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ABSTRACT

Ischemic heart disease (IHD) is a leading cause of morbidity and mortality worldwide, presenting with acute and
chronic coronary syndromes. Although coronary atherosclerosis is a major cause of IHD, many patients with an-
gina or myocardial ischemia do not have obstructive coronary heart disease and impairment of the coronary mi-
crocirculation has been increasingly implicated as a relevant cause of IHD. Therefore, coronary microvascular
dysfunction (CMD) refers to a term covering a wide spectrum of structural and functional alterations which affect
the coronary microcirculation leading to myocardial ischemia and angina. The advent of non-invasive and invasive
functional tests has exponentially broadened the ability to recognize CMD and delineate related clinical and bio-
chemical features. Despite major advances in diagnosing and stratifying this condition, therapeutic strategies re-
main limited and poorly defined. In this review, we will provide an overview of the pathophysiology and the
diagnostic evaluation of CMD across the spectrum of cardiovascular diseases. Furthermore, we will discuss the
novel therapeutic strategies available for these patients in the perspective of a personalized medicine approach.

Keywords: Coronary microvascular dysfunction, INOCA, ANOCA, coronary spasm, precision medicine

INTRODUCTION invasive evidence of myocardial ischemia
have non-obstructive coronary artery disease
(Vrints et al., 2024). In these patients impair-
ment of coronary microvascular flow is an es-
tablished cause of myocardial ischemia. Cor-
onary microvascular dysfunction (CMD) en-
compasses several pathogenetic mechanisms
resulting in functional and structural changes
in the coronary microcirculation. CMD often

Myocardial infarction and myocardial is-
chemia have been traditionally considered a
“large vessel” disease caused by atherosclero-
sis and obstructive atherothrombotic events in
the epicardial coronary arteries. However, up
to half of the subjects undergoing invasive
coronary angiography for angina or non-

454


mailto:roccoantonio.montone@unicatt.it
https://dx.doi.org/10.17179/excli2025-8285
https://dx.doi.org/10.17179/excli2025-8285
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0000-1858-9595
https://orcid.org/0000-0003-0559-2626
https://orcid.org/0009-0008-5441-9276
https://orcid.org/0009-0001-9080-2183
https://orcid.org/0000-0002-6439-1018

EXCLI Journal 2025;24:454-478 — ISSN 1611-2156

Received: February 17, 2025, accepted: March 13, 2025, published: March 26, 2025

determines angina and myocardial ischemia
not only in patients with ischemia with non-
obstructive coronary arteries (INOCA) or in-
farction with non-obstructive coronary arter-
ies (MINOCA) but also in a broad spectrum
of cardiovascular diseases, such as ischemia
with obstructive coronary artery disease, car-
diomyopathies, Takotsubo syndrome and
heart failure, especially heart failure with pre-
served ejection fraction.

The aim of this review is to provide up-
dated evidence and a comprehensive over-
view of the complex pathophysiology of
CMD, the available diagnostic techniques and
the prognostic role of CMD across cardiovas-
cular diseases. Moreover, it will include a de-
tailed discussion about current clinical man-
agement of CMD with a focus on novel po-
tential therapies and ongoing trials.

PATHOPHYSIOLOGY OF CMD

The coronary arterial system consists of
epicardial coronary vessels and coronary mi-
crocirculation.

Epicardial coronary vessels are conduct-
ance arteries with a cross-sectional diameter

Epicardial arteries
(Conductance vessels)
500 pm

100-500 um

Macrocirculation

Pre-arterioles
(Resistance vessels)

>500 um, visible on coronary angiography
and the site of obstructive atherosclerosis
(Camici and Crea, 2007).

Coronary microcirculation includes all
vessels with a cross-sectional diameter <500
um such as the pre-arteriolar vessels (500-
100 um diameter), intramural arterioles (di-
ameter <100 xm) and capillaries, which are
resistive arteries being responsible for >70 %
of the coronary resistance under physiological
conditions (Crea et al., 2022). In healthy indi-
viduals, without significant epicardial athero-
sclerosis, increases in myocardial metabolic
demand are met by progressive vasodilation
of coronary arterioles, which can normally in-
duce a five-fold increase of coronary blood
flow (Padro et al., 2020). The mechanisms un-
derlying CMD involve the combination of
both structural, functional and molecular al-
terations in the coronary microcirculation, im-
pairing the ability of the coronary microcircu-
lation to increase coronary blood flow (CBF)
in response to an increased myocardial oxy-
gen demand or resulting in coronary micro-
vascular spasm (Figure 1).

Arterioles and capillaries

<100 pm

Functional Mechanisms
Endothelial dysfunction and or
VSMC hyperactivity resulting in:
» Impaired vasodilatation
¢ Enhanced vasoconstriction

CMD

Structural Mechanisms
e Abnormal vascular remodelling
* Luminal obstruction
o Capillary rarefaction
s Extrinsic vascular compression
» Vascular wall infiltration

Microcirculation

Figure 1: Pathophysiology of coronary microvascular dysfunction
(Abbreviations: CMD: coronary microvascular dysfunction; VSMC: vascular smooth muscle cells)
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The structural changes of the coronary mi-
crocirculation responsible for CMD have
been documented especially in patients with
traditional cardiovascular risk factors for cor-
onary heart disease (CAD) and different car-
diomyopathies (Taqueti and Di Carli, 2018).
These alterations may include capillary rare-
faction and adverse remodeling of intramural
coronary arterioles, resulting from medial
wall thickening mainly because of smooth
muscle hypertrophy and increased collagen
deposition causing perivascular fibrosis, with
variable degrees of intimal thickening and a
reduced wall/lumen ratio (Crea et al., 2022).
Clinical studies provided evidence that micro-
vascular hallmarks of hypertension are in-
ward remodeling of resistance arteries and
microvascular rarefaction (Triantafyllou et
al., 2016). In patients with hypertrophic car-
diomyopathy (HCM), CMD mechanisms also
include myocyte disarray and elevated left
ventricular end-diastolic pressure (Cecchi et
al., 2003). Diabetes mellitus is also associated
with myocardial vasoconstriction and re-
duced angiogenesis in both animals and hu-
mans (Hinkel et al., 2017). These structural
changes can, even in the absence of epicardial
CAD, induce progressive reductions in coro-
nary flow reserve (CFR) mimicking the ef-
fects of flow limiting stenosis. However, the
difference is that CFR reduction in patients
with CMD rarely follows the regional (in the
territory subtended by the stenotic artery) pat-
tern seen in patients with obstructive CAD,
rather appearing as patchy, with small areas
of ischemic tissue interspersed among other-
wise normal myocardium, or diffuse, involv-
ing most of the ventricle (Kaski et al., 2018;
Crea and Montone, 2023).

The main functional abnormalities lead-
ing to CMD include impaired dilatation or ex-
cessive coronary microvascular constriction
as well as autonomic dysfunction. Impaired
vasodilatation may be because of abnormali-
ties in endothelium-dependent mechanisms
(frequently associated with diabetes mellitus,
obesity, smoking, and other cardiovascular
risk factors), endothelial-independent mecha-
nisms, or both (Kaski et al., 2018).

The endothelium, a mono-layer of endo-
thelial cells, modulates vascular tone by syn-
thesizing and liberating endothelium-derived
relaxing factors (EDRFs), including vasodila-
tor prostaglandins (e.g. prostacyclin), nitric
oxide (NO), and endothelium-dependent hy-
perpolarization (EDH) factors as well as en-
dothelium-derived  contracting  factors
(EDCEFs) in response to shear stress and vari-
ous agonists in vivo. EDH-mediated re-
sponses are accompanied with hyperpolariza-
tion and relaxation of the underlying vascular
smooth muscle cells (VSMC) and subsequent
vasodilatation (Godo et al., 2023). It is widely
accepted that EDH factors, rather than NO,
predominantly mediate the endothelium-de-
pendent vasodilatation of resistance arteries
(Godo et al., 2021; Vanhoutte et al., 2017).
Endothelium-independent mechanisms in-
volve increased release of vasoconstrictor ag-
onists, such as Endothelin-1 (ET-1), increased
susceptibility of VSMCs to normal vasocon-
strictor stimuli, decreased VSMC relaxation
and aberrant autonomic activity (Crea et al.,
2022). Autonomic dysfunction involves in-
creased sympathetic activation. However, in-
creased alpha-adrenergic coronary vasocon-
striction is clinically relevant when non-neu-
ral vasodilator mechanisms are impaired
(such as patients with metabolic syndrome,
dyslipidemia or type 2 diabetes mellitus, and
in the acute phase after myocardial infarction
or percutaneous revascularization proce-
dures) (Crea et al., 2022; Grassi et al., 2007;
Schelbert, 2010). Among functional altera-
tions, more recent evidence supports the hy-
pothesis that air pollution could contribute to
coronary microvascular disorder. Exposure to
particulate matter (PM2.5 and PM10) is inde-
pendently associated with coronary vasomo-
tor disorders. More precisely, PM2.5 and
PM10 are associated with a positive coronary
provocation test, although epicardial spasms
seem to occur more frequently than microvas-
cular spasms (Camilli et al., 2022).

Molecular pathways associated with
CMD include increased oxidative stress, im-
paired RhoA/Rho-kinase activity and epige-
netic modifications (Crea and Montone,
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2023). Reactive oxygen species (ROS) and
inflammatory responses play a central role in
the pathogenesis of CMD. ROS production is
predominantly regulated by nicotinamide ad-
enine dinucleotide phosphate oxidases (NOXx)
family, nitric oxide synthase (NOS) uncou-
pling, xanthine oxidase and mitochondria
(Zhang et al., 2023). The activation of Nox
enzymes leads to ROS production and trig-
gers p66Shc phosphorylation and transloca-
tion within the mitochondria, where it further
promotes ROS generation by altering the
function of the mitochondria respiratory
chain. In turn, p66Shc activation stimulates
the activity of Nox, thus generating a vicious
cycle that amplifies ROS production (Masi et
al., 2021). Moreover, ROS can inactivate NO
to form a powerful oxidant, peroxynitrite, that
can nitrose substrate proteins and uncouple
eNOS to produce ROS; reactive oxygen spe-
cies can also promote the conversion of xan-
thine dehydrogenase (XDH) to XO by oxidiz-
ing sulfhydryl residues, thereby inducing
ROS production (Lassegue and Griendling,
2010). ROS mediate microvascular aging,
vasodilation dysfunction, and inflammatory
response activating mitogen-activated protein
kinases (ERK1/2, p38MAPK, and JNK), ty-
rosine kinases, and tyrosine phosphatases.
Important downstream redox targets are tran-
scription factors (NF-kB, AP-1 and HIF-1)
and pro-inflammatory genes, critically in-
volved in chemokine and cytokine produc-
tion, recruitment, and activation of inflamma-
tory and immune cells, which promote micro-
vascular inflammation (Masi et al., 2021).
ROS also enhance the coronary microvascu-
lar contractile activity of ET-1 by activating
the RhoA/Rho kinase pathway (Lassegue and
Griendling, 2010) (Figure 2). Epigenetic
modifications contribute to the oxidative
stress-mediated CMD; DNA methylation and
histone modifications of the p66°" gene and
the TNF o promoter are the most studied epi-
genetic alteration involved in obesity, diabe-
tes and hypertension-related CMD. Likewise,
endothelial inflammation is favored by mono-
methylation of histone 3 and activation of the
methyltransferase SUV39H1 via up-regu-

lation of NF-kB. Commonly detected in age-
ing, reduced SIRT1 expression sustains a fur-
ther increase in intracellular oxidative stress,
reducing the expression of antioxidant en-
zymes (secondary to FOXO inhibition) and
promoting pro-inflammatory cytokine (Masi
etal., 2021) (Figure 3).

DIAGNOSTIC TECHNIQUES

Coronary microvasculature can be evalu-
ated through both invasive and non-invasive
techniques (Montone et al., 2021). Table 1
summarizes non-invasive techniques, where-
as a more extensive discussion on invasive
techniques is warranted in the following sec-
tion.

Invasive techniques

Coronary angiography allows to exclude
significant obstructive stenosis and, by per-
forming a comprehensive invasive functional
assessment, diagnose the presence of func-
tional and structural alteration of the micro-
circulation.

An initial visual assessment of CMD may
be performed through Thrombolysis In Myo-
cardial Infarction (TIMI) frame count, with
delayed opacification (>25 frames), the so-
called “coronary slow-flow phenomenon”, al-
lowing to suspect the presence of CMD (Xu
etal., 2022).

The two cornerstone measurements in the
assessment of endothelium-independent
CMD are coronary flow reserve (CFR) and
index of microcirculatory resistance (IMR).

CFR is defined as the ratio between aden-
osine-induced hyperemic blood flow to rest-
ing blood flow. This ratio quantifies the re-
sponse to an increased oxygen demand.
Adenosine is the preferred agent as the effect
on epicardial vessels is minimal, thus affect-
ing mainly the microcirculation. An effective
alternative to Adenosine - in patients with
contraindications to this molecule - is repre-
sented by Papaverine, although it is linked
with a higher risk of polymorphic ventricular
tachycardia (Nakayama et al., 2015). Coro-
nary flow may be assessed either by doppler,
accounting for the change in velocity before
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Figure 2: Molecular pathways involved in coronary microvascular dysfunction

Abbreviations. AP-1: Activator Protein 1; ERK1/2: Extracellular Signal-Regulated Kinases 1 and 2; ET1: Endothelin 1; HIF-1:
Hypoxia-Inducible Factor 1; JNK: c-Jun N-terminal Kinase; MAPK: Mitogen-Activated Protein Kinase; NF-kB: Nuclear Factor
Kappa B; NO: Nitric Oxide; NOS: Nitric Oxide Synthase; NOX: NADPH Oxidase; ONOO™: Peroxynitrite; p38MAPK: p38 Mitogen-
Activated Protein Kinase; p66shc: SHC Adaptor Protein 1; Rho Kinase: Rho-Associated Protein Kinase; RhoA: Ras Homolog
Family Member A; ROS: Reactive Oxygen Species; SIRT1: Sirtuin 1; XO: Xanthine Oxidase; XDH: Xanthine Dehydrogenase.

and during hyperemia, or by thermodilution,
using instead the mean transit time.

CFR is non-specific for the microcircula-
tion, thus for a correct interpretation is essen-
tial to exclude the presence of obstructive ep-
icardial CAD. A cut-off value of 2.0 has been
conventionally accepted for the diagnosis of
CMD (Ong et al., 2018), although Doppler-
obtained CFR may have a less stringent cut-
off of 2.5.

IMR is a microcirculation-specific param-
eter, as the majority of coronary arteries re-
sistance originates in the arteriolar system.
This parameter is obtained by thermodilution,
calculated as the product of pressure distal to
the catheter and mean transit time of cold sa-
line flush at hyperemia (Fearon et al., 2003).
Values > 25 are indicative for a diagnosis of
CMD.

Hyperemic  microvascular  resistance
(hMR) uses a combined pressure and Doppler

flow catheter, measuring the mean distal pres-
sure to average peak blood flow velocity ratio
(Meuwissen et al., 2001). hMR showed mod-
erate correlation with IMR (Williams et al.,
2018), and a value greater than 2.5 mmHg/
cm/s is predictive of CMD (Feenstra et al.,
2023).

Based on the results of invasive coronary
functional tests, some studies propose a divi-
sion of CMD patients in two categories: a first
group with “structural or functional CMD”,
which is characterized by negative Ach test
and impaired CFR, IMR or both and a second
group with microvascular spasm.

This group can be further divided into two
other categories:

A “structural” CMD, defined by high
IMR and reduced CFR indexes.

A “functional” CMD, defined by normal
IMR and reduced CFR indexes.
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Figure 3: Epigenetic modifications involved in coronary microvascular dysfunction
Abbreviations. TNFa: Tumor necrosis factor; VSMC: vascular smooth muscle cells

Structural CMD endotypes are more often
linked to a higher likelihood of acute coronary
syndromes and higher mortality. In contrast,
functional CMD is more commonly associ-
ated with an increased risk of hospitalizations
secondary to recurrent episodes of angina
(Rahman et al., 2020).

The second group is constituted by indi-
viduals with evidence of microvascular spasm
- id est arteriolar dynamic obstruction - and is
diagnosed by a positive Ach test associated
with epicardial vessel diameter reduction
<90 % (Montone et al., 2024c).

Both endotypes of CMD can coexist in
patients with microvascular angina (MVA).

Their differentiation is crucial in order to of-
fer the best tailored therapy to subjects with
CMD (Montone et al., 2024c).

An assessment of endothelium-dependent
CMD vasospasm through Acetylcholine
(Ach) provocation testing is fundamental to
exclude microvascular spasm. This is a
proven safe procedure (Montone et al.,
2022b) in which escalating doses of Ach - up
to a maximum of 200 mcg - are injected into
the left anterior descending artery (LAD).
LAD is commonly considered the preferred
injection site given its dominance on total cor-
onary circulation and the significant extent of
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Table 1. Non-invasive techniques for the diagnosis of CMD

Mo- Parameter 2024 ESC
dalit Technique Agent and Guidelines on Pros Cons
y Threshold CCS indication
Adenosine - Gold standard for noninva- Limited availability
Dynamic rest and Di ridamolé MFR <2 (<2.5 sive assessment of CMD Poor spatial resolution
PET vasodilator stress 13|E|¥ammonia’ for NOCAD) CR:lla, LOE:B - Evaluation of all coronary High costs
perfusion imaging 82Rb ' territories Requires exclusion of
MBF - Low radiation exposure obstructive CAD
Pulsed-wave Dop- D'?der?(j):rlT:]gI’e CFRV<2 Inter-operator variability
pler on the proxi- Py - Inexpensive and widely Limited to LAD region
TTE mal LAD artery CRilIb, LOE:B available Requwe_s exclusion of
Agitated saline - No radiation exposure obstructive CAD
Myocardial A9 . Absence or P Suboptimal in obese or
with 7 pm albumin . .
contrast echo- bubbles delays in myo- lung diseases
cardiography cardial filling
MPRI <2 o ngh.cpfsts qnd long
- No radiation exposure acquisition times
Dynamic first-pass Adenosine, MER - Excellent spatial resolution Limited availability
vasodilator stress Dipyridamole ! . . - Myocardial characteriza- Contraindicated in severe
CMR CR:lla, LOE:B . .
and then rest MBE tion beyond CMD renal disease or claustro-
perfusion images - Evaluation of all coronary phobia
Gadolinium territories Obstructive CAD needs to
be excluded
Dvnamic first-pass - Allows both epicardial and Radiation exposure
yhar P Adenosine microvascular assessment Risk of contrast induced
CT vasodilator stress luati f all h h
Scan and then rest . MFR <2 NA - va qatlpn ot all coronary nep ropat”y .
erfusion imaain lodine-based territories Limited ability to quantify
P ging contrast agents - CTA-derived FFR absolute MBF

Abbreviations: 13N: Nitrogen-13; 82Rb: Rubidium-82; CAD: Coronary Artery Disease; CCS: Chronic Coronary Syndrome; CFRV: Coronary Flow Reserve Velocity; CMD: Coronary Microvascular
Dysfunction; CMR: Cardiac Magnetic Resonance; CR: Class Recommendation; CTA: Computed Tomography Angiography; FFR: Fractional Flow Reserve; LAD: Left Anterior Descending artery; LOE:
Level of Evidence; MBF: Myocardial Blood Flow; MFR: Myocardial Flow Reserve; MPRI: Myocardial Perfusion Reserve Index; NOCAD: Non obstructive coronary artery disease: PET: Positron Emission
Tomography; TTE: Transthoracic Echocardiography
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myocardial tissue supplied by this vessel. In
addition to this, considering the not so uncom-
mon risk of Ach induced bradycardia, right
coronary artery or dominant circumflex artery
injection are unsafe procedures and should be
avoided (Byrne et al., 2023). According with
COVADIS criteria, epicardial spasm is de-
fined by the occurrence of chest pain, is-
chemic ECG changes (i.e. new horizontal or
downsloping ST-segment depression of >0.5
mm in at least two adjacent leads and/or T-
wave inversion greater than 1 mm in two con-
tiguous leads or new ST-segment elevation at
the J-point >1 mm in at least two adjacent
leads in all leads except V2—V3, where the
criteria are >2 mm for men aged 40 or older,
>2.5 mm for men younger than 40, and >1.5
mm for women of any age (Thygesen et al.,
2018) alongside an angiographic diameter re-
duction >90 % (Ong et al., 2018). Conversely,
microvascular spasm is diagnosed when chest
pain and ECG changes occur with an angio-
graphic diameter reduction <90 % (Vrints et
al., 2024). Microvascular spasm is associated
with a better prognosis compared to macro-
vascular one (Rinaldi et al., 2022). A recent
study by Rinaldi et al. demonstrated that the
incidence of major adverse cardiac and cere-
brovascular events (MACCES) in patients sat-
isfying one or more COVADIS criteria is no-
tably higher than in those without any positive
criterion, mainly for rehospitalizations for un-
stable angina. According to the same study,
MACCE-free survival is inversely propor-
tional to overall COVADIS criteria number,
with the best clinical outcomes observed in
patients without positive criteria and the worst
in those meeting all three (Rinaldi et al.,
2025).

Current ESC guidelines on chronic coro-
nary syndromes recommend the use of inva-
sive functional testing to extrapolate CFR and
IMR - in patients with persistent chest pain
despite medical treatment and normal coro-
nary anatomy - in order to identify the correct
endotype of CMD and offer a potential tar-
geted therapy (CR: I, LOE: B) (Vrints et al.,
2024).

ROLE OF CMD ACROSS CARDIO-
VASCULAR DISEASES (Figure 4)

CMD in patients with obstructive CAD

Some patients with acute coronary syn-
drome (ACS) and obstructive CAD have an
increased risk of major acute cardiovascular
events (MACE) because of plaque morphol-
ogy (rupture of the fibrous cap versus intact
fibrous cap) (Gerhardt et al., 2023) but also
the coexistence of CMD with obstructive
CAD has prognostic implications, both in
chronic in acute settings. Indeed, a study from
Van de Hoef et al. demonstrated that, in pa-
tients with obstructive CAD on diagnostic
coronary angiography, a value of CFR as-
sessed invasively <2.7 was associated with a
2.24-fold increase in all-cause mortality haz-
ard (van de Hoef et al., 2013). Similar find-
ings were reported by non-invasive studies.
Ankur Gupta et al. showed that in a popula-
tion of 4029 patients, elevated cardiovascular
mortality was independently driven by the im-
pairment of CFR obtained through PET-scan
(Gupta et al., 2017).

Furthermore, CMD could be a signifi-
cantly contributor to myocardial ischemia in
patients with obstructive coronary artery dis-
ease (CAD) with persistent or recurrent an-
gina following successful percutaneous coro-
nary intervention (PCI) and coronary stenting.
While PCI can offer substantial symptoms re-
lief and improved quality of life (QoL) com-
pared with optimal medical therapy (OMT)
alone, angina persistence or recurrence after
PCI remains a major challenge (Niccoli et al.,
2017). The ORBITA and ORBITA-2 trials
showed that a significant proportion of pa-
tients (61 % in ORBITA and 59 % in OR-
BITA-2) continued to experience angina de-
spite effective revascularization and OMT
(Al-Lamee et al., 2018; Nowbar et al., 2022).
Similarly, previous studies have reported a
20 % to 30 % likelihood of angina recurrence
within the first year after PCI, increasing to
approximately 40 % within 3 years (Ben-
Yehuda et al., 2016). Notably, Li et al. and
Milo et al. found that a reduced CFR after suc-
cessful PCI was associated with recurrent an-
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Figure 4. The role of CMD across cardiovascular diseases
Abbreviations. CAD: coronary artery disease; HFpEF: Heart failure with preserved ejection fraction; MINOCA: myocardial infarc-
tion and non-obstructive coronary arteries; MVA: microvascular angina; MVO: microvascular obstruction.

gina and abnormal functional stress testing
(Lietal., 2015; Milo et al., 2013).

Another clinical scenario where CMD
plays a pivotal role in obstructive CAD is cor-
onary microvascular obstruction (CMVO). In
the primary PCI setting, CMVO is the phe-
nomenon where despite restoring patency of
the epicardial coronary vessels in acute coro-
nary syndrome, structural and functional ab-
normalities of the microvasculature result in
suboptimal myocardial reperfusion (Rehan et
al., 2023). Experimental and clinical studies
have shown that CMVO is caused by a com-
bination of several pathogenic components
including ischemic injury, reperfusion injury,
distal atherothrombotic embolization, along
with myocardial edema and/or inflammation
leading to microvascular compression (Galli
et al., 2024). Bulluck et al. showed that pa-
tients with an IMR > 41 after primary PCI

were more likely to have MVO at CMR,
providing further evidence that CMVO is
caused by CMD (Bulluck et al., 2016).

CMD in patients without obstructive CAD,
myocardial diseases and valvular diseases

ANOCA and MVA

A large proportion of patients undergoing
coronary angiography because of angina do
not have obstructive epicardial coronary ar-
teries (ANOCA). The mismatch between
blood supply and myocardial oxygen de-
mands leading to angina in ANOCA may be
caused by CMD and/or epicardial coronary
artery spasm (Vrints et al., 2024).

MVA is the clinical manifestation of my-
ocardial ischemia caused by CMD. MVA is
characterized by effort-induced symptoms
similar to those observed in patients with an-
gina triggered by obstructive CAD. However,

462



EXCLI Journal 2025;24:454-478 — ISSN 1611-2156

Received: February 17, 2025, accepted: March 13, 2025, published: March 26, 2025

patients with MVVA often also have angina at
rest and a variable angina threshold, sugges-
tive of dynamic coronary vasomotor changes
(Kaski et al., 2018). The COVADIS study
group (Coronary Vasomotor Disorders) pro-
posed the following diagnostic criteria for
MVA: signs and symptoms of myocardial is-
chemia, reduced CFR (defined as the ratio of
CBF during near maximal coronary vasodila-
tation to baseline CBF) or microvascular
spasm, and documented myocardial ischemia,
which is not triggered by obstructive CAD
(Ong et al., 2018). Historically, patients with
MVA have been considered ‘low risk’
(Lamendola et al., 2010), but recent invasive
angiographic data demonstrate that this group
includes a spectrum of patients, more fre-
quently women, at higher risk of adverse car-
diac events. The WISE study at 5.4-year fol-
low-up demonstrated adverse events includ-
ing cardiac death (53 % being sudden cardiac
death), stroke, and new onset heart failure ra-
ther than myocardial infarction, in particular
in women with reduced CFR assessed by
adenosine (Pepine et al., 2010).

MINOCA

Myocardial infarction with non-obstruc-
tive coronary artery (MINOCA) is character-
ized by evidence of myocardial infarction
(MI) in the absence of obstructive CAD.
MINOCA accounts for up to 14 % of patients
with acute MI. MINOCA patients are more
likely to be younger and female compared to
patients with obstructive CAD (Pasupathy et
al., 2015; Safdar et al., 2018). CMD is consid-
ered to be a potential cause of MINOCA, even
though not extensively studied as in stable
chest pain patients (Tamis-Holland et al.,
2019). It has been demonstrated that
MINOCA can be related to the luminal oblit-
eration of coronary microcirculation due to
thromboembolic mechanisms, resulting in
CMD (Agewall etal., 2017). Coronary throm-
boembolism starting directly from the left
heart is typically caused by atrial fibrillation,
valvular disease, intraventricular thrombi,
and cardiac tumors. Another relevant possi-
bility is debris from non-critical epicardial
atherosclerotic plaque following spontaneous

or iatrogenic rupture (Severino et al., 2020).
On the other hand, coronary thromboembo-
lism can also be paradoxical in the presence
of right—left shunt, such as in patent foramen
ovale, atrial septal defect, and, rarely, arterio-
venous fistula (Pilote and Karp, 2012). Some-
times, microvascular spasm can be associated
with acute presentation as MINOCA
(Montone et al., 2018).

Performing a diagnosis of the underlying
cause of MINOCA is essential to guide a tai-
lored therapy, with an ongoing trial evaluat-
ing whether a precision medicine approach
compared to standard care could be associated
with improved outcomes (Del Buono et al.,
2021; Montone et al., 2022a).

CMD in Takotsubo syndrome

Takotsubo syndrome is an acute and usu-
ally reversible heart failure syndrome. By def-
inition, patients with Takotsubo syndrome do
not have obstructive CAD, yet they demon-
strate abnormal myocardial perfusion
(Elesber et al., 2006), abnormal CFR meas-
ured by echocardiography (Rigo et al., 2009),
and abnormal PET imaging (Feola et al.,
2006), consistent with an inverse perfusion/
metabolism mismatch. However, these re-
ported perfusion defects were consistently ob-
served after cardiac dysfunction had devel-
oped. It is therefore unclear whether impaired
coronary perfusion causes Takotsubo syn-
drome (TTS) in these cases, or whether perfu-
sion defects occurred as a consequence of
TTS and reduced diastolic function given the
suction wave caused by myocardial relaxation
is a main contributing factor to coronary per-
fusion (Davies et al., 2006). In Takotsubo
syndrome abnormal microvascular perfusion
may be caused by reduced vasodilatation and
increased vasoconstriction due to autonomic
system imbalance, external microvascular
compression due to myocardial edema and to
increased intracardiac pressures (Redfors et
al., 2014). Therefore, although evidence from
clinical studies and some preclinical studies
suggests microvascular perfusion abnormali-
ties are present during the acute phase of TTS,
whether these are primary, or secondary to
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myocardial dysfunction, edema and inflam-
mation, and how they contribute to the symp-
toms and pathophysiology remains to be de-
termined (Omerovic et al., 2022).

CMD in patients with myocardial,
infiltrative or valvular diseases

CMD in HFpEF

HFpEF is a heterogeneous syndrome
characterized by classic symptoms and signs
of heart failure (HF), a normal or near-normal
ejection fraction (EF) and objective evidence
of cardiac structural and/or functional abnor-
malities consistent with the presence of left
ventricle (LV) diastolic dysfunction/raised
LV filling pressures, including raised natriu-
retic peptides (McDonagh et al., 2021).

The PROMIS-HFpEF (Prevalence and
correlates of coronary microvascular dys-
function in heart failure with preserved ejec-
tion fraction) study, which is the largest pro-
spective study to date that was designed to de-
termine the frequency of CMD in HpEF pa-
tients, investigated the prevalence of CMD
and its association with endothelial dysfunc-
tion, myocardial dysfunction, and HF severity
in patients with HFpEF. Nearly 75 % of pa-
tients in the study with a measurable CFR (n
= 202) had evidence of CMD (CFR < 2.5). A
low CFR was associated with several indices
of HFpEF including higher N-terminal pro b-
type natriuretic peptide, lower tricuspid annu-
lar plane systolic excursion, impaired right
ventricular free wall strain, and evidence of
systemic endothelial dysfunction (Shah et al.,
2018).

CMD in patients with hypertrophic
cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a
primary myocardial disease, defined as an in-
appropriate ventricular hypertrophy that is
disproportionate to the loading conditions. In
HCM patients CMD may lead over time to re-
current ischemia and myocyte death, thus act-
ing as a localizer of replacement fibrosis.
Camici et al. first described an inadequate in-
crease in MBF following the intravenous ad-
ministration of dipyridamole in the majority

of HCM patients studied with PET (Camici et
al., 1991). Similar to PET, a recent stress
CMR study in HCM showed blunted myocar-
dial blood flow (MBF) in response to stress.
In addition, MBF was reduced to a greater de-
gree in the subendocardial compared with the
subepicardial layer, as in PET studies (Camici
etal., 1991), and also the degree of abnormal
perfusion was related to the magnitude of wall
thickness. Importantly, areas of myocardium
in which fibrosis was present (as determined
by late gadolinium enhancement) were most
often associated with reduced MBF (Petersen
et al., 2007), supporting the hypothesis that
abnormal MBF caused by microvascular dys-
function is responsible for myocardial ische-
mia-mediated myocyte death, and ultimately
replacement fibrosis.

Several studies have suggested that CMD,
as assessed by PET, increases the risk of sud-
den death and of a progressive and disabling
clinical course with decline in left ventricular
systolic function, impacting significantly the
prognosis of HCM patients (Cecchi et al.,
2003; Nemes et al., 2009; Olivotto et al.,
2006).

CMD in patients with infiltrative heart
diseases

Anderson-Fabry disease (AFD) is a rare
genetic lysosomal storage disorder caused by
deficient activity of the enzyme a-galacto-
sidase A, leading to progressive intracellular
accumulation of neutral glycosphingolipids in
different organs, including the heart. The car-
diac deposition of globotriaosylceramide in
myocytes, vascular endothelium, and smooth
muscle cells leads to myocardial ischemia,
myocardial wall thickening, and progres-
sively to interstitial replacement fibrosis
(Nakao et al., 1995). CMD has a key role in
AFD cardiomyopathy, accounting for the
considerable prevalence of angina in the ab-
sence of obstructive CAD (Elliott et al.,
2006). Tomberli et al. showed that coronary
microvascular function is markedly impaired
in AFD patients irrespective of LV hypertro-
phy and sex and may also represent the first
sign of the disease in patients with no other

464



EXCLI Journal 2025;24:454-478 — ISSN 1611-2156

Received: February 17, 2025, accepted: March 13, 2025, published: March 26, 2025

sign of cardiac involvement (Tomberli et al.,
2013).

Amyloidosis is a rare systemic disorder
characterized by the extracellular deposition
of misfolded protein in various organ systems
including the heart. Anginal symptoms and
signs of ischemia have been reported in some
individuals with cardiac amyloidosis without
obstructive epicardial CAD (Al Suwaidi et al.,
1999; Whitaker et al., 2004). Autopsy studies
have shown amyloid deposits around and be-
tween cardiac myocytes in the interstitium
(Buja et al., 1970), in perivascular regions
(Modesto et al., 2007), and in the media of in-
tramyocardial coronary vessels (Hongo et al.,
2000). Thus, the pathophysiology of CMD is
complex and involves structural (amyloid
deposition in the vessel wall causing wall
thickening and luminal stenosis), extravascu-
lar mechanisms (extrinsic compression of the
microvasculature from perivascular and inter-
stitial amyloid deposits and decreased dias-
tolic perfusion), as well as functional (auto-
nomic and endothelial dysfunction) mecha-
nisms. Dorbala et al. demonstrated microvas-
cular dysfunction via decreased myocardial
blood flow and coronary flow reserve, using
positron emission tomography, irrespective of
the amyloid subtype (Dorbala et al., 2014).

CMD in patients with aortic stenosis

Half of the patients with a severe degree
of aortic stenosis reports angina episodes, and
this occurs despite the evidence of normal ep-
icardial coronary arteries at angiography
(Gould and Carabello, 2003). Moreover, the
occurrence of angina significantly increases
the risk of sudden death compared to asymp-
tomatic patients (Ross and Braunwald, 1968).
Marcus et al. showed a selective and marked
decrease in coronary reserve in the coronary
vessels that supplied the hypertrophied left
ventricle in patients with severe aortic steno-
sis, suggesting that CMD is likely an im-
portant contributor to the pathogenesis of an-
gina pectoris in these patients (Marcus et al.,
1982). CMD is reduced due to a combination
of mechanisms including: (i) capillary rare-
faction, (i) reduced time of diastolic coronary
filling, (iii) increased left ventricle diastolic

pressure and intramyocardial pressure, (iv)
low coronary myocardial pressure compared
to intracavitary pressure.

Of interest, extravascular mechanisms ra-
ther than small vessel disease seem more re-
sponsible for the reduction of CFR in these
patients, differently from patients with hyper-
trophic cardiomyopathy and those with left
ventricular hypertrophy (LVH) secondary to
systemic hypertension. Rajappan et al.
showed that resting total left ventricular myo-
cardial blood flow (MBF), measured through
PET, increases proportionally with LV mass,
despite reduced capillary density. It is likely
that the increase in total LV blood flow is
mainly sustained through metabolic vasodila-
tation in response to the increased oxygen de-
mand of LVH. This is responsible for a partial
exhaustion of the autoregulatory capacity of
the coronary microcirculation and, therefore,
contributes to reducing CFR. This study has
also confirmed the experimental observation
that sub-endocardial perfusion is severely re-
duced and that the severity of CMD was re-
lated to the aortic-valve area, imposed hemo-
dynamic load, and diastolic perfusion time,
rather than to left ventricular mass (Hittinger
et al., 1995; Rajappan et al., 2002). Paolisso
et al. confirmed these findings investigating
coronary physiology using continuous ther-
modilution techniques. The increased resting
flow, but unchanged hyperemic flow, resulted
in abnormal CFR and microvascular re-
sistance reserve (MRR) (Paolisso et al.,
2022).

THERAPEUTIC STRATEGIES

To date, no large-scale randomized clini-
cal trials have validated specific therapeutic
strategies for CMD. Therefore, the manage-
ment of patients with CMD should focus on
addressing underlying risk factors and tailor-
ing treatment based on their specific pheno-
typic presentation (Montone et al., 2024Db).

Regarding risk factors, a strict control of
traditional cardiovascular (CV) risk factors,
such as hypertension, diabetes, smoking,
dyslipidemia, is critical both in preventing as
well as in improving CMD. Hypertension has
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been proved to be one of the most important
causes of CMD and anti-hypertensive drugs
have been demonstrated to be effective in
some forms of MVA (Zdravkovic et al.,
2023). The main reason behind this finding is
that hypertension has been closely linked to
harmful adverse remodeling of coronary arte-
rioles, thus keeping blood pressure well-con-
trolled is essential for slowing down the pro-
gression of coronary microvascular disease
and reduce both the frequency and severity of
anginal symptoms (Engholm et al., 2016;
Kunadian et al., 2021).

Cigarette smoking elevates resting myo-
cardial blood flow, diminishes hyperemic
flow and significantly lowers CFR. These
vascular effects are more likely driven by to-
bacco-related microvascular dysfunction ra-
ther than perfusion deficits (Rooks et al.,
2011).

Dyslipidemia is a well-known risk factor
for the development of CMD. It has already
been demonstrated that low density lipopro-
tein (LDL) cholesterol shows an inverse asso-
ciation with CFR, suggesting that LDL-re-
lated impairment of coronary microvascular
function may critically contribute to the de-
velopment and progression of coronary artery
disease and its clinical complications (Kauf-
mann et al., 2000). Its control through statins
represents a primary goal to attain in order to
reduce disease progression in CMD patients
(Luo et al., 2019).

As for diabetes, it has been proved to be a
harmful risk factor not only for coronary ath-
erosclerotic disease, but also for coronary mi-
crocirculation, since it induces microvascular
damage. Hyperglycemia and insulin re-
sistance can injure and impair repair pro-
cesses of microvascular compartments due to
the increase of metabolites associated with
hyperglycemia in microvessels, the activation
of inflammation cascade and the accumula-
tion of toxic molecules, such as oxidants and
advanced glycation end products (Salvatore et
al., 2022). Therefore, an effective prevention
strategy involves aggressive management of
diabetes, aimed at maintaining low blood glu-
cose levels, controlling body mass index

(BMI) with diet and exercise training, and re-
ducing insulin resistance (Salvatore et al.,
2022).

More precisely, exercise training and
weight loss have been demonstrated to im-
prove prognosis in CMD patients, enhancing
coronary endothelial function, endothelium-
dependent vasodilation and coronary blood-
flow reserve (Olsen et al., 2015; Hambrecht et
al., 2000).

Also mental stress and acute and chronic
psychological stress may elevate the risk of
cardiovascular diseases (Montone et al.,
2024a): in normal conditions, mental stress
makes epicardial arteries and microvessels di-
late, enhancing coronary blood flow to satisfy
the higher oxygen demand. Instead, in pa-
tients with CMD, acute stress leads to a re-
duced ability of the resistance vessels to di-
late, while the epicardial coronary arteries
may constrict unexpectedly. As a result, the
increased demand cannot be met by coronary
flow, potentially resulting in myocardial is-
chemia (van der Meer and Maas, 2021). Po-
tential therapies for this condition relies on a
pharmacological approach, constituted by
stress reducing drugs such as antidepressants,
or on a psychological approach, such as mind-
fulness exercises or meditation training (van
der Meer and Maas, 2021).

In addition to lifestyle changes, CMD pa-
tients have a considerable array of medica-
tions at their disposal (Table 2). CorMicA
trial has already demonstrated that a tailored
therapy in patients with ischemia with no ob-
structive coronary disease - category in whom
also CMD patients are included - brings to a
longstanding improvement in angina symp-
toms and enhanced quality of life at one year
from coronary angiography (Ford et al.,
2020b).

Regarding the specific phenotype presen-
tation, patients with CMD can be schemati-
cally divided into:

e Patients with microvascular spasm, where
first line therapy is represented by non-di-
hydropyridines calcium antagonists (such
as Verapamil or Diltiazem). Other useful
drugs, which can be used in patients with
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Table 2: Current therapeutic strategies for microvascular dysfunction

Drug

Effect

Target

Recommendations

Beta-blockers

Reduce adrenergic activity, improve exercise ca-

B1-adrenergic

First-line for functional CMD. Useful in effort-induced angina.
Nebivolol preferred for its vasodilatory effect (currently under

microvessel blood flow, reduce angina

enzyme (ACE)

pacity (Nebivolol: vasodilatory via NO release) receptors investigation in women with MVA, NIRVANA trial,
NCT01665508)
Angiotensin- First-line for structural/functional CMD (ESC CCS 2024, CR
S Improve endothelial function; restore 9 . Ila — LOE B). (1) More effective in patients with lower baseline
ACE inhibitors converting

CFR (WISE study) (48); if associated with indapamide could
reduce reverse arteriole remodeling (Neglia et al. 2011)

Calcium channel

Reduce vasospasm, improve CFR (conflicting

L-type calcium

First-line in CMD with microvascular spasm; used in

may be independent of heart rate reduction

in the sinoatrial
node

blockers (CCBs) | evidence in structural/functional CMD) channels structural/functional CMD for its recognized clinical benefits
Improve coronary resistance and endothelial Critical for dyslipidemia and inflammation-related microcircula-
. Ve e ) HMG-CoA e = . .
Statins function via anti-inflammatory/anti-atheroscle- tion impairment; improves endothelial function and reduces
. reductase ;
rotic effects coronary resistance (Houghton et al., 2000)
. . . Considered a therapeutic alternative for MVA patients with in-
. Improves myocardial perfusion reserve and Late sodium . o
Ranolazine : . . . adequate symptom control (Bairey Merz et al. 2016; Villano et
angina symptoms in patients with low CFR channels al., 2013)
If (funny cur-
lvabradine Improves CFR and reduces heart rate; benefits rent) channels | May serve as an alternative for MVA patients with insufficient

symptom control (Villano et al., 2013; Skalidis et al., 2011)

Phosphodiester-
ase 5 inhibitors

Associated with rapid improvement in CFR,

Phosphodiester-

Shown to be effective in improving CFR in MVA women

(PDE-5 inhibitors) especially in women with a baseline CFR 2.5 ase type 5 (WISE trial substudy) (Russo et al., 2013)
Short actin Nitric oxide
nitrates 9 Provide partial relief during angina exacerbations donor (cGMP Used for acute angina episodes; benefits are limited
pathway)
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. No demonstrated clinical benefit; may be harmful Nitric oxide . . .
Long acting : : Not recommended in MVA patients due to potential adverse
: due to potential coronary steal or reduced nitrate donor (cGMP .
nitrates . effects (coronary steal mechanism)
responsiveness pathway)
. . . L Adenosine Shown effective in randomized trials for raising the threshold
Xanthine- Demonstrated effectiveness in alleviating exer- Lo o . ;
L o . receptor antag- | for exercise-induced chest pain; considered as adjunct ther-
derivatives cise-induced chest pain ;
onist (A1/A2) apy
. Effectwt_—:- n patients with mcrovascular angina . Emerging as a novel effective therapy in MVA patients with
Fasudil by alleviating coronary microvascular spasm and Rho-kinase . i
. X spasm (Mohri et al., 2003; Suda et al., 2019)
improving IMR
Potassium
Nicorandil Used in patients with refractory symptoms, channels (Katp) | Recommended as add-on therapy for refractory microvascular
providing additional vasodilatory support and nitrate spasm
donor action
Endothelin-A Inten_deq to improve coronary microvascular The PRIZE trial showed ineffectiveness and safety concerns;
. function; however, short-term low-dose treat- . i
receptor selective . ] . . Endothelin-A not recommended based on current evidence (Morrow et al.,
. ment was ineffective and associated with fre-
antagonist 2024)
guent target-related adverse effects

Abbreviations: ACE: Angiotensin-Converting Enzyme; CCBs: Calcium Channel Blockers; CFR: Coronary Flow Reserve; CMD: Coronary Microvascular Dysfunction; CR: Class Recommendation; ESC:
European Society of Cardiology; HMG-CoA: 3-Hydroxy-3-Methylglutaryl-Coenzyme A; IMR: Index of Microvascular Resistance; Katp: ATP-Sensitive Potassium Channels; LOE: Level of Evidence;
MVA: Microvascular Angina; NO: Nitric Oxide; PDE-5: Phosphodiesterase Type 5; PRIZE: Precision Medicine with Endothelin Receptor Antagonist in Microvascular Angina Trial; Rho-kinase: Rho-
Associated Protein Kinase; WISE: Women's Ischemia Syndrome Evaluation

468



EXCLI Journal 2025;24:454-478 — ISSN 1611-2156

Received: February 17, 2025, accepted: March 13, 2025, published: March 26, 2025

refractory symptoms, are Nicorandil or

Fasudil (Montone et al., 2024c).

e Patients with reduced CFR or increased
IMR at functional coronary angiographic
tests  (“structural/functional  group”),
where first line therapies are represented
by beta-blockers, calcium channel block-
ers, and angiotensin-converting-enzyme
inhibitors (ACEi) or angiotensin receptor
blockers (ARBs). Other effective drugs in
this context are statins and some anti-an-
ginal drugs such as Ranolazine, lvabra-
dine, and Fasudil (Vrints et al., 2024).
More precisely, in “functional” CMD,
beta-blockers are the preferred treatment,
whereas in “structural” CMD drugs like
calcium channel blockers, Ivabradine,
Nicorandil or Ranolazine should be pre-
ferred.

Beta-blockers are the first-line treatment
for patients with CMD with effort-induced
angina, especially considering that in those
individuals an heightening of adrenergic ac-
tivity is often present (Vrints et al., 2024).
Among beta-blockers, Nebivolol seems to be
related to better outcomes if compared to the
other drugs of the same class. The reason be-
hind this evidence relies on the dual effect of
this beta-blocker: a vasodilatory effect - given
by its nitric oxide release mechanism - com-
bined with a high bl-receptors selectivity,
which makes it beneficial on exercise capac-
ity. NIRVANA trial (NCT01665508), cur-
rently ongoing, is studying the effectiveness
of this drug in women with MVA.

Angiotensin-converting-enzyme  inhibi-
tors (ACEi) have been shown to act as a ben-
eficial drug on microcirculation since they
improve endothelial function and restore mi-
cro vessel blood flow, reducing angina symp-
toms (Montone et al., 2024c). The ESC 2024
guidelines for Chronic Coronary Syndromes
classify ACEi as endothelial dysfunction and
angina symptoms management drugs (Class
Ila with a Level of Evidence B) (Vrints et al.,
2024).

A substudy of the Women's Ischemia Syn-
drome Evaluation (WISE) trial demonstrated
a beneficial effect of Quinalapril on CFR in

MVA women. This improvement was linked
also to a clinical benefit, represented by a re-
duction in angina symptoms. The positive ef-
fect on the coronary microvasculature was
mainly observed in women with lower base-
line CFR values, indicating that the renin-an-
giotensin system may play a more significant
role in those women with more severe micro-
vascular damage (Pauly et al., 2011).

Moreover, a study by Neglia et al. demon-
strated that in hypertensive rats treated with
Perindopril and Indapamide, those improve-
ments which were detected in coronary flow
after treatment were linked to the reversal of
remodeling in intramural coronary arterioles
and to an improvement of microvascular
function (Neglia et al., 2011).

Calcium channel blockers (CCBs) are the
first line therapy for vasospastic angina
(VSA) and for MVA due to microvascular
spasm.

Their use is also relevant in “structural
and functional” forms of microvascular an-
gina (i.e., MVA with negative Ach test and
impaired CFR, IMR or both), despite the con-
flicting evidence in the literature. A study by
Sitsch et al. failed to demonstrate an increase
in CFR in patients with MV A, in contrast with
the commonly reported clinical benefits de-
riving from its use in CMD patients (Sutsch et
al., 1995).

Phosphodiesterase type 5 (PDE-5) inhibi-
tors, commonly used drugs in erectile dys-
function and pulmonary hypertension, have
been associated with a positive effect on CFR
in MVA women. Another WISE substudy has
shown that in women with CMD, PDE-5 in-
hibition is linked to a rapid improvement in
CFR, with the effect being most pronounced
in those with a CFR of 2.5 or lower. In women
with a baseline CFR of 2.5 or lower, CFR in-
creased from2.1£0.2t02.7 £ 0.6 (P =0.006).
In contrast, for women with a baseline CFR
above 2.5, CFR did not show any change
(from 3.1 £ 0.3 to 3.0 £ 0.6; P = 0.70). This
result also demonstrated that the lower is the
baseline CFR, the better is the outcome when
CMD is treated with appropriate drugs
(Denardo et al., 2011). Statins also could
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improve CMD symptoms thanks to their anti-
inflammatory and anti-atherosclerotic power.
Of note, a study by Houghton et al., which in-
vestigated the effect of lipid lowering therapy
with pravastatin on coronary resistance and
endothelial function in six patients with an-
gina and angiographically normal coronary
arteries, demonstrated that - after 6 months of
statin therapy - there was evidence of a signif-
icant improvement of coronary resistance and
arterial endothelial function (Houghton et al.,
2000).

As for Ranolazine, a study by Bairey
Merz et al. demonstrated that short-term late
sodium current inhibition with Ranolazine in
low coronary flow reserve (CFR <2.5) sub-
jects improved myocardial perfusion reserve
index and angina symptoms (as evaluated
with Seattle Angina Questionnaire) (Bairey
Merz et al., 2016). Another study by Villano
et al. found a statistically relevant efficacy of
Ranolazine in symptomatic and stress test
metrics, but no improvement in myocardial
blood flow (Villano et al., 2013). The same
study showed some beneficial effects of
Ivabradine in CMD patients, although its fa-
vorable effects were less relevant if compared
with Ranolazine (Villano et al., 2013).

On the other hand, a study by Skalidis et
al. has shown an Ivabradine related improve-
ment of CFR along with a heart rate lowering
effect. Of note, this study demonstrated that
the increase of CFR was independent from
heart rate reduction since its values were con-
stant at a coronary functional test carried out
one week after treatment start, both at Ivabra-
dine induced bradycardia and at a paced heart
frequency identical to that before treatment
(Skalidis et al., 2011). In this context,
Ranolazine and lvabradine may serve a thera-
peutic alternative for MVA patients who are
experiencing insufficient symptom control
when used alongside standard anti-ischemic
treatment (Villano et al., 2013).

As for long acting nitrates, there is no ev-
idence demonstrating a clinical benefit in
MVA patients. Furthermore, they are consid-
ered potentially harmful in this category of
patients since they could provide coronary

steal mechanism in the microcirculation or re-
duce nitrates responsiveness (Russo et al.,
2013).

Similarly, short acting nitrates, although
useful in cases of angina exacerbations in pa-
tients with a reduced vasodilatory capacity,
are only partially beneficial (Crea et al.,
2014).

Xanthine-derivative, such as caffeine,
aminophylline, paraxanthine, pentoxifylline,
theobromine, and theophylline, could have
some beneficial effects on CMD patients. A
work by Crea et al. already demonstrated
Aminophylline effectiveness on exercise-in-
duced chest pain, despite being ineffective on
ST segment depression (Crea et al., 1990).
The same result was reached by a randomized
trial by Elliot et al. which showed a positive
effect on the threshold for exercise-induced
chest pain despite differing and various im-
pacts on ST segment changes (Elliott et al.,
1997). The analgesic effect of xanthine-de-
rived compounds could be driven both by an-
tagonization of adenosine P-receptors - nor-
mally associated with response to nociceptive
stimuli - and by inhibition of adenosine A-2
receptors, which cause arteriolar dilation and
whose blockage may have a beneficial effect
in redistributing coronary blood flow toward
ischemic regions (Crea et al., 1994).

Moreover, Fasudil, a potent Rho-kinase
inhibitor, could represent a novel and effec-
tive therapy in MVA patients. Indeed, a study
by Mohri et al. demonstrated that this drug
was effective in those patients with microvas-
cular angina in whom coronary microvascular
spasm is causatively involved (Mohri et al.,
2003). A more recent study by Suda et al.
demonstrated that in CMD patients, the use of
Fasudil importantly ameliorated IMR of the
treated group, if compared with the other 3
control groups of the study (Sudaet al., 2019).

Finally, also Endothelin-1, an endogenous
vasoconstrictor, has been involved in coro-
nary microvascular dysfunction. It has al-
ready been demonstrated that this molecule is
connected with endothelial dysfunction and
inflammation (Ford et al., 2020a); moreover,
levels of circulating Endothelin-1 have been
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demonstrated to inversely correlate with cor-
onary flow reactions in CMD patients
(Halcox et al., 2007). Nevertheless, the ran-
domized, placebo-controlled Precision Medi-
cine With Zibotentan in Microvascular An-
gina (PRIZE) trial, which aimed to demon-
strate a beneficial effect provided by Zi-
botentan, an oral Endothelin-A receptor selec-
tive antagonist, showed that short-term treat-
ment with a daily low dose of Zibotentan was
ineffective, and target-related adverse effects
were frequently observed (Morrow et al.,
2024).

MULTI-OMICS ANALYSES

Multi-omics analyses are a novel ap-
proach towards the study of human diseases,
integrating several datasets represented by ge-
nomics, single-cell transcriptomics, prote-
omics and metabolomics (Chen et al., 2023).
In recent years, both clinical and pre-clinical
studies have used multi-omics analyses to
evaluate CMD. Smilowits et al. investigated
whole-blood transcriptome in 28 woman with
INOCA showing that individuals with CMD
defined by a low CFR at thermodilution had a
proinflammatory whole blood transcriptional
signature (Smilowitz et al., 2024). Another
study supporting the hypothesis that inflam-
mation may underlie CMD was conducted by
Prescott et al., who quantified 184 unique car-
diovascular proteins in 1471 women with
ANOCA and CMD evaluated by CFVR by
transthoracic echo Doppler. CMD was asso-
ciated with pathways involving inflammation
(interleukin 6), blood pressure and ventricular
remodeling (BNP/NT-proBNP) (Prescott et
al., 2023). In preclinical models too, multi-
omics analysis of the cardiac cellulome have
been offering new insights on the pathophys-
iology and possible therapeutic CMD targets.
For instance, Lu et al. showed changes in my-
ocardial metabolome and acetylated prote-
ome in CMD rats (Lu et al., 2024), while
Dona et al. demonstrated critical involvement
of smooth muscle cell-mineralocorticoid re-
ceptor in obesity associated coronary and car-
diac dysfunction in obese female mice (Dona
et al., 2023).

FUTURE PERSPECTIVES

CMD is a complex, multifaceted condi-
tion that plays a pivotal role in myocardial is-
chemia, heart failure, and adverse cardiovas-
cular outcomes. Despite increasing recogni-
tion of its clinical significance, CMD remains
underdiagnosed and undertreated due to the
limitations of conventional diagnostic strate-
gies and the lack of standardized therapeutic
approaches. While advances in invasive and
non-invasive techniques, such as intracoro-
nary physiological testing and myocardial
perfusion imaging, have enhanced diagnostic
precision, their routine clinical adoption re-
mains limited. Future research should priori-
tize large-scale randomized clinical trials to
develop evidence-based treatment strategies
tailored to CMD phenotypes. Integrating
multi-omics analyses, artificial intelligence,
and patient-derived models within a precision
medicine approach may allow for personal-
ized therapeutic interventions, ultimately im-
proving outcomes for patients with CMD.
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