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A B S T R A C T   

Ischemic, Coronary Heart Disease (CHD) is a leading cause of morbidity and death worldwide.   

Ischemic, Coronary Heart Disease (CHD) is a leading cause of 
morbidity and death worldwide. Despite major advances in clinical, 
pharmacology and technology utilization in treatment, there still exists a 
concerning trend manifested by rising Global Cardiovascular deaths 
linked to a growing Global Burden of Cardiometabolic Risks. Addition-
ally, there is significant regional Variation in CVD Burden and large 
Burden of CVD in Low-Middle Income Countries [1]. 

Myocardial ischemia is the major pathophysiologic link to CHD 
morbidity and key adverse events. Decades of progress have focused on 
identification and treatment of atherosclerotic coronary plaque-related 
narrowing, and interventions aimed at alleviating the plaque hemody-
namic obstruction. However, besides coronary plaque-related stenosis, 
there may be numerous additional contributors to myocardial ischemia, 
with or without upstream stenosis. Principal among these elements, is 
the dynamic performance of the coronary microcirculation [2–7]. 

The coronary microcirculation comprises >90 % of the myocardial 
blood vessels and is an extensive network of vessels near <200 μ in 
diameter, endowed with a monolayer of endothelial cells. The latter 
serve not only as anatomic barriers but participate in principal biologic 
processes and regulate critical homeostatic functions that control 
vascular reactivity and thrombogenesis. Exposure of endothelium to 
metabolic factors may provoke inflammation by triggering specific 
pathways and evoking a host of inflammatory cytokines, adhesion 
molecules and inflammatory cells. Of special relevance, the oxidation of 
low-density lipoprotein cholesterol and other oxidative stressors play a 
major role in disrupting endothelial function by reducing bioavailability 

of nitric oxide and activating pro-inflammatory signaling pathways. 
Additionally, release of endothelium-derived vasoconstrictors antago-
nizes endothelium-derived vasodilation to limit the size of the micro-
vascular bed and may lead to vasoconstriction and/or thrombosis [8,9]. 

It should be also appreciated that endothelial cells of different 
vascular beds are heterogeneous regarding structure and/or function 
and are thereby able to perform special tasks while responding in a 
similar and universal pattern to risk factors and vessel injury. For 
example, in the kidney, increased albumin excretion rates (AER) are 
known to independently predict worsening CVD and outcomes, 
including increased mortality, in a wide range of clinical settings. A 
large body of evidence has established this direct relation of systemat-
ically worse clinical outcomes with increasing levels of AER to be de-
rivative of endothelial injury (dysfunction) that may be observed in 
diabetic, hypertensive, and non-diabetic individuals. Among nontradi-
tional risk factors and markers of subclinical atherosclerosis, albumin-
uria is associated with incident coronary artery calcification in persons 
≥65 years of age [10,11]. 

Whereas albuminuria may be a late reflection of renal endothelial 
injury that is detectable in relatively advanced vascular disease, 
increased albumin filtration is invariably accompanied by injury to 
subjacent glomerular epithelial cells (podocytes). Recent studies have 
strongly correlated shedding of podocytes with albuminuria. Hence, 
podocytes may provide an early biomarker of systemic endothelial 
dysfunction, preceding emergence of moderate albuminuria and would 
potentially facilitate earlier diagnosis of affected individuals [10]. 
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In the heart, and peculiar to the coronary circulation, the micro- 
vessels play a critical role in the fine control of the volume and distri-
bution of coronary blood and nutrient flow, which during diastole must 
compensate for flow interruption caused by systolic obliteration of the 
embedded micro-vessels thereby matching flow to oxygen requirements 
and sustaining aerobic myocardial metabolism despite wide fluctua-
tions. Thanks to autoregulation, under physiologic conditions and intact 
micro-vascular function, a 3–4-fold coronary flow reserve (CFR) can be 
realized. Dysregulation of coronary micro-vessel function secondary to 
myocardial structural, embolization, or impairment of endothelial 
function may cause limitation in CFR. Recent evidence has validated 
CFR <2 as a key determinant of cardiac morbidity and mortality in a 
wide range of clinical conditions, including acute myocardial infarction, 
heart failure phenotypes, INOCA and hypertrophic cardiomyopathies. 

These coronary physiologic characteristics are pertinent to the un-
derstanding and interpretations of diverse situations in cardiac physio-
logic and pathologic conditions [12]. 

1. Physiologic testing in stable CAD and ACS 

Fractional Flow Reserve (FFR) physiologic testing has emerged as a 
readily obtained and reliable tool for physiologic assessment of 
intermediate-obstructive coronary lesions based on trans lesional- 
pressure drop [13–17]. This physiologic measure, however, requires 
near maximal microcirculatory vasodilation achieving minimal coro-
nary resistance. Recent clinical trials have demonstrated inconsistency 
in the clinical validity of the test as compared to the landmark Deferral 
versus Performance of Percutaneous Transluminal Coronary Angio-
plasty in Patients Without Documented Ischaemia (DEFER) and Frac-
tional Flow Reserve Versus Angiography for Multivessel Evaluation 
(FAME) trials which confirmed safety of deferring lesion intervention 
based on an FFR >0.8. This discrepancy can be accounted for, in part, by 
the heterogenous patient population studied, particularly inclusion of 
patients with recent ACS, where microvascular function can be affected 
for an indeterminate duration [18–22]. 

The FAME 3 trial tested the noninferiority of FFR-guided PCI to 
coronary artery bypass grafting (CABG) for patients with three-vessel 
obstructive disease. That trial demonstrated that FFR-guided PCI using 
current-generation DES did not meet criteria for noninferiority 
compared with CABG among patients with angiographic three-vessel 
disease. At 3 years, no difference was noted between the two arms of 
the trial, but MI and repeat revascularization were both higher with PCI. 
A feature of that trial is the inclusion of patients with recent ACS with 
potential microvascular dysfunction, which may have influenced the 
results of physiology testing [19]. A similar finding was reported in the 
FUTURE trial where FFR-based clinical decisions post recent ACS/AMI 
were associated with worse outcome leading to trial termination [23]. 
Acute Coronary Syndrome/Myocardial Infarction comprise a spectrum 
of changes in local and remote vascular beds, including up-regulation of 
endothelial inflammatory adhesion molecules and platelet-endothelial 
adhesion from endothelial-associated VWF multimers. These remote 
vascular alterations persist longer in the presence of hyperlipidemia. 
The effects of the ACS-related inflammation on microvascular function 
and attenuated dilatation capacity are relevant to the results and 
interpretation of physiologic testing as well as explaining the disparity 
and discordance of iFR/FFR under variable anatomic and physiologic 
settings. The injury induced by micro emboli to the microcirculation 
could result in both, ischemia and triggering of inflammation [23,24]. 

2. Ischemia and Non Obstructive Coronary Disease (INOCA) 

Over half a century ago, Licoff, Segal and Kasparian described 15 
women with angina, ischemic exercise ECGs despite the absence of 
coronary obstruction suggesting coronary microvascular abnormality. 
This was confirmed using atrial pacing tachycardia or IV isoproterenol 
infusion that produced LV diastolic pressure and myocardial metabolic 

abnormalities of ischemia in patients with chest pain without angio-
graphically confirmed obstructive CAD. Cannon and Epstein then 
confirmed reduced coronary vasodilator reserve and used the term 
“microvascular angina” [24–29]. 

In the original Women's Ischemic Syndrome Evaluation (WISE) 
cohort, women with symptoms and/or signs of ischemia despite absence 
of obstructive CAD with CFR <2.3, had impaired SAQ angina frequency 
scores and increase adverse outcomes. This finding has been confirmed 
multiple times as the clinical syndrome of “Open Artery Ischemia 
(Angina with Non-Obstructive Coronary Arteries/Ischemia with Non- 
Obstructive Coronary Arteries/Myocardial Infarction with Non- 
Obstructive Coronary Arteries) ANOCA/INOCA/MINOCA”. This com-
plex clinical phenotype is underpinned by coronary microvascular 
dysfunction with a spectrum of pathophysiologic-clinical endotypes 
ranging from impaired dilatation to endothelial dependent large coro-
nary artery spasm, microvascular spasm, impaired microvascular dila-
tion, clinical disability and or, cardiac events including sudden death 
[4,30–34]. 

Utilization of PET coronary flow and catheter based coronary func-
tional testing have advanced our understanding of the pathophysiology 
and characterization of ANOCA/INOCA/MINOCA and their various 
endotypes. In a study by Sinha et al. of 102 patients with ANOCA (65 % 
women, mean age 60 ± 8 years), 32 patients developed ischemia during 
exercise stress testing. Using endothelium-independent and 
endothelium-dependent microvascular dysfunction as the reference 
standard, the false positive rate of exercise stress test (ETT) dropped to 0 
%, suggesting that among patients with ANOCA, ischemia on ETT was 
highly specific of an underlying ischemic substrate. Furthermore, 
accumulating evidence supports the notion that coronary spasm and 
vasomotor dysfunction may be the underlying cause in more than half of 
the myocardial infarctions (MIs) in patients with MINOCA, in addition to 
being a common cause of chest pain ANOCA [32,34]. 

3. Heart Failure and preserved Ejection Fraction (HFpEF) 

Heart failure with preserved ejection fraction (HFpEF) is a prevalent 
adult heart failure phenotype accounting for ~40 % of the clinical HF 
burden. A proposed hypothesis in the pathogenesis of HFpEF is the 
combined effects of daily life ischemia, aging, obesity, diabetes, chronic 
lung disease and hypertension with underlying inflammation leading to 
functional micro-vascular dysfunction, hypoperfusion and consequen-
tial myocardial structural changes which perpetuate the ischemic insult. 

One putative mechanism includes effects of proinflammatory medi-
ators leading to reduction in nitric oxide (NO) bioavailability, (cGMP), 
and eventual protein kinase G activity in cardiomyocytes and endothe-
lial dysfunction reducing CFR, interstitial fibrosis, and myocyte hyper-
trophy. Several studies have reported associations between elevated 
inflammatory biomarkers, limitation of CFR and incident HFpEF, as well 
as the severity and outcome [35–38]. 

4. Intersection with cardio-oncology 

Cancer and CVD are highly prevalent and commonly coexist, to the 
extent that cancer is now considered a CVD risk factor. They share 
several risk factors and pathophysiologic mechanisms including aging, 
inactivity, CHIP, atrial fibrillation, atherosclerosis, and alterations in 
platelet function with increased risk of bleeding and thrombosis [33,39]. 
Of special relevance is the vascular adverse effects of many classes of 
anti-cancer treatments such as immune modulators and targeted therapy 
protocols. Although attention has traditionally focused on car-
diomyocyte toxicity, vascular dysfunction could play a key role in the 
development of CV complications. Mounting evidence suggests that 
oncologic therapies damage endothelial cells, reduce NO bioavailability, 
and promote endothelial dysfunction. These effects have important 
systemic implications and can result in thrombosis, tissue ischemia, 
accelerated atherosclerosis, and hypertension. Several studies report an 
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increased incidence of atherosclerotic CVD after immune check point 
inhibitor (ICI) administration, with incident MI, ischemic stroke, and 
CAD-related events. Cardiotoxicity may be an important side effect of 
vascular endothelial growth factor (VEGF) inhibitor therapy used in the 
treatment of various malignancies, leading to CV morbidity and mor-
tality including hypertension, cardiac ischemia as potential conse-
quences of endothelial toxicity, thrombosis, and microvascular 
constriction or damage. This toxicity is mediated by adverse effects on 
endothelial and microvascular function through VEGF inhibition and 
oxidative stressors, which increase expression of proinflammatory genes 
with acceleration of arterial and venous thrombotic events, including 
cardiac and cerebral ischemia [40–44]. 

The above themes and more, are comprehensively addressed in this 
Special Issue dedicated to the advancement of knowledge pertinent to 
coronary microcirculation. This Special Issue offers interesting original 
and review manuscripts with intensive insight, analysis and perspectives 
for clinical utilization, evidence gaps, and future investigation. 
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