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Coronary microvascular disease: current concepts of
pathophysiology, diagnosis and management
Aish Sinha, Haseeb Rahman and Divaka Perera

Coronary microvascular disease (CMD) is present in

30% of patients with angina and is associated with
increased morbidity and mortality. We now have an
improved understanding of the pathophysiology of

CMD and the invasive and noninvasive tests that can

be used to make the diagnosis. Recent studies have
shown that management of CMD guided by physiological
testing yields better results than empirical treatment.
Despite major advances in diagnosing and stratifying
this condition, therapeutic strategies remain limited

and poorly defined. This review article discusses recent
advances in understanding the pathophysiology of CMD,
the modalities that are available to diagnose it clinically,
current management options and a look at what is in store

Introduction

Angina is chest pain as a result of myocardial ischae-
mia, and it affects up to 2 million people in the UK
[1]. This has historically been viewed as the manifes-
tation of obstructive coronary artery disease (CAD).
However, up to 50% of patients with angina, who
undergo elective coronary angiography, are found to
have nonobstructive coronary artery disease (NOCAD)
[2]. The term NOCAD encompasses a broad range
of pathologies, including coronary microvascular dis-
ease (CMD), epicardial coronary artery vasospasm and
enhanced cardiac nociception with disparate prognostic
outlooks and therapeutic implications. Over half of all
patients with NOCAD have CMD [3], which is associ-
ated with a greater risk of major adverse cardiovascular
events (MACE). Several studies have demonstrated
that women, presenting with angina, are more likely
to suffer from NOCAD and CMD [3]. The term CMD
was coined in 1988 to describe the abnormality in the
microcirculation leading to an inadequate vasodilatory
response, or a pathological vasoconstrictive response, to
physiological or pharmacological stress [4]. The main
parameter used to diagnose CMD is diminished cor-
onary flow reserve (CFR), or impaired ability of the
microvasculature to augment its blood flow in response
to stress [5,6]. CFR is defined as the ratio of flow at
maximal hyperaemia (usually in response to adenosine)
to the flow at rest. In the context of NOCAD, CFR
informs about prognosis, the presence of ischaemia
and likely response to therapy [5,6]. The focus of this
review article will be on the pathophysiology, diagnosis
and contemporary management of CMD.
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Coronary microvasculature in health

The coronary vasculature comprises of epicardial arter-
ies (>400pm), pre-arterioles (100—400pm), arterioles
(<100 pm) and capillaries (<10 pm). The epicardial arter-
ies function as capacitance vessels and respond to shear
forces by endothelium-mediated dilatation. Epicardial
arteries are visible on coronary angiography but represent
only 5-10% of the coronary vasculature. T'he pre-arteri-
oles, arterioles and capillaries form the coronary micro-
vasculature. The pre-arterioles are characterised by a
measurable pressure drop along their length. The arteri-
oles have a high resting tone and are responsible for most
of the coronary vascular resistance and dilate in response
to changes in myocardial oxygen demand. The capillary
bed delivers oxygen and substrates to the myocytes. The
coronary circulation matches myocardial oxygen demand
with supply via a complex interplay between myogenic
tone, metabolic signals and circulating hormones [7]. The
endothelium plays an important role in the modulation
of vascular tone by synthesising and releasing several
vasodilator substances, such as nitric oxide (NO) [7].
Increased endothelial wall shear stress and acetylcholine
are determinants of coronary blood flow (CBF) in health.
Both lead to the biosynthesis of NO, which acts on the
neighbouring smooth muscle cells to induce vasodilation
via the NO pathway [7].

Pathophysiology of coronary microvascular
disease

"Traditionally, the pathophysiology of CMD was thought
to be acombination of microvascular architectural changes
and endothelial dysfunction. Microvascular architectural
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changes include microvascular obstruction, with luminal
narrowing of the arterioles and capillaries, and capillary
rarefaction [8]. Alternatively, or concurrently, endothelial
or vascular smooth muscle (VSM) dysfunction may lead
to an attenuated vasodilatory response or a pathological
vasoconstrictive response to stimuli, leading to a blunted
augmentation of, or reduction of, CBF in response to
stress [9]. These cellular mechanisms are described in
Fig. 1. This can lead to a supply-demand mismatch in
CBE, therefore leading to ischaemia and symptoms of
angina.

"T'his has remained the dogma of CMD pathogenesis for the
past few decades. However, recent animal models and clini-
cal physiology evaluations suggest that CMD may be a het-
erogeneous condition comprising distinct endotypes [5,6].
Rahman ez /. have described these endotypes as ‘structural
CMD’ and ‘functional CMD’ [5,6]. Both endotypes have an
impaired augmentation of CBF in response to intravenous
adenosine (CFR<2.5). However, patients with structural

Fig. 1
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CMD have an elevated minimal microvascular resistance
(which translates to reduced maximal CBF), whereas
patients with functional CMD have a normal minimal
microvascular resistance, but nevertheless have reduced
vasodilatory reserve as they have reduced tone at rest [5,6].

These endotypes have a similar core phenotype, with
both groups demonstrating high prevalence of stress
perfusion defects on cardiac magnetic resonance (CMR)
imaging and reduced coronary perfusion efficiency, on
wave intensity analysis, during physical exercise [5,6].
However, they differ in their pathogenesis at the micro-
vascular level. Patients with functional CMD were found
to have a heightened resting CBF [5,6]. This is sugges-
tive of a submaximal vasodilatory state at rest, leading to
an attenuated vasodilatory capacity in response to physio-
logical stress. The elevated resting CBF in these patients
could be an appropriate response to an increased myo-
cardial oxygen demand or it could represent disordered
autoregulation of the neuronal nitric oxide synthase
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The endothelial and vascular smooth muscle cellular pathways (adapted from Lanza et al. [14]). Acetylcholine has dual effects on | coronary

microvasculature. It binds to the muscarinic 3 (MS) receptor on endothelial cells and leads to an influx of intracellular calcium (Ca?") via the L- -type
calcium channels. Intracellular Ca®* binds to the protein calmodulin, and the calcium-calmodulin complex activates the endothelial nitric oxide syn-
thase (eNOS) enzyme, which catalyses the conversion of L-arginine into nitric oxide (NO). NO then diffuses into the neighbouring vascular smooth
muscle cell (VSMC) and activates guanylate cyclase (GC) enzyme to catalyse the conversion of guanosine triphosphate (GTP) into cyclic GMP
(cGMP). cGMP activates the protein klnase G (PKG), which, via a series of intracellular events, inactivates the calcium channels on the VSMC.
This reduces the intracellular influx of Ca®* into the VSMC, therefore leading to vasodilation. Acetylcholine also binds to the M, receptor on the
surface of VSMCs and, in the presence of endothelial dysfunction, leads to unopposed vasoconstriction. Adenosine (ADE) binds to its recep-

tor (A2a) on the surface of VSMCs; this activates adenylate cyclase (AC) enzyme, which catalyses the conversion of ATP (ATP) to cyclic AMP
(cAMP). cAMP actlvates the proteln kinase A (PKA). PKA inactivates the calcium channels and prevents influx of Ca?*, therefore preventing vaso-
constriction. Ca* enters VSMCs via the L-type calcium channels and binds to the protein calmodulin. The calcium- calmodulin complex activates
myosin light chain kinase (MLCK), which phosphorylates myosin light chains (MLCs). MLCs are found on the myosin heads. MLC phosphorylation
leads to cross-bridge formation between the myosin heads and the actin filaments, leading to vascular smooth muscle (VSM) contraction. cAMP
inhibits MLCK, therefore promoting vasodilation. MLC phosphatase (MLCP) dephosphorylates MLC and promotes unbinding of the myosin-actin
filaments, therefore leading to vasodilation. cGMP promotes MLCP activity. Endothelin-1 (ET-1) binds to its receptor (ET ) and activates Rho-
kinase, which inhibits MLCP and leads to vasoconstriction. VSM relaxation, and therefore vasodilation, occurs when there is reduced phosphoryl-
ation of MLC. This can result from reduced intracellular Ca®* concentration, inhibition of MLCK by increased intracellular concentration of cAMP
and MLCP-activated MLC dephosphorylation.
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(nNOS) pathway, which has been shown to regulate the
resting CBF in both health and disease states [10,11]. On
the other hand, patients with structural CMD have a nor-
mal resting CBF [5,6], similar to patients with preserved
CFR, but they have an impaired ability to augment
their CBF in response to physiological stress, leading to
ischaemia. Patients with structural CMD appear to have
more established cardiovascular risk factors, including
poorly controlled hypertension, type 2 diabetes mellitus
(T2DM) and a higher prevalence of exercise-induced
hypertension [5,6]. It has been hypothesised that the
attenuated reduction in afterload with exercise would
interrupt the usual synergistic response of the coronary
and peripheral circulations and predispose to ischae-
mia in patients with structural CMD [5,6]. However, it
remains unclear whether patients with structural CMD
have an impaired ability to augment their CBF as a result
of architectural changes, such as microvascular hyper-
trophy or fibrosis limiting their ability to vasodilate, or
whether it is due to dysregulation of the endothelial NOS
(eNOS) pathway, which has been shown to regulate CBF
in response to exertion [11].

The findings of Sezer ez a/l. [12] and Van de Wouw ez al.
[13] further corroborate those of Rahman er a/. Sezer er
al. reported a bimodal distribution of impaired CFR in
patients with 'T2DM depending on the duration of dia-
betes. Diminished CFR was due to elevated resting flow
in the early stages of diabetes (<10years duration) and
due to heightened hyperaemic microvascular resistance
and a reduction in hyperaemic coronary flow velocity
in the latter stages of the disease (>10years duration).
The authors hypothesised that elevated resting flow
in the early stages was due to either impaired coronary
microvascular autoregulation or an adaptive response
to altered myocardial energy metabolism. The authors
further hypothesised that the increased resting CBF in
the early stages of the disease may have led to structural
changes in the coronary microvasculature, such as cap-
illary rarefaction and fibrosis, ultimately leading to the
attenuated hyperaemic CBF in the later stages of the
disease [12]. Van de Wouw er 4/. reported that swine that
were induced with hypertension, hyperlipidaecmia and
T2DM were found to have a heightened resting CBE,
which led to reduced CFR. The swine demonstrated
inefficient myocardial perfusion, requiring higher oxy-
gen consumption for a given level of myocardial work.
The abnormalities in myocardial oxygen delivery were
accompanied by a reduction in lactate consumption, par-
ticularly during exercise, indicating an increased oxygen
demand [13]. The authors suggested that the increased
oxygen demand was either due to a myocardial substrate
shift towards fatty acid oxidation leading to a reduced
phosphate:oxygen ratio and increased oxygen consump-
tion, or it was due to mitochondrial uncoupling leading to
areduction in phosphate:oxygen ratio, thereby increasing
oxygen consumption at a given level of cardiac work [13].

These studies have improved our understanding of the
pathophysiology of CMD. However, many questions
remain unanswered. Is the increased resting CBF in
patients with functional CMD due to a dysregulation of
the neuronal NOS pathway or is it due to an increased
oxygen demand at rest? Is the inability to augment CBF
during exertion in patients with structural CMD due
to architectural changes or due to dysregulation of the
eNOS pathway? Are functional and structural microvas-
cular dysfunction part of a disease continuum of the cor-
onary microvasculature? Further studies are needed to
answer these pertinent mechanistic questions.

Although a detailed review of epicardial coronary artery
vasospasm, and consequent vasospastic angina (VSA),
is beyond the scope of this focussed review, it is worth
reviewing some of the features of this condition. Vascular
smooth muscle cell (VSMC) contraction is regulated by
a complex system of intracellular pathways. The central
molecular mechanism leading to VSMC hypercontrac-
tion is Rho kinase-mediated enhancement of myosin
light chain (MLC) phosphorylation [14] (Fig. 1). Other
mechanisms contributing towards coronary vasospasm
include endothelial dysfunction, low-grade inflammation
and oxidative stress. However, these are unlikely to be
the primary drivers of coronary vasospasm, and likely
serve as additional pathophysiological risk factors.

Clinical presentation

Angina secondary to CMD is characterised by effort-in-
duced symptoms often indistinguishable to those
observed in patients with angina triggered by obstructive
CAD. Patients with CMD tend to experience prolonged
episodes of chest pain and a relatively poor response to
oral nitrates [15]. On the other hand, patients suffering
from epicardial coronary artery vasospasm, VSA, tend to
suffer from angina at rest (especially at night and early
morning). These symptoms can be precipitated by hyper-
ventilation and respond to short-acting nitrates within
seconds [16].

Recently, Ong er al. have proposed the Coronary
Vasomotion Disorders International Study Group criteria
to diagnose CMD [17]. This diagnostic criterion includes
(1) presence of symptoms of myocardial ischaemia, (2)
absence of obstructive epicardial CAD, (3) evidence of
objective myocardial ischaemia on functional imaging
and (4) evidence of impaired coronary microvascular
function. Ong ¢z a/. have suggested that the presence
of four of these criteria suggests a definite diagnosis of
CMD, whilst the presence of three suggests probable
CMD [17]. Whilst these criteria are logical and provide
a useful framework for thinking about CMD, the need
to perform both invasive and noninvasive characterisa-
tion may be one of the factors that have led to the poor
uptake of this in routine clinical practice. Rahman ez @/.
have shown that in patients with a high pretest probabil-
ity of coronary vascular abnormality, that is, convincing
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history and presence of cardiovascular risk factors,
CFR<2.5 reliably identifies patients with NOCAD who
will have myocardial ischaemia on CMR imaging (82%
with CFR <2.5 had stress perfusion defects vs. 22% with
CFR=>2.5) [5,6]. Therefore, we believe that a definite
diagnosis of CMD can be achieved using a single inva-
sive test that involves physiological assessment of the
coronary vasculature. Equally, in patients who have a C'T
coronary angiogram as the initial investigation for angina,
it may prove possible to make a diagnosis of CMD with
a high degree of certainty on the basis of a high resolu-
tion stress perfusion CMR alone, without recourse to an
invasive assessment. However, this assertion needs to be
evaluated further and it should be noted that, at present,
there is no noninvasive test for VSA.

Patient outcomes

Patients with angina and NOCAD have a poor quality of
life, with 44% of patients continuing to suffer from chest
pain after 12months from their diagnosis of NOCAD
[18]. These patients score similarly on the Seattle Angina
Questionnaire (SAQ), for both physical limitations and
quality of life, as patients with obstructive CAD [18].
They are also more likely to suffer from depression and
anxiety either concurrently or as a result of their persis-
tent symptoms [19], and they are more likely to utilise

the healthcare system than patients with obstructive
CAD [19].

There has been much debate over the long-term out-
comes of patients with CMD. Earlier studies had shown
that patients with cardiac syndrome X (CSX) had a favour-
able long-term prognosis [20]. CSX is an umbrella term
that was previously used to describe patients with angina
with NOCAD, and it comprised of several pathologi-
cally distinct diagnoses. Recent studies; however, have
consistently reported adverse outcomes in patients with
confirmed CMD. Of note, AlBadri ez a/. have reported
that CFR <2.3 independently predicted a higher risk of
composite endpoint of death, myocardial infarction (MI),
stroke and hospitalisation for heart failure in women with
NOCAD and nonendothelium dependent microvascu-
lar dysfunction at a median follow-up of 9.7years [21].
They also reported a trend towards higher rates of the
composite endpoint in women with endothelium-de-
pendent dysfunction [21]. Pepine ez /., similarly, showed
an increase in the composite outcome of death, nonfatal
MI, nonfatal stroke, or hospitalisation for heart failure in
women with NOCAD and CFR <2.32 [22]. Murthy ¢z a/.
reported an increased incidence of MACE, defined as car-
diac death, nonfatal MI, late revascularisation and hospi-
talisation for heart failure, in patients with NOCAD and
CFR<2.0 on PET imaging after a median follow-up of
1.3 years [23]. CFR was a powerful predictor of MACE in
their patient cohort [23]. Suwaidi ez a/. assessed endothe-
lium-dependent microvascular function in 157 patients
with angina and NOCAD [24]. Over a 28-month mean
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follow-up, none of their patients with normal endothelial
function or mild endothelial dysfunction (0-50% increase
in CBF in response to intracoronary acetylcholine) suf-
fered from any adverse events. However, 14% of patients
with severe endothelial dysfunction (<0% increase in
CBF) suffered from MACE, which included MI, future
revascularisation or cardiac death [24].

Although the overall survival is reported to be good in
patients with VSA, Takagi ez a/. reported a MACE rate
of nearly 6%, comprising death, nonfatal MI, unstable
angina, heart failure or appropriate implantable cardio-
verter defibrillator shocks in their cohort of 1429 patients
(median follow-up of 32 months) [25]. Sato ¢z a/., similarly,
reported a MACE rate of approximately 5% during a mean
follow-up of 49 months in 873 patients with VSA [26].

The impact of metabolic and chronic
inflammatory disorders on coronary
microvascular function

Diabetes mellitus has long been linked with coronary
microvascular dysfunction. A recent study has reported
that 72% of patients with angina, NOCAD and diabe-
tes mellitus have CMD [27]. This study also reported
an association between glycated haemoglobin (HbAlc)
levels and endothelial-independent and endothelial-de-
pendent coronary microvascular function in patients
with diabetes mellitus. These findings suggest a link
between glycaemic control and coronary microvascu-
lar dysfunction, and may implicate CMD as a potential
mediator of ischaemia in patients with diabetes mellitus
[27]. Coronary microvascular dysfunction has been asso-
ciated with the severity of microalbuminuria in patients
with diabetes mellitus [28]. Animal and human studies
have demonstrated endothelial and VSM dysfunction in
diabetic models, which then progress on to irreversible
architectural changes in the microvasculature. The exact
mechanisms leading to the development of CMD in
patients with diabetes mellitus are presently unknown;
however, hyperglycaemia induced oxidative stress, insu-
lin resistance and inflammation are the likely drivers.
Endothelium-dependent vasodilation correlates with
insulin sensitivity in healthy subjects, suggesting that
insulin plays an important role in the early processes of
endothelial dysfunction [29].

Along with diabetes mellitus, CMD has also been shown
to be prevalent in patients with chronic inflammation,
such as in inflammatory rheumatological disorders [30].
In the early stages of inflammatory rheumatological
disorders pro-inflammatory mediators, such as tumour
necrosis factor-alpha, promote endothelial dysfunction by
reducing the synthesis and bioavailability of NO through
a reduction in the expression of eNOS. Inflammatory
cytokines are also responsible for the increased produc-
tion of reactive oxygen species, which contribute to lim-
iting NO availability [30].
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Assessment of the coronary microvasculature
T'he coronary microvasculature cannot be directly visual-
ised but there are several techniques to assess coro-
nary microvascular function. In patients with NOCAD,
CFR is the most commonly used test of microvascular
function. Coronary microvascular function can also be
assessed noninvasively, primarily using techniques that
estimate myocardial perfusion at rest and during stress.
In the following section, the practical aspects of making
these assessments are discussed as well as their advan-
tages and disadvantages.

Invasive intracoronary assessment in the catheter
laboratory

Invasive intracoronary microvascular assessment is
well tolerated and provides an accurate and reproduci-
ble evaluation of microvascular function [31]. The 2019
ESC guidelines recommend intracoronary microvascular
assessment in patients with angina and NOCAD (class
ITa recommendation) [32]. Invasive CFR requires meas-
urement of coronary flow. While absolute coronary flow is
difficult to measure in a clinical setting, it can currently
be estimated by one of two techniques: Doppler to meas-
ure coronary flow velocity or thermodilution to measure
cold bolus transit time, each requiring the use of differ-
ent sensor-tipped ultra-thin intracoronary guidewires.
CBF is estimated at rest and in response to adenosine
(to test nonendothelium dependent function) or acetyl-
choline (to test endothelium-dependent function). In the
absence of epicardial obstructive CAD, an impaired CFR
(defined as <2.5 or <2.0 depending on the outcome meas-
ure) diagnoses the presence of CMD [33].

If intracoronary pressure is simultancously measured, it
is also possible to calculate coronary microvascular resist-
ance, as the ratio between myocardial perfusion pressure
(which approximates to distal coronary pressure (Pd)
when venous pressure is negligible) and flow. When flow
is estimated by Doppler flow velocity, the resulting index
is called hyperaemic microvascular resistance (hMR);
hMR =Pd/APV, where APV is average peak velocity.
When assessed using thermodilution techniques it is
defined as the index of microvascular resistance (IMR),
calculated as the product of Pd and mean transit time
(the time it takes for a bolus of saline to transit through a
defined distance during maximal hyperaemia). There is a
reasonable correlation between hMR and IMR [34], and
for practical purposes, these indices are considered inter-
changeable at present, the technique used depending on
availability and expertise in each cardiac unit.

Endothelium-dependent  microvascular  dysfunction
is diagnosed when there is <50% increase in CBF, and
ischaemic ECG changes and angina, in the absence of
epicardial vasoconstriction, in response to acetylcholine.
It is important to remember that patients with CMD
may have either endothelium-dependent dysfunction,

nonendothelium dependent dysfunction or both [3],
and although CMD can be diagnosed using adenosine
alone, the diagnostic accuracy is improved by using ace-
tylcholine. This allows a complete microvascular func-
tional assessment and informs about important clinical
outcomes and may influence management strategies
[33]. The 2019 ESC guidelines have given the use of
acetylcholine provocation, to diagnose endothelium-de-
pendent microvascular dysfunction, a class IIb recom-
mendation [32].

In patients with symptoms consistent with VSA, it is
diagnosed by demonstration of either transient ischae-
mic ECG changes during a spontancous episode or
epicardial coronary vasospasm (>90% reduction in epi-
cardial coronary artery diameter) associated with ECG
ischaemic changes and chest pain in response to a pro-
vocative agent [35]. However, the test only has modest
sensitivity (approximately 70%), especially in younger
patients. Furthermore, female patients are more likely
to be hypersensitive to acetylcholine provocation, giving
rise to false positives [36]. However, it should be noted
that there are several logistical difficulties with carrying
out acetylcholine-based endothelial function testing and
its availability is currently restricted to specialist cen-
tres, although this is likely to increase following recent
demonstrations of its utility. In view of this, the authors
recently published a stepwise diagnostic algorithm that
can be used in any patient with angina who presents to
the cardiac catheter laboratory [37].

Noninvasive assessment of the coronary
microvasculature

Numerous noninvasive modalities have been used to
assess the coronary microvasculature over the past few
decades. Each has characteristic advantages and disad-
vantages that have affected their application in clinical
practice.

PET imaging has been the most studied noninvasive
imaging modality to assess coronary microvasculature
in the research setting and there is evidence that links
the presence of CMD detected on PET imaging to an
increased risk of MACE [38]. However, the uptake of
PE'T imaging in routine clinical practice has been lim-
ited due to the associated ionising radiation. Similarly,
despite recent advances, the uptake of single-photon
emission computerised tomography for quantitative per-
fusion imaging in CMD has been limited by technical
issues [39], which has led to it being superseded by CMR
imaging.

Echocardiography, using pulsed waved Doppler at the
proximal coronary arteries, can be used to calculate the
coronary flow velocity reserve at rest and peak hyper-
aemia [40]. This technique, however, is limited by
interoperator measurement discrepancies and reduced
resolution in obese patients.
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CMR imaging is now the noninvasive modality of choice
to diagnose patients with CMD. The imaging protocol
consists of rest and vasodilator-stress first-pass myocar-
dial perfusion study, each following the injection of a gad-
olinium-based contrast agent. Post-processing of the rest
and stress images allows for the quantification of regional
and global myocardial perfusion using semiquantitative
(myocardial perfusion reserve index) and fully quantita-
tive (myocardial blood flow) models. CMR imaging offers
high spatial resolution due to temporal under-sampling
techniques, improved signal-to-noise ratio using 3-Tesla
scanning, lack of ionising radiation, reproducibility and
the ability to perform a comprehensive assessment of
the cardiovascular structure and function. CMR imaging
interrogates the early stages of the ischaemic cascade and
is well placed to identify subendocardial ischaemia that
is characteristic of coronary microvascular dysfunction.
A reduced myocardial perfusion reserve index has also
been shown to predict prognosis in patients with CMD
[41]. The limiting factor for the uptake of CMR has been
the associated cost.

In summary, invasive assessment of the coronary micro-
vascular function is accurate, reproducible, validated,
well tolerated and endorsed by the most recent ESC
Guidelines [32]. CMD can be diagnosed during a single
cardiac catheterisation procedure, overcoming issues of
specificity and sensitivity associated with noninvasive
ischaemia tests. We recommend the use of intracoronary
physiology assessment during the index procedure, if
such facilities are available, in patients who have been
referred for coronary angiography for angina and are
found to have NOCAD. In circumstances where intra-
coronary physiology assessment is not possible during
the index coronary angiography, we recommend that
patients undergo functional imaging, such as stress
perfusion CMR, to confirm subendocardial ischaemia
consistent with CMD. The advantages of offering intra-
coronary physiology assessment during the index coro-
nary angiography include a shorter time to diagnosis that
may facilitate earlier targeted management for patients,
characterisation of CMD endotype, reduced number of
investigations that a patient must undergo and reduced
costs to the healthcare system.

Management

Currently, there is a limited evidence base to guide ther-
apeutic options in patients with CMD. For the most part,
therapies used for angina due to obstructive CAD do not
distinguish the underlying pathophysiological process.
Ford ez al. have recently shown that therapy based on
invasive microvascular testing leads to improved symp-
tom control in patients with angina and NOCAD [42],
compared to an entirely empirical strategy. Management
of CMD should encompass controlling cardiovascular
risk factors, improving endothelial and VSM function
(disease-modifying therapy), and achieving symptomatic
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relief. Appropriate management of hypertension, dia-
betes mellitus and hyperlipidaemia, as well as smok-
ing cessation advice, is imperative as these contribute
towards impaired microvascular function [43,44]. Obesity
is highly prevalent in patients with CMD, and exercise
programmes and cardiac rehabilitation may help facilitate
important long-term lifestyle changes in these patients
[45]. The current ESC guidelines recommend treatment
with aspirin and statins (class I indication), and consid-
eration of angiotensin-converting enzyme (ACE) inhib-
itors (class IIb indication) for patients with NOCAD
[32]. Aspirin is recommended by extrapolation of epi-
cardial CAD studies. Statin therapy improves vascular
inflammation and endothelial function. Angiotensin 11
is a potent vasoconstrictor and may modulate coronary
microvascular tone directly, therefore blocking it using
an ACE inhibitor may prove beneficial in patients with
CMD. These three agents may lead to improved coro-
nary microvascular function but may have no immediate
effect on symptom relief. Recently, there have been sev-
eral studies investigating agents for symptomatic relief
and microvascular function improvement in patients with
CMD; some of these are discussed below and are sum-
marised in Table 1.

Beta blockers

Although all groups of beta blockers may help patients
with CMD, those with vasodilatory properties may pro-
vide the most benefits. Nebivolol is a highly selective
beta-1 blocker with vasodilatory properties through acti-
vation of the eNOS pathway and inhibition of endothe-
lin-1 (E'T=1) synthesis. Erdogan ¢ a/. showed that 1
month of Nebivolol improved CFR (from 2.02 to 2.61, on
average), by augmenting the hyperaemic CBF and atten-
uating the resting CBE, in 21 patients with idiopathic
dilated cardiomyopathy, unobstructed coronary arteries
and coronary microvascular dysfunction [46]. Erdamer e7
al. showed that 12weeks of Nebivolol improved exercise
time and time to 1 mm ST depression on treadmill in 15
patients with CSX (defined as angina, abnormal exercise
treadmill test and unobstructed coronary arteries) [47].
Carvedilol is also a vasodilatory beta blocker and has
been found to ameliorate endothelial-dependent micro-
vascular function in peripheral arterial trees patients with
epicardial CAD [48]. Beta blockers should; however, be
avoided in patients with VSA as they can lead to an unop-
posed alpha-1 adrenergic stimulation, leading to worsen-
ing of coronary artery vasospasm.

Calcium channel blockers

Calcium channel blockers antagonise the L-type cal-
cium channels on VSMCs; therefore, they inhibit the
influx of calcium ions, leading to reduced VSM con-
traction (Fig. 1). Ohba ez a/. investigated 50 patients
with endothelium-dependent CMD [49]. 70% of these
patients showed improvement in their frequency of
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Table 1

Summary of medications that have been studied in patients with coronary microvascular disease

Agent Mechanism of action

Evidence base

Vasodilatory beta blockers
(for example, nebivolol,
carvedilol and celiprolol)

eNOS pathway (nebivolol) or preservation of NO
bioactivity (carvedilol)

Calcium channel blockers:
amlodipine or diltiazem
Ranolazine

Reduces influx of calcium in the VSMCs; therefore,
leading to vasodilation (Fig. 1)

#1: Inhibits the sodium—calcium co-transporter and
reduces influx of calcium in cardiomyocytes

#2: shifts ATP metabolism from inefficient fatty-acid
oxidation to oxygen-sparing glucose oxidation

Endothelin receptor
antagonists (ERA)
the ET, receptor on VSMCs (Fig. 1)

Rho-kinase inhibitors
therefore, lead to VSM vasodilatation (Fig. 1)

Angiotensin-converting
enzyme (ACE) inhibitors

Angiotensin Il is a potent coronary vasoconstrictor;

vasodilation

Vasodilatory properties can be due to activation of the

ERAs antagonise endothelin-1 (ET-1). ET-1 increases
peripheral and coronary vascular tone by activating

Rho-kinase inhibitors prevent the inactivation of MLCP,

therefore, ACE inhibitors, by inhibiting the action of
Angiotensin Il, may promote coronary microvascular

Nebivolol augmented hyperaemic CBF and attenuated resting CBF in patients
with idiopathic dilated cardiomyopathy with unobstructed coronary arteries
and coronary microvascular dysfunction [46] and improved exercise time in
patients with CSX [47]. Four months’ therapy of carvedilol improved flow-
mediated dilatation, a marker of endothelium-dependent function, in patients
with epicardial coronary artery disease [48].

Treatment with calcium channel blockers improved symptom control in patients
with endothelium-dependent CMD over 48 months [49]

Bairey-Merz et al. [50] and Rambarat et al. [61] have shown that ranolazine
improves myocardial perfusion and angina frequency in patients with angina,
NOCAD and CFR<2.5. Tagliamonte et al. reported an improvement in SAQ
domains and CFR in patients with angina, NOCAD and myocardial ischaemia
after 8 weeks of ranolazine [52]

Oral atrasentan (ERA) improved endothelial function in patients with angina and
NOCAD with impaired endothelium-dependent microvascular function [63]

Intracoronary fasudil (rho-kinase inhibitor) ameliorated myocardial ischaemia
(defined as ischaemic ECG changes, increased myocardial lactate or both) in
patients with endothelium-dependent microvascular dysfunction [54]

Treatment with 16 weeks of quinapril improved CFR in women with angina,
NOCAD and CMD. There was also improvement in angina frequency,
although the study was not adequately powered for the latter outcome [57]

ATP, adenosine triphosphate; CMD, coronary microvascular disease; CBF, coronary blood flow; CSX, coronary syndrome X; CFR, coronary flow reserve; eNOS,
endothelial nitric oxide synthase; MLCP, myosin light chain phosphatase; NOCAD, nonobstructive coronary artery disease; SAQ, Seattle Angina Questionnaire; VSMC,

vascular smooth muscle cell.

angina with calcium channel blockers during a 48 month
follow up period [49].

Ranolazine

Ranolazine inhibits the late sodium current in cardi-
omyocytes, decreasing sodium and calcium overload.
During ischaemia, excess intracellular calcium impairs
VSM relaxation and leads to impaired coronary perfu-
sion. Ranolazine also promotes the switch from an inef-
ficient fatty acid metabolism to oxygen-sparing glucose
oxidation, therefore reducing oxygen consumption. Both
Bairey-Merz ez al. [5S0] and Rambarat ¢z a/. [51] have shown
that ranolazine improved myocardial perfusion (on CMR
imaging) and angina frequency in patients with NOCAD
and CFR<2.5. Tagliamonte ¢ /. reported an improve-
ment in SAQ domains and CFR in 58 patients with
angina, NOCAD and myocardial ischaemia after 8 weeks
of ranolazine; the authors reported this to be secondary
to a reduction in baseline coronary flow velocity and an
augmented hyperaemic coronary flow velocity [52].

Endothelin receptor antagonists

E'T-1 contributes to the regulation of vascular tone
through endothelin-A (ETA) and endothelin-B (ETB)
receptors. E'T | receptors are located on VSM and mediate
vasoconstriction by activating Rho-kinase (Fig. 1) and by
reducing NO bioavailability (by inhibiting eNOS activ-
ity and increasing NO degradation). Reriani ¢z @/. showed
that 6 months of Atresantan (ETA antagonist) improved
endothelial function, measured as CBF response to intra-
coronary acetylcholine, in patients with angina, NOCAD
and endothelial dysfunction [53].

Rho-kinase inhibitors

E’I*1 binds to ETA receptor and activates Rho-kinase,
which inhibits myosin light chain phosphatase (MLCP)
(Fig. 1). MLCP dephosphorylates MLLC and promotes
unbinding of the myosin-actin filaments, leading to VSM
dilatation. Therefore, activation of Rho-kinase promotes
VSM contraction. Mohri e a/l. reported an improve-
ment in symptoms of angina and myocardial ischaemia
(demonstrated by coronary sinus lactate measurement
and/or ECG changes) after intracoronary fasudil (Rho-
kinase inhibitor) in patients with endothelium-depend-
ent CMD [54].

Other anti-anginals

Along with the agents described above, other anti-angi-
nals have also been used in patients with CMD. These
include nicorandil, ivabradine and trimetazidine. Whilst
these medications lack robust evidence-base for efficacy
in CMD, there are small studies/anecdotal evidence sup-
porting their use. Ivabradine is an I _channel blocker that
selectively reduces sinus node activity. A study demon-
strated improved anginal symptoms in patients with
CMD taking ivabradine; however, there was no improve-
ment in the patients’ CFR [55]. The effects of the vaso-
dilator nicorandil in patients with CMD have only been
assessed in small studies. One of these studies demon-
strated improved anginal symptoms and S'I-depression
during exercise in 11 patients with angina and NOCAD;
however, this study had no control groups [56].

Numerous recent articles have suggested treatment algo-
rithms for patients with CMD [37,45]. These form a use-
ful aid for clinicians. Given the accumulating evidence
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that CMD 1is a heterogeneous condition with distinct
pathophysiology underlying each endotype, it is tempt-
ing to speculate that therapies stratified by physiology
may yield better outcomes than historical one-size-fits
all type studies. However, we still await proof of this
concept.

Conclusion

CMD, in the absence of obstructive CAD, is common in
patients presenting with angina and is associated with a
poor quality of life and adverse cardiovascular outcomes.
CMD can now be diagnosed both invasively, in the cath-
eter laboratory, and noninvasively. At present, the man-
agement for patients remains empirical and based on
extrapolation of epicardial CAD data. With an improved
understanding of its underlying pathophysiology, the
next frontier in the management of patients with CMD
is the identification or development of physiologically
stratified therapies to improve prognosis and symptom
control in these patients.

Future directions

In the past decade, there has been an increased aware-
ness of CMD as a disease entity, and we have seen an
exponential rise in the research being carried out in this
ficld. We now have a better understanding of the patho-
physiology of CMD and robust techniques to detect it
clinically. The main challenge for the field during the
next decade will be to promote the uptake of invasive
intracoronary assessment to fully evaluate the coronary
vasculature in patients with angina and NOCAD. This
needs to be followed by prospective follow-up stud-
ies detailing outcomes in patients with CMD. This will
likely lead to the development of physiology-stratified
therapy to improve the symptom control and quality of
life in patients with CMD.
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