of a specific stenotic lesion.
The measurement of the gradient during this period is similar to measurement with the
infusion of a hyperemic agent such as adenosine [42].

Götberg et al. compared iFR with FFR in patients with stable CAD and ACS [40]. The
iFR-guided revascularization strategy was noninferior to the FFR-guided revascularization
strategy with respect to the rate of MACEs at 12 months. The FFR group had more
significant lesions and more stents deployed. Additionally, the FFR group had a higher
rate of chest discomfort during the procedure (68.3% vs. 3%), including moderate and
severe chest pain. When using FFR as a reference standard, iFR achieved an accuracy of
approximately 80% [42,43]. Nonetheless, iFR has potential advantages compared with FFR,
such as independence from hyperemic medications (resulting in increased patient comfort)
and reduced procedural time and costs.

2.2.4. Coronary Flow Reserve (CFR)

Coronary flow reserve (CFR) is a ratio that corresponds to how much extra flow
the coronary circulations can dispose of in situations when demanded, such as stress or
vasodilation [44–46]. CFR is extremely useful in the diagnosis of microvascular CAD
because visual assessment is impossible in such small vessels, leaving functional evaluation
as the only choice for objective diagnoses. In addition to this distinct function, CFR predicts
MACEs and all-cause mortality [44]. Clinical trials evaluating CFR-guided treatment are
lacking, but some evidence shows that it may add prognostic data to FFR alone [46,47].

CFR may be invasively or noninvasively measured with the aid of positron emission
tomography (PET-CT), cardiac magnetic resonance (CMR), or even stress echocardiography.
Regarding noninvasive assessments, the first method is PET-CT, in which a radiotracer
(usually rubidium-82 or nitrogen-13-ammonia) is used to acquire dynamic images (for
instance, at rest and with a vasodilator) and evaluate myocardial blood flow at rest and
at hyperemia, from which the CFR is then calculated [48]. CMR evaluates CFR by mea-
suring flow at rest and peak stress at the coronary sinus [49]. To measure CFR with stress
echocardiography, in addition to evaluating wall motion abnormalities, flowmetry in the
mid-distal left anterior descending (LAD) artery is evaluated at basal and peak stress with
dipyridamole [50].
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2.2.5. Quantitative Flow Ratio (QFR)

The quantitative flow ratio (QFR) is a novel semiautomated method: a novel functional
evaluation technique that can be rapidly calculated during ICA using two projections and
computer software, obviating the need for adenosine-induced hyperemia and the insertion
of pressure-wires. Basically, the software creates a three-dimensional model from the
two ICA projections and uses fluid dynamics to evaluate flow by counting the frames
necessary for the contrast to enter and leave the segment of interest [51,52].

This promising physiological assessment was clinically tested against FFR in the Wire-
Free Functional Imaging II (WIFI II) study [53]. Compared with FFR as the gold standard,
a QFR ≤0.80 cutoff achieved an AUC of 0.86 (95% CI, 0.81–0.91), a sensitivity of 77%, a
specificity of 86%, a PPV of 87%, and an NPV of 75%. A hybrid QFR–FFR approach enabled
wire-free and adenosine-free procedures in 68% of the cases.

The Functional Lesion Assessment of Intermediate Stenosis to Guide Revascular-
ization (DEFINE-FLAIR) [54] and the Instantaneous Wave-free Ratio versus Fractional
Flow Reserve in Patients with Stable Angina Pectoris or Acute Coronary Syndrome (iFR-
SWEDEHEART) [40] trials have also demonstrated that iFR is equivalent to FFR in terms of
incidence of MACEs in patients experiencing angina or MI. The studies have also showed
that iFR resulted in markedly less patient discomfort and reduced procedure-related ad-
verse events compared with FFR.

The Concordance Between FFR and iFR for the Assessment of Intermediate Lesions
in the Left Main Coronary Artery: A Prospective Validation of a Default Value for iFR
(iLITRO-EPIC07) study showed that concordance between FFR and iFR in patients with
intermediate left main coronary artery (LMCA) stenosis was moderate (80%). Further-
more, in case of discordance, IVUS tended to be more similar to FFR in classifying steno-
sis significance [55]. Thus, an approach based on a combination of IVUS and physiol-
ogy for intermediate LMCA lesions appears to define whether revascularization can be
safely deferred.

2.2.6. Index of Microcirculatory Resistance (IMR)

The index of microcirculatory resistance (IMR) was first developed by Fearon et al.
and is calculated from estimates of maximal distal coronary flow during hyperemia
and pressure [56]. Ng et al. showed that IMR is superior to CRF for assessing the
coronary microcirculation by being more reproducible and less hemodynamically de-
pendent than CFR [57] because it is not dependent on resting values. Moreover, IMR
is not affected by epicardial stenosis severity [58]. IMR ≥ 25 units indicates abnormal
microcirculatory function.

2.2.7. Hyperemic Microvascular Resistance (HMR)

HMR is defined as the ratio between the distal coronary pressure (Pd) and maximal
coronary flow velocity during hyperemia; an HMR > 1.9 mmHg/cm/s is diagnostic of
microcirculatory dysfunction [59]. Williams et al. showed that HMR has higher diagnostic
accuracy than IMR in predicting coronary flow reserve (AUC 0.82 vs. 0.58, p < 0.001;
sensitivity and specificity 77% and 77% vs. 51% and 71%, respectively) and myocardial
perfusion reserve index (AUC 0.85 vs. 0.72, p = 0.19; sensitivity and specificity 82% and 80%
vs. 64% and 75%, respectively) [60]. As with IMR, HMR is based on the application of Ohm’s
law (resistance = pressure/flow), only substituting thermodilution-derived volumetric flow
with Doppler-derived flow velocity [61]. Table 3 summarizes the main differences between
the methods of invasive assessment of coronary microcirculation.
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Table 3. Invasive hemodynamic parameters for assessing coronary microcirculation. Abbreviations:
HMR: hyperemic microvascular resistance; IMR: index of microcirculatory resistance; Pd: distal mean
coronary pressure; T: mean transit time; V: coronary flow velocity.

IMR HMR

Method Thermodilution Doppler

Definition Thyperemia × Pd Pd/Vhyperemia

Abnormal value ≥25 units >1.9 mmHg/cm/s

Limitations T: surrogate of flow
Requires hyperemia

V: surrogate of flow
Requires hyperemia

Other invasive methods of coronary microvascular function assessment include mini-
mal microvascular resistance (MMR) and resistive reserve ratio (RRR), which use Doppler
and thermodilution principles, respectively.

De Waard et al. showed that MMR allows the evaluation of microcirculatory dysfunc-
tion, irrespective of epicardial flow [62]. For this reason, MMR is proposed as a clinical
measure of microvascular disease in both ischemic and nonischemic cardiopathy. Moreover,
Lee et al. showed that the RRR has incremental prognostic implications in patients with
CAD and elective PCI [63].

2.2.8. Novel Resting Nonhyperemic Pressure Ratios

More recently, several wire-based nonhyperemic pressure ratios (NHPRs) in addition
to iFR have been developed. These novel indices measure the ratio of distal coronary
artery pressure (Pd) to aortic pressure (Pa) but differ in the phase of the cardiac cycle used
for measurement (Table 4). Essentially, the diagnostic accuracy of these novel NHPRs is
almost identical to that of iFR. In addition, retrospective studies have shown comparable
prognostic performance between NHPR and iFR [64,65]. These findings suggest that novel
NHPRs and iFR could be clinically applied in similar manners.

Table 4. Characteristics of novel resting nonhyperemic pressure ratios. Abbreviations: DFR: diastolic
hyperemia-free ratio; dPR: diastolic pressure ratio; FFR: fractional flow reserve; iFR: instantaneous
wave-free ratio; NHPR: nonhyperemic pressure ratio; Pa: aortic pressure; Pd: distal coronary artery
pressure; RFR: resting full-cycle ratio.

Pressure Index Hyperemia Cutoff Calculation of Index

FFR Required ≤0.80
Average Pd/Pa during entire
cycle at hyperemia (typically

averaged over 3 beats)

Resting Pd/Pa NHPR ≤0.91
Average Pd/Pa during entire
cycle at hyperemia (typically

averaged over 3 beats)

RFR NHPR ≤0.89
Instant lowest filtered Pd/Pa
ratio during the entire cardiac

cycle (over 5 beats)

iFR NHPR ≤0.89 Average Pd/Pa during
wave-free period (over 5 beats)

DFR NHPR ≤0.89
Average Pd/Pa during period

between Pa < mean Pa and
down-sloping Pa (over 5 beats)

dPR NHPR ≤0.89 Average Pd/Pa during entire
diastole (over 5 beats)
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For all variables cited above, using a physiological metric as a dichotomous pathway
to decide on revascularization is probably incorrect.

2.2.9. Cardiac Magnetic Resonance Novelties

CMR is a widely used diagnostic modality for detailed investigation of structural
and functional cardiac pathologies. The higher spatial resolution of CMR allows stress-
perfusion phase identification of myocardial ischemia, even if small ischemic areas are
involved, with accuracy of 94% [4]. CMR allows reclassifying suspected CAD patients to a
more appropriate risk category of death and MI [66], and it is a key diagnostic tool in the
evaluation of patients presenting with myocardial infarction with nonobstructive coronary
arteries (MINOCA).

Within the recent development of quantitative CMR techniques, T1 mapping, which
evaluates intracellular edema and extracellular matrix expansion, can precisely identify MI
without contrast injection by native T1 phase changes [67].

2.3. Biomarkers
2.3.1. Pericoronary Fat Attenuation Index (FAI)

Identifying markers of plaque vulnerability might be useful to improve coronary risk
stratification even in secondary prevention patients. Pericoronary fat assessment may help
identify vulnerable plaques associated with increased risk of cardiovascular events [53] by
differentiating the lipid content in the perivascular tissue surrounding the vessels with and
without inflammatory activity.

Antonopoulos et al. developed a method to evaluate the fat variability with comput-
erized tomography (CT), the pericoronary fat attenuation index (FAI) [68]. The FAI is an
average of the tissue attenuation, where the higher the lipid content and the larger the
adipocyte size, the lesser the attenuation found and the more negative the FAI. This index
correlates well with lipid content in histologic assessments, local inflammatory markers,
and vessel inflammation detected by 18F-fluorodeoxyglucose uptake assessed by PET-CT.
In a post hoc analysis of two cohorts of the Cardiovascular RISk Prediction using Computed
Tomography (CRISP-CT) study, perivascular FAI improved risk prediction in comparison
with regular procedures [69]. In this analysis, the FAI values around the right coronary
artery (RCA) and the left anterior descending artery (LAD) predicted all-cause and cardiac
mortality, which led the authors to suggest that using the RCA perivascular FAI can act as
a surrogate for global coronary inflammation. The optimal cutoff suggested by the authors
is a perivascular FAI ≥ −70.1 Hounsfield units (HU) (the perivascular fat attenuation
spectrum extends from around −190 HU in the adipose to −30 HU in the aqueous phase),
which led to an HR 5.62 for cardiac mortality and an HR 3.69 for all-cause mortality in the
validation cohort.

Sun et al. showed that increased pericoronary FAI values on coronary computed
tomography angiography were associated with vulnerable plate components in patients
with non-ST elevation acute coronary syndrome (ACS) [5].

2.3.2. MicroRNAs

MicroRNAs (miRNA) are small sequences of nucleotides (18–25) that do not generate
protein but regulate many biologic processes by gene silencing [70]. The roles of their up- or
downregulation in the development of diseases have been a growing area of interest. Many
miRNAs related to cardiovascular disease, including left ventricular hypertrophy, ischemic
heart disease, heart failure, hypertension, and arrhythmias, have been identified [71–73].

Different profiles of miRNA expression have been noted in patients with and without
CAD. For instance, different sets of miRNA have been identified among normal vascular
smooth muscle cells and myofibroblasts, which developed in the plaque-generating process.
Other miRNAs have been found to correlate with atherosclerotic lesions in the endothelium,
inflammation, and lipid metabolism, all of which play an important role in CAD [72]. High-
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throughput sequencing, quantitative real-time polymerase chain reaction (RT-qPCR), and
microarrays are the major quantification methods that are currently being used [70,74].

In the ACS scenario, Li et al. showed that the blood levels of miRNA-1 correlated to
conventional troponin T levels with similar, but not superior, accuracy (AUC 0.85, 95%
CI 0.81–0.89) [75]. Other biomarkers with high accuracy for MI are miRNA-208a and
miRNA-499 [76,77].

MiRNAs may either serve as the cause/facilitators of disease or as byproducts of
the disease process. Ideally, identifying specific miRNAs in a patient might lead to early
diagnoses or even better risk prediction. However, many unanswered questions remain,
and obtaining a better understanding as to how miRNAs distribute through different
ethnicities, ages, and genders; determining how to uniformly acquire and evaluate the
biological samples; and cost-effectively operationalizing this technology are crucial for the
development of this promising area.

2.3.3. Polygenic Risk Scores for CAD

Cardiogenomics is emerging as a revolution in cardiology. In the field of preven-
tion, the detection of polymorphisms associated with increased risk of CAD has been
a target for better risk assessment. Current risk scores consider variables such as age,
sex, blood pressure, and cholesterol, which strongly impact the final result. As age is
an important risk factor for CAD, younger patients might have low 10-year risk but a
high lifetime risk, with an underestimation of this risk. Polygenic risk scores (PRS) might
help with understanding a patient’s lifetime risk and complement the risk evaluation in
these patients. These scores were developed from genome-wide association studies, which
considered databases with genetic variants that were tested for associations with specific
phenotypes, such as CAD [78]. These studies require expertise and can be statistically com-
plex due to the problem of multiple comparisons, but these scores constitute a field with a
promising future.

Many genetic variants have already been identified as risk-enhancing, and most of
them do not seem to increase risks by augmenting known risk factors, such as low-density
lipoprotein (LDL) cholesterol or blood pressure. PRS has been analyzed in the populations
of the Further Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects with
Elevated Risk (FOURIER) [79] and Evaluation of Cardiovascular Outcomes After an Acute
Coronary Syndrome During Treatment with Alirocumab (ODYSSEY OUTCOMES) [80]
trials of proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9i). In the nested
cohort study of 14,298 unrelated European-ancestry patients enrolled in the FOURIER trial,
a PRS consisting of 27 single-nucleotide polymorphisms was applied to stratify patients
in quintiles to evaluate their genetic risk [81]. Clinical risk was evaluated by means of
categorical variables such as high LDL, hypertension, smoking, and diabetes mellitus. In
this analysis, higher scores on the PRS were associated with higher rates of clinical events.
This study suggested that adding genetic risk evaluation can lead to improved patient
selection for PCSK9 inhibition, as the relative and absolute risk reductions (RRR and ARR,
respectively) in the events were 13% and 1.4%, respectively, for high clinical risk alone
and 31% and 4%, respectively, for high genetic risk (quintile five), irrespective of clinical
risk. Post hoc analyses of the ODYSSEY OUTCOMES trial [82], a PRS comprising almost
7 million genetic variants, were performed regarding the risk of MACEs and treatment
efficacy among different genetic risk strata. Patients in the placebo group that were above
the 90th percentile in this PRS had a higher risk of MACEs than patients under the 90th
percentile (17% vs. 11.4%). In the treatment efficacy analysis, alirocumab (a PCSK9i)
produced a larger reduction in risk in patients above the 90th percentile (6% of ARR and
37% of RRR) compared with those in the lower-risk strata under the 90th percentile (1.5%
of ARR and 13% of RRR).

Despite being a rapidly growing area of research, prospective data to recommend such
scores as routine practice are insufficient. Moreover, these emerging biomarkers still should
be compared with proven available prognostic laboratory cardiovascular biomarkers such
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as troponin and high-sensitivity C-reactive protein (hsCRP) in larger studies to determine
their diagnostic and prognostic role.

3. Novelties in Drug Treatment of Coronary Artery Disease (CAD)

The primary goals of CAD treatment are to alleviate symptoms and prevent compli-
cations in patients with stable CAD and to improve blood flow and restore heart func-
tion as quickly and as best as possible in patients with ACS [83,84]. Traditionally, this
is accomplished through optimal medical therapy and the consideration of myocardial
revascularization with either PCI or coronary artery bypass grafting (CABG). The optimal
medical therapy consists of beta blockers, calcium channel blockers, nitrates, angiotensin-
converting enzyme (ACE) inhibitors, and statins for stable CAD patients, and thrombolytics
and antiplatelets agents for ACS patients.

Recently, novel therapies for CAD have been evaluated in randomized clinical trials,
some of which are still ongoing. In this section, we focus our discussion on these promising
therapies only.

3.1. Reverse Cholesterol Transport

Reverse cholesterol transport is a term used to describe the efflux of excess cellular
cholesterol from peripheral tissues and its return to the liver for excretion in the bile [82].
Enhancing foam cell cholesterol efflux by high-density lipoprotein cholesterol (HDL-C) par-
ticles is the first step of reverse cholesterol transport, which is a promising antiatherogenic
strategy [85,86].

To date, agents that increase HDL-C levels, such as niacin and cholesterol ester transfer
protein inhibitors, have not been proven to reduce cardiovascular events, but their impact
on HDL-C efflux capacity is variable, complex, and possibly influenced by adjunctive statin
therapy [87].

3.2. Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is a dimeric glycoprotein that mediates
the formation of new blood vessels during angiogenesis by activating the VEGF receptor.
It may play a role in the progression of human coronary atherosclerosis as well as in the
recanalization processes in obstructive coronary diseases [88].

The ongoing epicardial delivery of XC001 gene therapy for refractory angina coronary
treatment (EXACT) clinical trial is evaluating whether XC001, a novel adenoviral vector
expressing multiple isoforms of vascular endothelial growth factor (VEGF), promotes an
enhanced local angiogenic effect in patients with refractory angina [89].

3.3. Selatogrel

The use of a P2Y12 inhibitor as a component of dual antiplatelet therapy in patients
with an acute coronary syndrome (ACS) is well established.

Selatogrel, a novel, potent, reversible, and selective 2-phenylprimdine-4-carboxamide
that is subcutaneously administered is under development. The results from preclinical,
phase 1, and phase 2 trials have confirmed that the agent provides sustained and reversible
P2Y12 platelet inhibition with an acceptable safety profile and with a larger therapeutic
window compared with the oral P2Y12 inhibitors [90,91].

In patients with MI, the administration of a single dose of 8 or 16 mg of selatogrel
was safe and induced a profound, rapid, and dose-related antiplatelet response [92]. In
patients with chronic CAD, selatogrel provided prompt, potent, and consistent platelet
P2Y12 inhibition sustained for ≥8 h, with reversible effects within 24 h [93].

The ongoing Selatogrel Outcome Study in Suspected Acute Myocardial Infarction
(SOS-AMI) clinical trial will evaluate the clinical efficacy of selatogrel in patients with acute
MI (NCT04957719).
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3.4. Revacept

Revacept is an intravenous competitive antagonist to platelet glycoprotein VI (GPVI)
that efficiently binds to collagen and effectively mimics the GPVI pathway, blocking
platelet aggregation.

The results of animal models have shown that revacept is effective in preventing
platelet adhesion and thrombus formation in arterial lesions induced in the carotid artery
without affecting bleeding time [94–96] and in reducing neointimal hyperplasia and the
levels of markers of cell proliferation and macrophage infiltration, being able to serve, in
the latter case, as a therapeutic agent for PCI and stent implantation [97]. Further preclinical
investigation showed that revacept strongly inhibits human plaque-induced thrombosis in
ex vivo superfusion models using human patient blood and plaques gained during carotid
surgery [98].

In a phase II clinical trial, revacept reduced the combined safety and efficacy endpoint
(any stroke or death, transient ischemic attack, MI, coronary intervention, and bleeding
complications) in patients with symptomatic internal carotid artery after 11.2 ± 2.3 months
of follow-up [99]. However, the Intracoronary Stenting and Antithrombotic Regimen:
Lesion Platelet Adhesion as Selective Target of Endovenous Revacept in Patients With
Chronic Coronary Syndromes Undergoing Percutaneous Coronary Intervention (ISAR-
PLASTER) phase 2 trial showed that the addition of revacept to currently recommended
antithrombotic therapy in the setting of PCI in patients with stable ischemic heart disease
did not reduce myocardial injury [100]. New clinical trials are needed to evaluate the role
of revacept in reducing the occurrence of major cardiovascular events.

3.5. Inclisiran

Inclisiran is a small interfering ribonucleic acid (siRNA) that prevents hepatic PCSK9
production [101].

Ray et al. showed that inclisiran reduced PCSK9 and LDL-C levels among patients at
high cardiovascular risk that had elevated LDL-C levels [102]. Furthermore, an analysis of
1561 and 1617 patients from the ORION-10 and ORION-11 trials, respectively, found that
~50% reductions in LDL-C levels were obtained with inclisiran, which was subcutaneously
administered every 6 months [103]. The long-term treatment with inclisiran provided
sustained reductions in LDL-C and PCSK9 concentrations and was well tolerated over
4 years [90].

The ongoing randomized trial assessing the effects of inclisiran on clinical outcomes
among people with cardiovascular disease (ORION-4) trial will provide more robust
evidence of both the efficacy and safety of inclisiran in terms of MACEs (NCT03705234).

3.6. AZD5718

The 5-lipooxygenase activating protein (FLAP) is essential for the production of
leukotrienes through the 5-LO pathway. The inhibition of this pathway was hypothesized
to reduce mortality, morbidity, and cardiovascular hospitalization in patients with CAD by
slowing the progression of atherosclerosis, to enhance coronary microvascular function,
and to improve ventricular contractility following MI [104].

AZD5718 is a novel FLAP antagonist that acts at the first step of biosynthesis to block
production of all leukotrienes [105]. The ongoing AZD5718 Phase IIa Study to Evaluate
Efficacy, Safety and Tolerability of Oral AZD5718 in Patients with Coronary Artery Disease
(FLAVOUR) clinical trial will evaluate the efficacy and safety of AZD5718 in patients with
MI [106].

3.7. Rivaroxaban

Rivaroxaban is a factor Xa inhibitor anticoagulant that inhibits thrombin formation
and plays a pivotal role in both coagulation and platelet activation.

The Anti-Xa Therapy to Lower Cardiovascular Events in Addition to Standard Ther-
apy in Subjects with Acute Coronary Syndrome-Thrombolysis in Myocardial Infarction
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51 (ATLAS ACS 2-TIMI 51) trial compared rivaroxaban at a low dose of 2.5 mg b.i.d. with a
placebo in stabilized patients treated predominantly with aspirin and clopidogrel following
ACS. They found a reduction in composite of MI, stroke, or cardiovascular death at the
expense of increased bleeding with rivaroxaban [107].

The Cardiovascular Outcomes for People Using Anticoagulation Strategies (COM-
PASS) trial randomized 27,395 patients with stable CAD or peripheral arterial disease
(PAD) to rivaroxaban 2.5 mg b.i.d. plus aspirin, rivaroxaban 5 mg b.i.d. alone, or aspirin
alone [108]. Compared with those assigned to random aspirin alone, patients assigned to
rivaroxaban plus aspirin showed a significant 22% decrease in cardiovascular mortality
and a 49% decrease in ischemic stroke. Those assigned to combination therapy had a
significant 70% increase in major bleeding events, with the gastrointestinal tract being the
most common site of major bleeding.

The results of post hoc secondary analysis of the Atrial Fibrillation and Ischemic
Events with Rivaroxaban in Patients with Stable Coronary Artery Disease (AFIRE) trial
with 2215 participants showed that rivaroxaban monotherapy was associated with lower
risks of total thrombotic and/or bleeding events in patients with atrial fibrillation and
stable CAD compared with rivaroxaban and antiplatelet therapy [109].

3.8. Colchicine

Evidence is increasingly showing that inflammation plays a key role in the pathogene-
sis of atherosclerosis. The research aimed at the improvement of outcomes in patients with
CAD that has recently shown a promising role of colchicine, a drug with anti-inflammatory
properties [110–112]. Following this anti-inflammatory theory, some traditional drugs with
this action were tested. Nonsteroidal anti-inflammatory drugs were associated with an
increased risk of MI [113], whereas corticosteroids have been found ineffective or associated
with an increased risk of cardiac rupture [114,115].

The Low-Dose Colchicine (LoDoCo) trial (532 patients) showed that colchicine
(0.5 mg daily), added to standard care, reduced cardiovascular events in patients with
stable CAD [116].

The low-dose colchicine (LoDoCo) 2 trial (5522 patients) showed that colchicine
(0.5 mg, once daily) reduced the risk of cardiovascular events in patients with chronic
CAD [117]. An exploratory LoDoCo2 trial showed that continued long-term
anti-inflammatory therapy with low-dose colchicine produced a consistent reduction in
major cardiovascular events year-by-year during 5 years of follow-up [118].

The Colchicine Cardiovascular Outcomes Trial (COLCOT) study also showed a benefit
in ischemic outcomes with the use of colchicine in patients with recent MI [119]. The
findings of the COLCOT study are complementary to those of the LoDoCo 2 trial. However,
the Colchicine in Patients with Acute Coronary Syndrome (COPS) trial showed no effect of
the use of colchicine in patients with ACS on cardiovascular outcomes compared with the
use of a placebo (6.1% vs. 9.5%, p = 0.09) [120].

Despite these conflicting results, colchicine appears to be promising in the prevention
of cardiovascular events in patients with CAD, either in chronic or acute settings, mainly
due to the acceptable safety profile and low cost [121]. The inhibition of inflammation
will likely become the fourth cornerstone of CAD treatment, together with the lowering of
LDL-C, inhibition of platelet aggregation and control of additional risk factors.

3.9. Sodium-Glucose Cotransporter 2 (SGLT-2) Inhibitors

A new generation of cardiorenal protective agents, SGLT2 inhibitors, has been studied
in patients with type 2 diabetes, heart failure (HF), and nephropathy [121–130]. These trials
have focused on outpatients with and without concomitant CAD and have demonstrated
consistent efficacy for the prevention of hospitalization for HF and a reduction in worsening
kidney disease and inconsistent reduction in atherosclerotic outcomes or cardiovascular
death [122–131]. However, a gap exists in the literature regarding the use of these drugs in
CAD, either in acute or chronic settings [132].
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The EMpagliflozin in acute MYocardial infarction (EMMY) trial showed that em-
pagliflozin was associated with a significantly larger reduction in NT-proBNP over
26 weeks, which was accompanied by a significant improvement in functional and struc-
tural echocardiographic parameters in patients with MI [133].

The ongoing Empagliflozin in Patients Postmyocardial Infarction (EMPACT-MI) trial
will provide more information on the safety and efficacy of empagliflozin compared with a
placebo in patients hospitalized for MI with or at high risk of new onset HF, in addition to
standard care [134].

3.10. PCSK9 Inhibitors

PCSK9 is an enzyme that binds to the epidermal growth factor of domain A of the
low-density lipoprotein receptor (LDL-R), inducing the degradation of this receptor. These
reduced LDL-R levels result in decreased LDL-C metabolism, which can lead to hyperc-
holesterolemia. The inhibition of PCSK9 function by monoclonal antibodies was found to
be an effective method to reduce cholesterol levels [135]. In combination with high-intensity
or maximum tolerated statins, alirocumab and evolocumab reduced LDL-C by 46–73%
compared with a placebo and by 30% compared with ezetimibe [81,82]. Moreover, they
resulted in a large reduction in future cardiovascular events. When statins are not tolerated
or cannot be prescribed, PCSK9 inhibition reduced LDL-C levels when administered in
combination with ezetimibe [136].

A current reanalysis of the FOURIER trial compared mortality data in the primary
results publication with those in the Clinical Study Report (CSR). After readjudication,
deaths of cardiac origin were numerically higher in the evolocumab group than in the
placebo group, suggesting possible cardiac harm. The trial was terminated early when a
nonsignificantly higher risk of cardiovascular mortality was observed with evolocumab,
which was numerically larger in this readjudication [137].

4. Invasive Treatment Novelties

Despite substantial recent improvement in the invasive treatment of coronary heart
disease, especially coronary stent structural evolution, novel technologies might provide
additional endothelium and myocardial healing as well as reduce cardiovascular events for
specific coronary lesions. Additionally, professional welfare is an important concern, with
new tools available to assist with medical workers’ well-being and to lessen labor hazards.
In this section, we describe the role of new technologies in the management of CAD.

4.1. Robot-Assisted Percutaneous Coronary Intervention

Although recent technological improvement in PCI has enabled the treatment of com-
plex coronary lesions with a lower burden due to complications such as stent restenosis and
thrombosis, interventional professionals’ occupational radiation and orthopedics hazards
are of concern [138,139]. As such, remote operational cardiovascular devices systems have
recently been developed to reduce such labor exposure hazards and potentially improve
the stent-length selection [140]. The CorPath 200 system is the most used model. It is com-
posed of a bedside unit (articulated arm, robotic drive, and devices), a remote cockpit with
radiation shields and central control unity of console, hemodynamic monitors, and X-ray
foot pedals. However, arterial access, diagnostic angiography, and the guiding catheter
must be performed manually.

The safety and feasibility of CorPath Robot-PCI was evaluated in prospective nonran-
domized trials [141,142]. The Percutaneous Robotically Enhanced Coronary Intervention
(PRECISE) trial enrolled a total of 164 patients with at least 50% stenosis in a coronary
artery that could be treated with a single stent at both elective and urgent PCI [143]. Device
technical success was achieved in 98.8%; no deaths, strokes, Q-wave MI, or revasculariza-
tion occurred in the 30 days after the procedures. The radiation exposure for the primary
operator was 95.2% lower than that with the traditional table position. However, the coro-
nary lesions in this study were mainly noncomplex. Therefore, in the Complex Robotically
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Assisted Percutaneous Coronary Intervention (CORA-PCI) trial, 334 PCI procedures were
performed on 315 patients (20% with ACS) presenting with a higher lesion complexity
(78.3% type B2/C on robot-PCI (R-PCI) group vs. 68.3% on manual PCI) [144]. Technical
success with R-PCI was 91.7%, and comparable clinical outcomes, without adverse effects
on stent use or fluoroscopy time, were observed between the groups.

Future technological improvement in R-PCI might open new perspectives regarding
the feasibility and safety of fully remotely stenting patients in a separate physical location
using a combination of robotics and telecommunication [145,146].

4.2. Shockwave Coronary Intravascular Lithotripsy System

The PCI of severe calcified coronary (CAC) lesions might be challenging because
heavy coronary calcification is a risk factor for coronary dissection, vessel perforation,
MI, stent restenosis, and thrombosis [147–150]. In addition, it is associated with stent
underexpansion, malapposition, and structural damage [147–150]. Atheroablative tech-
nologies available for CAC PCI lesions can be limited to guidewire issues, and they may
promote slow flow, no reflow, and coronary dissection [151–157]. Here, a novel technology
based on renal calculi treatment, denominated the shockwave intravascular lithotripsy
(S-IVL) system, was developed. Pulsatile mechanical shockwaves are delivered by a bal-
loon catheter, analogous to contemporary balloon catheters, that disrupt calcium with
soft tissue sparage [157,158]. The safety and efficacy of this new technique have been
demonstrated in prospective nonrandomized studies [159–162] that evaluated stable and
acute CAD patients with events caused by heavily calcified coronary lesions submitted
to S-IVL prior to PCI. The pooled analysis of these four studies that enrolled 628 patients
showed a 92.4% procedural success with a low rate of MACEs (cardiac death, all MI, and
target vessel revascularization) of 7.3% [163]. Prior MI, bifurcation, and long-length lesions
were independent predictors of MACEs and a lack of procedural success. Any post-IVL
angiographic complication occurred in only 2.1% of procedures. Thus, S-IVL is a promising
and safe technology for treating severe calcified lesions.

4.3. Stem Cell Therapy for Ischemic Heart Disease

Stem cells are capable of self-renewal and differentiation; thus, they might be beneficial
for cardiac regeneration after MI and heart failure. The several kinds of stem cells include
embryonic stem cells (derived from blastocysts), mesenchymal nonhematological stromal
cells from bone marrow, and induced pluripotent stem cells (iPS) derived from any tissue
and genetically changed to act as an embryonic cell [164,165]. Although stem cell therapy
demonstrated myocardial recovery in rodents after MI [166], the clinical human benefits of
this therapy are still under debate.

A Cochrane review of bone marrow stem cells application in patients after acute
MI did not show improvement in mortality, life quality, or left ventricular function [167].
However, another small study that evaluated the intracoronary infusion of autologous
cardiosphere-derived cells found myocardium recovery of infarcted area and lessened scar
tissue [168]. Stem cell survival after transplantation is brief; thus, their therapeutic effects
might be most related to the paracrine propriety of secretion of cytokines and growth
factors of several antiapoptosis, angiogenesis, inflammation, and cell-recruitment signaling
pathways [169–175]. As such, the injection of small vesicles from endocytic origin, called
exomes, which are secreted by stem cells, that contain proteins, RNA, and miRNA has
potential cardioprotective effects similar to those of cellular stem treatment but with longer
stability, with low immune response, and without tumoral risk [176]. Some prelusive
studies have suggested exomes treatment improves ventricular function after myocardial
damage [177,178].

Future research and technology development on stem cells’ preconditioning, the route
of administration, exomes, and tissue bioengineering are promising in the coming decades
to improve myocardial recovery after acute ischemic events in stable CAD patients as well
as to decrease heart failure burden.
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4.4. Nanotechnology

Nanoparticle (NP) properties enable direct delivery of drugs to targets with higher
drug circulation time and solubility; thus, NPs may increase drug efficacy with lower
doses and lesser side effects [179–181]. This technology has the potential to treat coronary
heart disease, reducing stent restenosis and targeting atheroma plaques. Smart systems
of NPs carried by stents may provide sustained local drug delivery at a stenting site,
being a promising therapy for this specific treatment [180]. Several encapsulating NP
systems have been developed to deliver antirestenosis drugs such as liposomes [182],
micelles [179], and polymeric NPs [177,180]. Additionally, the use of gel-like NPs loaded
with rapamycin in a carotid-injured rat model demonstrated endothelium healing and
decreased hyperplasia [183]. Gene therapy is another evolving strategy for vessel wall
healing and restenosis inhibition [184–186].

In a prospective preclinical study with animal models using distinct nanocoating
systems composed of hyaluronic acid and plasmid DNA, nanobiohybrid hydrogel carrying
endosomolytic Tat peptide together with DNA produced re-endothelization [187,188].
Nanotechnology was also applied to produce a nanotexture polymeric coating to regulate
drug release from stents. For example, in vitro studies of polylactic-co-glycolic acid (PLGA)
NPS, a biocompatible polymer, demonstrated controlled liberation of paclitaxel without
disruption [189]. Several direct atherosclerotic pathways can be addressed by NPs at
atheroma plaques [178].

From animal models, researchers have reported inflammation attenuation via the NPs
delivery of interleukin-10 (IL-10) [190]; NPs combined with small interfering RNA (siRNA)
inhibited leukocyte adhesion [191]; antiangiogenic NP anti-integrins combined with local
statin avoided plaque neovascularization [192–194]. Macrophage blocking [192,193] and
local thrombolytic and anticoagulant delivery by NPs [195–202] have shown promising
results regarding plaque stabilization.

4.5. Three-Dimensional Printing

Three-dimensional (3D) printing, first introduced in 1986 [203], is a technology that
allows physical 3D objects to be manufactured from a digital geometrical model [204,205].
Three-dimensional printing has many educational and clinical applications: it might be
useful for medical instruction and teaching as well as to improve communication with
patients [206,207].

For CAD, 3D models provide a detailed visual assessment of the coronary arterial
bed, which might be important for evaluating stenotic regions, to prepare to interventional
procedures [208–210], to perform invasive exams simulations [211], and, possibly, to test
patient coronary-bed-specific stenting [204]. In addition, 3D printing combined with other
imaging methods enables simulations of invasive diagnostic measures to test and set stan-
dard references of evolving diagnostic tools against the in vitro gold standard [212]. Future
3D printing development might provide individual patient-based device innovations.

5. Conclusions

Despite advances in pharmacological and revascularization techniques decreasing
mortality, CAD remains one of the main causes of morbidity and mortality in the world.
Since the early 2010s, some therapeutic and diagnostic strategies have improved the un-
derstanding and treatment of the disease. The identification of potential therapeutic and
diagnostic targets is necessary to develop novel treatment and diagnostic strategies for
CAD. However, robust clinical evidence is still scarce. Future research in this domain
should be focused on stem cell therapies, new angiogenic treatment modalities, and new
diagnostic modalities.
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Mansour, S.; Kharbanda, R.; et al. Fractional Flow Reserve-Guided PCI as Compared with Coronary Bypass Surgery. N. Engl. J.
Med. 2022, 386, 128–137. [CrossRef]

34. Lee, J.H.; Hartaigh, B.Ó.; Han, D.; Rizvi, A.; Lin, F.Y.; Min, J.K. Fractional Flow Reserve Measurement by Computed Tomography:
An Alternative to the Stress Test. Interv. Cardiol. Rev. 2016, 11, 105–109. [CrossRef]

35. Min, J.K.; Leipsic, J.; Pencina, M.J.; Berman, D.S.; Koo, B.K.; van Mieghem, C.; Erglis, A.; Lin, F.Y.; Dunning, A.M.;
Apruzzese, P.; et al. Diagnostic Accuracy of Fractional Flow Reserve From Anatomic CT Angiography. JAMA 2012, 308,
1237–1245. [CrossRef]

36. Koo, B.K.; Erglis, A.; Doh, J.H.; Daniels, D.V.; Jegere, S.; Kim, H.S.; Dunning, A.; DeFrance, T.; Lansky, A.; Leipsic, J.; et al.
Diagnosis of ischemia-causing coronary stenoses by noninvasive fractional flow reserve computed from coronary computed
tomographic angiograms. Results from the prospective multicenter DISCOVER-FLOW (Diagnosis of Ischemia-Causing Stenosis
Obtained Via Noninvasive Fractional Flow Reserve) study. J. Am. Coll. Cardiol. 2011, 58, 1989–1997.

37. Nørgaard, B.L.; Leipsic, J.; Gaur, S.; Seneviratne, S.; Ko, B.S.; Ito, H.; Jensen, J.M.; Mauri, L.; De Bruyne, B.; Bezerra, H.; et al.
Diagnostic performance of noninvasive fractional flow reserve derived from coronary computed tomography angiography in
suspected coronary artery disease: The NXT trial (Analysis of Coronary Blood Flow Using CT Angiography: Next Steps). J. Am.
Coll. Cardiol. 2014, 63, 1145–1155. [CrossRef]

38. Douglas, P.S.; De Bruyne, B.; Pontone, G.; Patel, M.R.; Norgaard, B.L.; Byrne, R.A.; Curzen, N.; Purcell, I.; Gutberlet, M.; Rioufol,
G.; et al. 1-Year Outcomes of FFRCT-Guided Care in Patients With Suspected Coronary Disease: The PLATFORM Study. J. Am.
Coll. Cardiol. 2016, 68, 435–445. [CrossRef]

39. Curzen, N.; Nicholas, Z.; Stuart, B.; Wilding, S.; Hill, K.; Shambrook, J.; Eminton, Z.; Ball, D.; Barrett, C.; Johnson, L.; et al.
Fractional flow reserve derived from computed tomography coronary angiography in the assessment and management of stable
chest pain: The FORECAST randomized trial. Eur. Heart J. 2021, 42, 3844–3852. [CrossRef]

http://doi.org/10.1366/10-06109
http://www.ncbi.nlm.nih.gov/pubmed/11541988
http://science.nasa.gov/ems/01_intro
http://doi.org/10.1016/S0140-6736(19)31794-5
http://www.ncbi.nlm.nih.gov/pubmed/31570255
http://doi.org/10.1016/j.jacc.2014.07.998
http://www.ncbi.nlm.nih.gov/pubmed/25500237
http://doi.org/10.1016/S0140-6736(21)00249-X
http://doi.org/10.3389/fcvm.2020.00119
http://doi.org/10.1016/j.jcin.2017.09.042
http://doi.org/10.1161/01.CIR.103.24.2928
http://doi.org/10.1161/01.CIR.92.11.3183
http://doi.org/10.1056/NEJM199606273342604
http://doi.org/10.1056/NEJMoa0807611
http://doi.org/10.1056/NEJMoa1205361
http://doi.org/10.1056/NEJMoa2112299
http://doi.org/10.15420/icr.2016:1:2
http://doi.org/10.1001/2012.jama.11274
http://doi.org/10.1016/j.jacc.2013.11.043
http://doi.org/10.1016/j.jacc.2016.05.057
http://doi.org/10.1093/eurheartj/ehab444


Life 2023, 13, 951 20 of 27

40. Götberg, M.; Christiansen, E.H.; Gudmundsdottir, I.J.; Sandhall, L.; Danielewicz, M.; Jakobsen, L.; Olsson, S.E.; Öhagen, P.; Olsson,
H.; Omerovic, E.; et al. Instantaneous Wave-free Ratio versus Fractional Flow Reserve to Guide PCI. N. Engl. J. Med. 2017, 376,
1813–1823. [CrossRef]

41. Sen, S.; Escaned, J.; Malik, I.S.; Mikhail, G.W.; Foale, R.A.; Mila, R.; Tarkin, J.; Petraco, R.; Broyd, C.; Jabbour, R.; et al.
Development and validation of a new adenosine-independent index of stenosis severity from coronary wave-intensity analysis:
Results of the ADVISE (ADenosine Vasodilator Independent Stenosis Evaluation) study. J. Am. Coll. Cardiol. 2012, 59, 1392–1402.
[CrossRef]

42. Johnson, N.P.; Jeremias, A.; Zimmermann, F.M.; Adjedj, J.; Witt, N.; Hennigan, B.; Koo, B.-K.; Maehara, A.; Matsunura, M.;
Barbato, E.; et al. Continuum of vasodilator stress from rest to contrast medium to adenosine hyperemia for fractional flow
reserve assessment. JACC Cardiovasc. Interv. 2016, 9, 757–767. [CrossRef]

43. Sen, S.; Asress, K.N.; Nijjer, S.; Petraco, R.; Malik, I.S.; Foale, R.A.; Mikhail, G.W.; Foin, N.; Broyd, C.; Hadjiloizou, N.; et al.
Diagnostic classification of the instantaneous wave-free ratio is equivalent to fractional flow reserve and is not improved with
adenosine administration. Results of CLARIFY (Classification Accuracy of Pressure-Only Ratios Against Indices Using Flow
Study). J. Am. Coll. Cardiol. 2013, 61, 1409–1420. [CrossRef] [PubMed]

44. Kelshiker, M.A.; Seligman, H.; Howard, J.P.; Rahman, H.; Foley, M.; Nowbar, A.N.; Rajkumar, C.A.; Shun-Shin, M.J.; Ahmad, Y.;
Sen, S.; et al. Coronary flow reserve and cardiovascular outcomes: A systematic review and meta-analysis. Eur. Heart J. 2022, 43,
1582–1593. [CrossRef] [PubMed]

45. Gould, L.; Lipscomb, K.; Hamilton, G.W. Physiologic basis for assessing critical coronary stenosis. Am. J. Cardiol. 1974, 33, 87–94.
[CrossRef] [PubMed]

46. Miller, D.D.; Donohue, T.J.; Younis, L.T.; Bach, R.G.; Aguirre, F.V.; Wittry, M.D. Correlation of pharmacologic 99mTc-Sestamibi
myocardial perfusion imaging with poststenotic coronary flow reserve in patients with angiographically intermediate coronary
artery stenosis. Circulation 1994, 89, 2150–2160. [CrossRef]

47. Johnson, N.P.; Gould, K.L.; Di Carli, M.F.; Taqueti, V.R. Invasive FFR and Noninvasive CFR in the Evaluation of Ischemia: What Is
the Future? J. Am. Coll. Cardiol. 2016, 67, 2772–2788. [CrossRef]

48. Nakazato, R.; Heo, R.; Leipsic, J.; Min, J.K. CFR and FFR assessment with PET and CTA: Strengths and limitations. Curr. Cardiol.
Rep. 2014, 16, 484. [CrossRef]

49. Indorkar, R.; Kwong, R.Y.; Romano, S.; White, B.E.; Chia, R.C.; Trybula, M.; Evans, K.; Shenoy, C.; Farzaneh-Far, A. Global
Coronary Flow Reserve Measured During Stress Cardiac Magnetic Resonance Imaging Is an Independent Predictor of Adverse
Cardiovascular Events. JACC Cardiovasc. Imaging 2019, 12, 1686–1695. [CrossRef]

50. Cortigiani, L.; Rigo, F.; Gherardi, S.; Bovenzi, F.; Molinaro, S.; Picano, E.; Sicari, R. Coronary flow reserve during dipyridamole
stress echocardiography predicts mortality. JACC Cardiovasc. Imaging 2012, 5, 1079–1085. [CrossRef]

51. Albaghdadi, M.; Jaffer, F.A. Wire-Free and Adenosine-Free Fractional Flow Reserve Derived From the Angiogram: A Promising
Future Awaiting Outcomes Data. Circ. Cardiovasc. Imaging 2018, 11, e007594. [CrossRef]

52. Tanigaki, T.; Emori, H.; Kawase, Y.; Kubo, T.; Omori, H.; Shiono, Y.; Sobue, Y.; Shimamura, K.; Hirata, T.; Matsuo, Y.; et al. QFR
Versus FFR Derived From Computed Tomography for Functional Assessment of Coronary Artery Stenosis. JACC Cardiovasc.
Interv. 2019, 12, 2050–2059. [CrossRef]

53. Westra, J.; Tu, S.; Winther, S.; Nissen, L.; Vestergaard, M.B.; Andersen, B.K.; Holck, E.N.; Fox Maule, C.; Johansen, J.K.; Andreasen,
L.N.; et al. Evaluation of Coronary Artery Stenosis by Quantitative Flow Ratio During Invasive Coronary Angiography: The
WIFI II Study (Wire-Free Functional Imaging II). Circ. Cardiovasc. Imaging 2018, 11, e007107. [CrossRef]

54. Davies, J.E.; Sen, S.; Dehbi, H.M.; Al-Lamee, R.; Petraco, R.; Nijjer, S.S.; Bhindi, R.; Lehman, S.J.; Walters, D.; Sapontis, J.; et al. Use
of instantaneous wave-free ratio or fractional flow reserve in PCI. N. Engl. J. Med. 2017, 376, 1824–1834. [CrossRef]

55. Rodriguez-Leor, O.; de la Torre Hernández, J.M.; García-Camarero, T.; García Del Blanco, B.; López-Palop, R.; Fernández-Nofrerías,
E.; Cuellas Ramón, C.; Jiménez-Kockar, M.; Jiménez-Mazuecos, J.; Fernández Salinas, F.; et al. Instantaneous Wave-Free Ratio for
the Assessment of Intermediate Left Main Coronary Artery Stenosis: Correlations With Fractional Flow Reserve/Intravascular
Ultrasound and Prognostic Implications: The iLITRO-EPIC07 Study. Circ. Cardiovasc. Interv. 2022, 15, 861–871. [CrossRef]

56. Fearon, W.F.; Balsam, L.B.; Farouque, H.M.; Caffarelli, A.D.; Robbins, R.C.; Fitzgerald, P.J.; Yock, P.G.; Yeung, A.C. Novel index
for invasively assessing the coronary microcirculation. Circulation 2003, 107, 3129–3132, Erratum in Circulation 2003, 108, 3165.
[CrossRef]

57. Ng, M.K.; Yeung, A.C.; Fearon, W.F. Invasive assessment of the coronary microcirculation: Superior reproducibility and less
hemodynamic dependence of index of microcirculatory resistance compared with coronary flow reserve. Circulation 2006, 113,
2054–2061. [CrossRef]

58. Aarnoudse, W.; Fearon, W.F.; Manoharan, G.; Geven, M.; van de Vosse, F.; Rutten, M.; De Bruyne, B.; Pijls, N.H.J. Epicardial
Stenosis Severity Does Not Affect Minimal Microcirculatory Resistance. Circulation 2004, 110, 2137–2142. [CrossRef]

59. Kunadian, V.; Chieffo, A.; Camici, P.G.; Berry, C.; Scanned, J.; Maas, A.H.E.M.; Prescott, E.; Karam, N.; Appelman, Y.; Fraccaro,
C.; et al. An EAPCI Expert Consensus Document on Ischemia with Non-Obstructive Coronary Arteries in Collaboration with
European Society of Cardiology Working Group on Coronary Pathophysiology & Microcirculation Endorsed by Coronary
Vasomotor Disorders International. Eur. Heart J. 2020, 41, 3504–3520.

http://doi.org/10.1056/NEJMoa1616540
http://doi.org/10.1016/j.jacc.2011.11.003
http://doi.org/10.1016/j.jcin.2015.12.273
http://doi.org/10.1016/j.jacc.2013.01.034
http://www.ncbi.nlm.nih.gov/pubmed/23500218
http://doi.org/10.1093/eurheartj/ehab775
http://www.ncbi.nlm.nih.gov/pubmed/36282780
http://doi.org/10.1016/0002-9149(74)90743-7
http://www.ncbi.nlm.nih.gov/pubmed/4808557
http://doi.org/10.1161/01.CIR.89.5.2150
http://doi.org/10.1016/j.jacc.2016.03.584
http://doi.org/10.1007/s11886-014-0484-5
http://doi.org/10.1016/j.jcmg.2018.08.018
http://doi.org/10.1016/j.jcmg.2012.08.007
http://doi.org/10.1161/CIRCIMAGING.118.007594
http://doi.org/10.1016/j.jcin.2019.06.043
http://doi.org/10.1161/CIRCIMAGING.117.007107
http://doi.org/10.1056/NEJMoa1700445
http://doi.org/10.1161/CIRCINTERVENTIONS.122.012328
http://doi.org/10.1161/01.CIR.0000080700.98607.D1
http://doi.org/10.1161/CIRCULATIONAHA.105.603522
http://doi.org/10.1161/01.CIR.0000143893.18451.0E


Life 2023, 13, 951 21 of 27

60. Williams, R.P.; de Waard, G.A.; De Silva, K.; Lumley, M.; Asrress, K.; Arri, S.; Ellis, H.; Mir, A.; Clapp, B.; Chiribiri, A.; et al. Doppler
Versus Thermodilution-Derived Coronary Microvascular Resistance to Predict Coronary Microvascular Dysfunction in Patients
With Acute Myocardial Infarction or Stable Angina Pectoris. Am. J. Cardiol. 2018, 121, 1–8. [CrossRef]

61. Amier, R.P.; Teunissen, P.F.A.; Marques, K.M.; Knaapen, P.; van Royen, N. Invasive measurement of coronary microvascular
resistance in patients with acute myocardial infarction treated by primary PCI. Heart 2013, 100, 13–20. [CrossRef]

62. De Waard, G.A.; Nijjer, S.S.; van Lavieren, M.A.; van der Hoeven, N.W.; Petraco, R.; van de Hoef, T.P.; Echavarria-Pinto, M.; Sen,
S.; van de Ven, P.M.; Knaapen, P.; et al. Minimal Invasive Microvascular Resistance is a New Index to Assess Microcirculatory
Function Independent of Obstructive Coronary Artery Disease. J. Am. Heart Assoc. 2016, 5, e004482. [CrossRef] [PubMed]

63. Lee, S.H.; Lee, J.M.; Park, J.; Choi, K.H.; Hwang, D.; Doh, J.H.; Nam, C.W.; Shin, E.S.; Hoshino, M.; Murai, T.; et al. Prognostic
implications of resistive reserve ratio in patients with coronary artery disease. J. Am. Heart Assoc. 2020, 9, e015846. [CrossRef]
[PubMed]

64. Johnson, N.P.; Li, W.; Chen, X.; Hennigan, B.; Watkins, S.; Berry, C.; Fearon, W.F.; Oldroyd, K.G. Diastolic pressure ratio: New
approach and validation vs. the instantaneous wave-free ratio. Eur. Heart J. 2019, 40, 2585–2594. [CrossRef] [PubMed]

65. Van’t Veer, M.; Pijls, N.H.J.; Hennigan, B.; Watkins, S.; Ali, Z.A.; De Bruyne, B.; Zimmermann, F.M.; van Nunen, L.X.; Barbato,
E.; Berry, C.; et al. Comparison of different diastolic resting indexes to iFR: Are they all equal? J. Am. Coll. Cardiol. 2017, 70,
3088–3096. [CrossRef]

66. Antiochos, P.; Ge, Y.; Steel, K.; Chen, Y.Y.; Bingham, S.; Abdullah, S.; Mikolich, J.R.; Arai, A.E.; Bandettini, W.P.; Patel, A.R.; et al.
Evaluation of Stress Cardiac Magnetic Resonance Imaging in Risk Reclassification of Patients with Suspected Coronary Artery
Disease. JAMA Cardiol. 2020, 5, 1401–1409. [CrossRef]

67. Ferreira, V.M.; Piechnik, S.K.; Dall’Armellina, E.; Karamitsos, T.D.; Francis, J.M.; Choudhury, R.P.; Friedrich, M.G.; Robson,
M.D.; Neubauer, S. Non-contrast T1-mapping detects acute myocardial edema with high diagnostic accuracy: A comparison to
T2-weighted cardiovascular magnetic resonance. J. Cardiovasc. Magn. Reson. 2012, 14, 42. [CrossRef]

68. Antonopoulos, A.S.; Sanna, F.; Sabharwal, N.; Thomas, S.; Oikonomou, E.K.; Herdman, L.; Margaritis, M.; Shirodaria, C.; Kampoli,
A.M.; Akoumianakis, I.; et al. Detecting human coronary inflammation by imaging perivascular fat. Sci. Transl. Med. 2017, 9,
eaal2658. [CrossRef]

69. Oikonomou, E.K.; Marwan, M.; Desai, M.Y.; Mancio, J.; Alashi, A.; Hutt Centeno, E.; Thomas, S.; Herdman, L.; Kotanidis, C.P.;
Thomas, K.E.; et al. Non-invasive detection of coronary inflammation using computed tomography and prediction of residual
cardiovascular risk (the CRISP CT study): A post-hoc analysis of prospective outcome data. Lancet 2018, 392, 929–939. [CrossRef]

70. Kang, K.; Peng, X.; Luo, J.; Gou, D. Identification of circulating miRNA biomarkers based on global quantitative real-time PCR
profiling. J. Anim. Sci. Biotechnol. 2012, 3, 4. [CrossRef]

71. Ying, S.Y.; Chang, D.C.; Lin, S.L. The microRNA (miRNA): Overview of the RNA genes that modulate gene function. Mol.
Biotechnol. 2008, 38, 257–268. [CrossRef]

72. Ghafouri-Fard, S.; Gholipour, M.; Taheri, M. Role of MicroRNAs in the Pathogenesis of Coronary Artery Disease. Front. Cardiovasc.
Med. 2021, 8, 632392. [CrossRef]

73. Fazmin, I.T.; Achercouk, Z.; Edling, C.E.; Said, A.; Jeevaratnam, K. Circulating microRNA as a Biomarker for Coronary Artery
Disease. Biomolecules 2020, 10, 1354. [CrossRef]

74. Melak, T.; Baynes, H.W. Circulating microRNAs as possible biomarkers for coronary artery disease: A narrative review. Ejifcc
2019, 30, 179–194.

75. Li, L.; Cai, W.; Ye, Q.; Liu, J.; Li, X.; Liao, X. Comparison of plasma microRNA-1 and cardiac troponin T in early diagnosis of
patients with acute myocardial infarction. World J. Emerg. Med. 2014, 5, 182–186. [CrossRef]

76. Corsten, M.F.; Dennert, R.; Jochems, S.; Kuznetsova, T.; Devaux, Y.; Hofstra, L.; Wagner, D.R.; Staessen, J.A.; Heymans, S.; Schroen,
B. Circulating MicroRNA-208b and MicroRNA-499 reflect myocardial damage in cardiovascular disease. Circ. Cardiovasc. Genet.
2010, 3, 499–506. [CrossRef]

77. Xiao, J.; Shen, B.; Li, J.; Lev, D.; Zhao, Y.; Wang, F.; Xu, J. Serum microRNA-499 and microRNA-208a as biomarkers of acute
myocardial infarction. Int. J.Clin. Exp. Med. 2014, 7, 136–141.

78. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
79. Sabatine, M.S.; Giugliano, R.P.; Keech, A.C.; Honarpour, N.; Wiviott, S.D.; Murphy, S.A.; Kuder, J.F.; Wang, H.; Liu, T.; Wasserman,

S.M.; et al. Evolocumab and clinical outcomes in patients with cardiovascular disease. N. Engl. J. Med. 2017, 376, 1713–1722.
[CrossRef]

80. Schwartz, G.G.; Steg, P.G.; Szarek, M.; Bhatt, D.L.; Bittner, V.A.; Diaz, R.; Edelberg, J.M.; Goodman, S.G.; Hanotin, C.; Harrington,
R.A.; et al. Alirocumab and cardiovascular outcomes after acute coronary syndrome. N. Engl. J. Med. 2018, 379, 2097–2107.
[CrossRef]

81. Marston, N.A.; Kamanu, F.K.; Nordio, F.; Gurmu, Y.; Roselli, C.; Sever, P.S.; Pedersen, T.R.; Keech, A.C.; Wang, H.; Lira Pineda,
A.; et al. Predicting Benefit From Evolocumab Therapy in Patients With Atherosclerotic Disease Using a Genetic Risk Score:
Results From the FOURIER Trial. Circulation 2020, 141, 616–623. [CrossRef]

82. Damask, A.; Steg, P.G.; Schwartz, G.G.; Szarek, M.; Hagström, E.; Badimon, L.; Chapman, M.J.; Boileau, C.; Tsimikas, S.; Ginsberg,
H.N.; et al. Patients With High Genome-Wide Polygenic Risk Scores for Coronary Artery Disease May Receive Greater Clinical
Benefit From Alirocumab Treatment in the Odyssey Outcomes Trial. Circulation 2020, 141, 624–636. [CrossRef] [PubMed]

http://doi.org/10.1016/j.amjcard.2017.09.012
http://doi.org/10.1136/heartjnl-2013-303832
http://doi.org/10.1161/JAHA.116.004482
http://www.ncbi.nlm.nih.gov/pubmed/28007742
http://doi.org/10.1161/JAHA.119.015846
http://www.ncbi.nlm.nih.gov/pubmed/32306809
http://doi.org/10.1093/eurheartj/ehz230
http://www.ncbi.nlm.nih.gov/pubmed/31329863
http://doi.org/10.1016/j.jacc.2017.10.066
http://doi.org/10.1001/jamacardio.2020.2834
http://doi.org/10.1186/1532-429X-14-42
http://doi.org/10.1126/scitranslmed.aal2658
http://doi.org/10.1016/S0140-6736(18)31114-0
http://doi.org/10.1186/2049-1891-3-4
http://doi.org/10.1007/s12033-007-9013-8
http://doi.org/10.3389/fcvm.2021.632392
http://doi.org/10.3390/biom10101354
http://doi.org/10.5847/wjem.j.issn.1920-8642.2014.03.004
http://doi.org/10.1161/CIRCGENETICS.110.957415
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1056/NEJMoa1615664
http://doi.org/10.1056/NEJMoa1801174
http://doi.org/10.1161/CIRCULATIONAHA.119.043805
http://doi.org/10.1161/CIRCULATIONAHA.119.044434
http://www.ncbi.nlm.nih.gov/pubmed/31707832


Life 2023, 13, 951 22 of 27

83. Ford, T.J.; Corcoran, D.; Berry, C. Stable coronary syndromes: Pathophysiology, diagnostic advances and therapeutic need. Heart
2018, 104, 284–292. [PubMed]

84. Herrmann, J.; Kaski, J.C.; Lerman, A. Coronary microvascular dysfunction in the clinical setting: From the mystery to reality. Eur.
Heart J. 2012, 33, 2771–2782. [CrossRef] [PubMed]

85. Rader, D.J.; Alexander, E.T.; Weibel, G.L.; Billheimer, J.; Rothblat, G.H. The role of reverse cholesterol transport in animals and
humans and relationship to atherosclerosis. J. Lipid Res. 2009, 50, S189–S194. [CrossRef] [PubMed]

86. Oulmet, M.; Barrett, T.J.; Fisher, E.A. HDL and Reverse Cholesterol Transport: Basic Mechanisms and Their Roles in Vascular
Health and Disease. Circ. Res. 2019, 124, 1505–1518.

87. Brownell, N.; Rohatgi, A. Modulating cholesterol efflux capacity to improve cardiovascular disease. Curr. Opin. Lipidol. 2016, 27,
398. [CrossRef]

88. Inoue, M.; Itoh, H.; Ueda, M.; Naruko, T.; Kojima, A.; Komatsu, R.; Doi, K.; Ogawa, Y.; Tamura, N.; Takaya, K.; et al. Vascular
Endothelial Growth Factor (VEGF) Expression in Human Coronary Atherosclerotic Lesions. Possible Pathophysiological
Significance of VEGF in Progression of Atherosclerosis. Circulation 1998, 98, 2108–2116. [CrossRef]

89. Povsic, T.J.; Henry, T.D.; Ohman, E.M.; Pepine, C.J.; Crystal, R.G.; Rosengart, T.K.; Reinhardt, R.R.; Dittrich, H.C.; Traverse, J.H.;
Answini, G.A.; et al. Epicardial delivery of XC001 gene therapy for refractory angina coronary treatment (The EXACT Trial):
Rationale, design, and clinical considerations. Am. Heart J. 2021, 241, 38–49. [CrossRef]

90. Milluzzo, R.P.; Franchina, G.A.; Capodanno, D.; Angiolillo, D.J. Selatogrel, a novel P2Y12 inhibitor: A review of the pharmacology
and clinical development. Expert Opin. Investig. Drugs 2020, 29, 537–546. [CrossRef]

91. Beavers, C.J.; Effoe, S.A.; Dobesh, P.P. Selatogrel: A Novel Subcutaneous P2Y12 Inhibitor. J. Cardiovasc. Pharmacol. 2022, 79,
161–167. [CrossRef]

92. Sinnaeve, P.; Fahrni, G.; Schelfaut, D.; Spirito, A.; Mueller, C.; Frenoux, J.-M.; Hmissi, A.; Bernaud, C.; Ufer, M.; Moccetti, T.; et al.
Subcutaneous Selatogrel Inhibits Platelet Aggregation in Patients With Acute Myocardial Infarction. J. Am. Coll. Cardiol. 2020, 75,
2588–2597. [CrossRef]

93. Storey, R.F.; Gurbel, P.A.; Ten Berg, J.; Beranud, C.; Dangas, G.D.; Frenoux, J.-M.; Gorog, D.A.; Hmissi, A.; Kunadian,
V.; James, S.K.; et al. Pharmacodynamics, pharmacokinetics, and safety of single-dose subcutaneous administration
of selatogrel, a novel P2Y12 receptor antagonist, in patients with chronic coronary syndromes. Eur. Heart J. 2020, 41,
3132–3140. [CrossRef] [PubMed]

94. Schönberger, T.; Ziegler, M.; Borst, O.; Konrad, I.; Nieswandt, B.; Massberg, S.; Ochmann, C.; Jürgens, T.; Seizer, P.; Langer, H.; et al.
The dimeric platelet collagen receptor GPVI-Fc reduces platelet adhesion to activated endothelium and preserves myocardial
function after transient ischemia in mice. Am. J. Physiol. Cell Physiol. 2012, 303, C757–C766. [CrossRef] [PubMed]

95. Gensicke, H.; van der Worp, H.B.; Nederkoorn, P.J.; Macdonald, S.; Gaines, P.A.; van der Lugt, A.; Mali, W.P.T.M.; Lyrer, P.A.;
Peters, N.; Featherstone, R.L.; et al. Ischemic brain lesions after carotid artery stenting increase future cerebrovascular risk. J. Am.
Coll. Cardiol. 2015, 65, 521–529. [CrossRef] [PubMed]

96. Ungerer, M.; Li, Z.; Baumgartner, C.; Goebel, S.; Vogelmann, J.; Holthhoff, H.-P.; Gawaz, M.; Münch, G. The GPVI-Fc fusion
protein Revacept reduces thrombus formation and improves vascular dysfunction in atherosclerosis without any impact on
bleeding times. PLoS ONE 2013, 8, e71193. [CrossRef]

97. Alberti, S.; Zhang, O.; D’Agostino, I.; Bruno, A.; Tacconelli, S.; Contursi, A.; Guarnieri, S.; Dovizio, M.; Falcone, L.; Ballerini,
P.; et al. The antiplatelet agent revacept prevents the increase of systemic thromboxane A2 biosynthesis and neointima hyperplasia.
Sci. Rep. 2020, 10, 21420. [CrossRef]

98. Jamasbi, J.; Megens, R.T.; Bianchini, M.; Münch, G.; Ungerer, M.; Faussner, A.; Sherman, S.; Walker, A.; Goyal, P.; Jung, S.; et al.
Differential inhibition of human atherosclerotic platelet-induced platelet activation by dimeric GPVI-Fc and Anti-GPVI antibodies:
Functional and imaging studies. J. Am. Coll. Cardiol. 2015, 65, 2404–2415. [CrossRef]

99. Uphaus, T.; Richards, T.; Welmar, C.; Neugebauer, H.; Poli, S.; Weissenborn, K.; Imray, C.; Michalski, D.; Rashid, H.; Loftus,
I.; et al. Revacept, an Inhibitor of Platelet Adhesion in Symptomatic Carotid Stenosis: A Multicenter Randomized Phase II Trial.
Stroke 2022, 53, 2718–2729. [CrossRef]

100. Mayer, K.; Hein-Rothweiler, R.; Shüpke, S.; Janisch, M.; Bernlochner, I.; Ndrepepa, G.; Sibbing, D.; Gori, T.; Borst, O.; Holdenrieder,
S.; et al. Efficacy and Safety of Revacept, a Novel Lesion-Directed Competitive Antagonist to Platelet Glycoprotein VI, in Patients
Undergoing Elective Percutaneous Coronary Intervention for Stable Ischemic Heart Disease: The Randomized, Double-blind,
Placebo-Controlled ISAR-PLASTER Phase 2 Trial. JAMA Cardiol. 2021, 6, 753–761.

101. Macchi, C.; Sirtori, C.R.; Corsini, A.; Santos, R.D.; Watts, G.F.; Ruscica, M. A new Dawn for managing dyslipidemias: The era of
RNA-based therapies. Pharmacol. Res. 2019, 150, 104413. [CrossRef]

102. Ray, K.K.; Landmesser, U.; Leiter, L.A.; Kallend, D.; Dufour, R.; Karakas, M.; Hall, T.; Troquay, R.P.; Turner, T.; Visseren, F.L.; et al.
Two Phase 3 Trials of Inclisiran in Patients with Elevated LDL Cholesterol. N. Engl. J. Med. 2020, 382, 1507–1519. [CrossRef]

103. Ray, K.K.; Troquay, R.P.T.; Visseren, F.L.J.; Leiter, L.A.; Scott Wright, R.; Vikarunnessa, S.; Talloczy, Z.; Zang, X.; Maheux, P.; Lesogor,
A.; et al. Long-term efficacy and safety of inclisiran in patients with high cardiovascular risk and elevated LDL cholesterol
(ORION-3): Results from the 4-year open-label extension of the ORION-1 trial. Lancet Diabetes Endocrinol. 2023, 11, 109–119.
[CrossRef]

104. Pettersen, D.; Davidsson, O.; Whatling, C. Recent advances for FLAP inhibitors. Bioorg. Med. Chem. Lett. 2015, 25, 2607–2612.
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/29030424
http://doi.org/10.1093/eurheartj/ehs246
http://www.ncbi.nlm.nih.gov/pubmed/22915165
http://doi.org/10.1194/jlr.R800088-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19064999
http://doi.org/10.1097/MOL.0000000000000317
http://doi.org/10.1161/01.CIR.98.20.2108
http://doi.org/10.1016/j.ahj.2021.06.013
http://doi.org/10.1080/13543784.2020.1764533
http://doi.org/10.1097/FJC.0000000000001079
http://doi.org/10.1016/j.jacc.2020.03.059
http://doi.org/10.1093/eurheartj/ehz807
http://www.ncbi.nlm.nih.gov/pubmed/31994703
http://doi.org/10.1152/ajpcell.00060.2012
http://www.ncbi.nlm.nih.gov/pubmed/22814400
http://doi.org/10.1016/j.jacc.2014.11.038
http://www.ncbi.nlm.nih.gov/pubmed/25677309
http://doi.org/10.1371/journal.pone.0071193
http://doi.org/10.1038/s41598-020-77934-x
http://doi.org/10.1016/j.jacc.2015.03.573
http://doi.org/10.1161/STROKEAHA.121.037006
http://doi.org/10.1016/j.phrs.2019.104413
http://doi.org/10.1056/NEJMoa1912387
http://doi.org/10.1016/S2213-8587(22)00353-9
http://doi.org/10.1016/j.bmcl.2015.04.090


Life 2023, 13, 951 23 of 27

105. Ericsson, H.; Nelander, K.; Lagerstrom-Fermer, M.; Balendran, C.; Bhat, M.; Chialda, L.; Gan, L.M.; Heijer, M.; Kjaer, M.; Lambert,
J.; et al. Initial Clinical Experience with AZD5718, a Novel Once Daily Oral 5-Lipoxygenase Activating Protein Inhibitor. Clin.
Transl. Sci. 2018, 11, 330–338. [CrossRef]

106. Prescott, E.; Pernow, J.; Saraste, A.; Åkerblom, A.; Angerås, O.; Erlinge, D.; Grove, E.L.; Hedman, M.; Jensen, L.O.; Svedlund,
S.; et al. Design and rationale of FLAVOUR: A phase IIa efficacy study of the 5-lipoxygenase activating protein antagonist
AZD5718 in patients with recent myocardial infarction. Contemp. Clin. Trials Commun. 2020, 19, 100629. [CrossRef]

107. Mega, J.L.; Braunwald, E.; Wiviott, S.D.; Bassand, J.P.; Bhatt, D.L.; Bode, C.; Burton, P.; Cohen, M.; Cook-Bruns, N.; Fox, K.A.; et al.
Rivaroxaban in patients with a recent acute coronary syndrome. N. Engl. J. Med. 2012, 366, 9–19. [CrossRef]

108. Eikelboom, J.W.; Connolly, S.J.; Bosch, J.; Dagenais, G.R.; Hart, R.G.; Shestakovska, O.; Diaz, R.; Alings, M.; Lonn, E.M.; Anand,
S.S.; et al. Rivaroxaban with or without aspirin in stable cardiovascular disease. N. Engl. J. Med. 2017, 377, 1319–1330. [CrossRef]

109. Naito, R.; Miyauchi, K.; Yasuda, S.; Kaikita, K.; Akao, M.; Ako, J.; Matoba, T.; Nakamura, M.; Hagiwara, N.; Kimura, K.; et al.
Rivaroxaban Monotherapy vs Combination Therapy With Antiplatelets on Total Thrombotic and Bleeding Events in Atrial
Fibrillation With Stable Coronary Artery Disease: A Post Hoc Secondary Analysis of the AFIRE Trial. JAMA Cardiol. 2022, 7,
787–794. [CrossRef]

110. Dasgeb, B.; Kornreich, D.; McGuinn, K.; Okon, L.; Brownell, I.; Sackett, D.L. Colchicine: An ancient drug with novel applications.
Br. J. Dermatol. 2018, 178, 350–356. [CrossRef]

111. Chen, K.; Schenone, A.L.; Borges, N.; Militello, M.; Menon, V. Teaching an old dog new tricks: Colchicine in cardiovascular
medicine. Am. J. Cardiovasc. Drugs 2017, 17, 347–360. [CrossRef]

112. Imazio, M.; Gaita, F. Colchicine for cardiovascular medicine. Future Cardiol. 2016, 12, 9–16. [CrossRef] [PubMed]
113. Olsen, A.M.; Fosbøl, E.L.; Lindhardsen, J.; Folke, F.; Charlot, M.; Selmer, C.; Bjerring Olesen, J.; Lamberts, M.; Ruwald, M.H.;

Køber, L.; et al. Long-Term cardiovascular risk of nonsteroidal anti-inflammatory drug use according to time passed after
first-time myocardial infarction: A nationwide cohort study. Circulation 2012, 126, 1955–1963. [CrossRef] [PubMed]

114. Vogel, R.A.; Forrester, J.S. Cooling off hot hearts: A specific therapy for vulnerable plaque? J. Am. Coll. Cardiol. 2013, 61, 411–412.
[CrossRef] [PubMed]

115. Giugliano, G.R.; Giugliano, R.P.; Gibson, C.M.; Kuntz, R.E. Meta-Analysis of corticosteroid treatment in acute myocardial
infarction. Am. J. Cardiol. 2003, 91, 1055–1059. [CrossRef]

116. Nidorf, S.M.; Eikelboom, J.W.; Budgeon, C.A.; Thompson, P.L. Low-dose colchicine for secondary prevention of cardiovascular
disease. J. Am. Coll. Cardiol. 2013, 61, 404–410. [CrossRef]

117. Nidorf, S.M.; Fiolet, A.T.L.; Mosterd, A.; Eikelboom, J.W.; Schut, A.; Opstal, T.S.J.; The, S.H.K.; Xu, X.F.; Ireland, M.A.; Lenderink,
T.; et al. Colchicine in Patients with Chronic Coronary Disease. N. Engl. J. Med. 2020, 383, 1838–1847. [CrossRef]

118. Opstal, T.S.J.; van Broekhoven, A.; Fiolet, A.T.L.; Mosterd, A.; Eikelboom, J.W.; Nidorf, S.M.; Thompson, P.L.; Budgeon, C.A.;
Bartels, L.; de Nooijer, R.; et al. Long-Term Efficacy of Colchicine in Patients With Chronic Coronary Disease: Insights From
LoDoCo2. Circulation 2022, 145, 626–628. [CrossRef]

119. Tardif, J.C.; Kouz, S.; Waters, D.D.; Bertrand, O.F.; Diaz, R.; Maggioni, A.P.; Pinto, F.J.; Ibrahim, R.; Gamra, H.; Kiwan, G.S.; et al.
Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction. N. Engl. J. Med. 2019, 381, 2497–2505. [CrossRef]

120. Tong, D.C.; Quinn, S.; Nasis, A.; Hiew, C.; Roberts-Thomson, P.; Adams, H.; Sriamareswaran, R.; Htun, N.M.; Wilson, W.; Stub,
D.; et al. Colchicine in Patients With Acute Coronary Syndrome: The Australian COPS Randomized Clinical Trial. Circulation
2020, 142, 1890–1900. [CrossRef]

121. Imazio, M.; Andreis, A.; Brucato, A.; Adler, Y.; De Ferrari, G.M. Colchicine for acute and chronic coronary syndromes. Heart 2020,
106, 1555–1560. [CrossRef]

122. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.; Woerle,
H.J.; et al. Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N. Engl. J. Med. 2015, 373, 2117–2128.
[CrossRef]

123. Wiviott, S.D.; Raz, I.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.; Kuder, J.F.; Murphy,
S.A.; et al. Dapagliflozin and cardiovascular outcomes in type 2 diabetes. N. Engl. J. Med. 2019, 380, 347–357. [CrossRef]

124. Perkovic, V.; Jardine, M.J.; Neal, B.; Bompoint, S.; Heerspink, H.J.L.; Charytan, D.M.; Edwards, R.; Agarwal, R.; Bakris, G.; Bull,
S.; et al. Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N. Engl. J. Med. 2019, 380, 2295–2306. [CrossRef]

125. Cannon, C.P.; Pratley, R.; Dagogo-Jack, S.; Mancuso, J.; Huyck, S.; Masiukiewicz, U.; Charbonnel, B.; Frederich, R.; Gallo, S.;
Cosentino, F.; et al. Cardiovascular outcomes with ertugliflozin in type 2 diabetes. N. Engl. J. Med. 2020, 383, 1425–1435.
[CrossRef]

126. Heerspink, H.J.L.; Stefánsson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, F.F.; Mann, J.F.E.; McMurray, J.J.V.; Lindberg,
M.; Rossing, P.; et al. Dapagliflozin in patients with chronic kidney disease. N. Engl. J. Med. 2020, 383, 1436–1446. [CrossRef]

127. McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Køber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S.; Anand,
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