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Introduction

In the last years we assisted to a dramatic reconsideration of microcirculation as a 
component of coronary physiology at least as important as the large epicardial vas-
culature. Extensive research was conducted in the field which allowed us to get a 
glimpse on the complex and intricated mechanisms of the microcirculation physiol-
ogy. Importantly, structural and functional alterations of microcirculation have been 
described in almost all cardiovascular pathologies. Ischaemic heart disease is the 
most prevalent of these, but abnormal microcirculation has been also described in 
cardiomyopathies or in valvular heart disease.

The research is ongoing and novel information will be continuously added to our 
baggage of knowledge allowing us to fill the gaps of this puzzling area of medicine. 
However, currently we experience an unmet need to translate the results of research 
in the field of microcirculation into clinical practice. Alterations of microcirculatory 
function may be obvious in some of the clinical scenarios, but sometimes it is chal-
lenging for the physician to accurately diagnose and treat microcirculatory 
dysfunction.

This book aims to bring the preclinical data into the clinical arena, where it is 
most useful for both patients and physicians.

The book is organized in three main sections covering both theoretical and prac-
tical applications of what we are currently know about microcirculation.

The chapters in the first part explain the basic concepts of microcirculation in 
health and disease, including lessons from the large animal models. Specific roles of 
platelet function and perivascular tissue are discussed in two different chapters. The 
most important techniques for studying microcirculation such as dynamic testing 
and study through direct microscopic techniques are also covered in the first part of 
the book. A separate chapter is dedicated to myocardial infarction with normal coro-
nary arteries, an entity which is frequently encountered in daily clinical practice.

The second part of the book follows a relatively innovative approach. It aims to 
delineate the role of microcirculatory dysfunction in specific conditions such as: ST 
elevation myocardial infarction, chronic angina, vasospastic angina, left ventricular 
hypertrophy, acute heart failure or silent cerebral damage. Each of the chapter 
begin with a real-life clinical case which is then followed by complex theoretical 
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discussions related to each case. This approach is intended to get the physician 
closer to the intimate mechanisms of microcirculatory dysfunction.

The third part of the book is reserved for the therapeutic considerations and it 
covers treatment of no-reflow phenomenon, the role of lipid lowering therapies, as 
well as the cell strategies to stimulate angiogenesis/vasculogenesis for improvement 
of microcirculation.

The contributing authors are well renowned specialists with a solid background 
in both the preclinical and clinical areas.

We consider this book to be a valuable tool for all specialists who work in the 
various fields related to normal and dysfunctional microcirculation.

Introduction
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Chapter 1
Basic Concepts of the Microcirculation

Cor de Wit

 Introduction

The heart receives its perfusion through the coronary circulation, which consists of 
large conductance vessels (epicardial coronary arteries), that can be visualized dur-
ing coronary angiography, and small arteries and arterioles. These latter vessels, 
that exhibit a diameter below 500 μm and are thus too small to be seen in angiogra-
phy, comprise the arterial part of the coronary microcirculation. They form together 
with the capillaries that originate from the arterioles and the draining venules as 
well as the small veins the microcirculatory network. These vessels serve different 
tasks and their structure follows the respective function.

 Functional Compartments Along the Coronary Vascular Tree

 Large Arteries Provide Conduction Pathways

Large epicardial coronary arteries exhibit a capacitance function and offer only 
minimal resistance to blood flow (in the range of 10% of the total resistance within 
the coronary circulation). These arteries possess a pronounced flow-induced dila-
tion that helps to maintain minimal resistance at this level of the coronary tree also 
during high flow conditions. In case, the endothelium-dependent dilation upon flow 
is compromised relative resistance may increase substantially resulting in increased 
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pressure drop along the epicardial arteries that may even be further accentuated if a 
vessel exhibits additionally stenotic areas. During systole these arteries are dis-
tended by the enhanced transmural pressure. The blood that is stored in the artery 
during its distension is released again during diastole when pressure decreases due 
to enhanced blood flow into the microcirculation. Taken together, apart from pro-
viding a flow pathway, two main features of these arteries support the physiologic 
function of the coronary circulation, firstly, the dilation and thus resistance decrease 
during high flow and secondly, the storage and the release of blood with changing 
pressures during the rhythmic contractions of the heart.

 High Resistance and Active Dilation in the Microcirculation

Small arteries and arterioles exhibit substantial resistance and control thus physio-
logically coronary blood flow [1, 2]. They do so despite the large number of arteri-
oles because of their small diameter since conductivity (the reciprocal of resistance) 
increases with the fourth power of the radius (Poiseuille’s law). Thus, vascular 
diameter is the most powerful variable controlling resistance. Functionally, the high 
resistance residing in these vessels translates into the largest pressure drop along 
this part of the coronary vascular tree. Basically, a vessel with a smaller diameter 
provides less space for the separation of fluid layers during laminar flow and thus 
velocity differences between separate layers are becoming larger. The larger differ-
ences in velocity enhance the frictional resistance of the flowing blood which must 
be overcome by the driving pressure. The result is enhanced energy dissipation and 
thus a larger pressure drop along a certain length of the vessel. This can be offset by 
dilation and a subsequent increase in the number of separate fluid layers during 
laminar flow [3]. In fact, arteriolar dilation is the physiologic response to cope with 
enhanced tissue needs for oxygen that provides increased blood flow through the 
coronary vascular bed without the need to raise driving pressure. A prerequisite for 
a dilation is a substantial amount of preconstriction because a vessel can only 
decrease the level of constriction force which then results in distension by the trans-
mural pressure. Nevertheless, this process is often named dilation implying an 
active dilatory process and as a matter of fact this makes sense because several 
mechanisms actively induce the lessening of constriction force as will be outlined 
below. Taken together, the function of these small arteries and the arterioles is to 
provide a high resistance that is subject to substantial regulation. These processes 
include a preconstriction, the so-called vascular tone, and mechanisms that relax the 
constriction. As these are active processes they are named active dilations. It is 
worth noting that small arteries residing outside of the heart, are named extra- cardial 
or intermediate arteries and exhibit diameters larger than 100 μm. Thus, they pos-
sess relatively less resistance than the arterioles residing in the cardiac tissue. In the 
narrow sense of the word these intermediate arteries do not belong to the microcir-
culation, however, the definition of coronary microcirculation varies between 
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authors [4–6]. On a larger time scale, these vessels are subject of chronic adapta-
tions which is referred to as vascular remodelling. The vascular system of the heart 
is expanded in size and number of microvessels during growth or exercise training 
while sustained reduction of physical activity leads to involution [7].

 Branching Pattern Increases the Number of Vessels and 
Capillaries Provide Large Areas for Diffusional Exchange

The heart exhibits a dense network of capillaries [8]. The cardiomyocytes are sur-
rounded by reticular capillaries. Thus, the diffusional distance for oxygen is very 
small which enables the high oxygen extraction that is characteristic for the coro-
nary circulation already in individuals at rest. Coronary arteries branch into small 
and intermediate arteries in a tree-like fashion and these vessels have been function-
ally named ‘distributing vessels’ as opposed to ‘delivering vessels’. Their branching 
pattern is decisively distinct in that distributing vessels give rise to daughter vessels 
that are considerably smaller in diameter and their own diameter decreases only to 
small degree (nonuniform branching). In contrast, delivering vessels branch more 
uniformly, i.e. two daughter vessels of a comparable diameter arise [9, 10]. The 
functional distinction does not directly translate into absolute diameter values, 
which means that there are vessels of similar diameter that serve, however, a differ-
ent purpose. These considerations underscore the difficult distinction between ‘dis-
tribution’ and ‘delivery’ only by diameter measurements. In any case, the delivering 
arterioles dive into the tissue, the true microcirculation begins and arterioles exhibit 
diameters smaller than 100 μm. They divide by dichotomous, uniform branching 
into further arterioles and this results finally in a terminale arteriole [11]. However, 
the formation of the capillary network does not follow this same branching pattern. 
A recent study by Kaneko and coworkers [12] demonstrated by 3-dimensional 
reconstruction of the intramyocardial vessels after consecutive serial sectioning of 
the human heart that capillaries emerge by two distinct mechanisms: Firstly, by 
dichotomous branching from a terminal arteriole and, secondly, a precapillary sinus 
emerged from a terminal arteriole that gave rise to a larger number of capillaries. All 
these capillaries form many anastomoses within the bundle before draining into a 
venule. Cardiomyocytes were found running in parallel to the capillaries and 
thereby, in fact, surrounded in a longitudinal direction by capillaries. The arrange-
ment of the terminal arteriole, the capillaries arising from it, and the draining 
venules appeared to form a microcirculatory unit serving to nourish a certain small 
number of cardiomyocytes. Interestingly, the authors observed myocardial microne-
croses and their size matched the size of the microcirculatory unit [12]. This sug-
gests that a terminal arteriole feeds a specific tissue region and such a microcirculatory 
unit allows the adjustment of perfusion in a confined region providing locally 
restricted changes of oxygen delivery depending on the needs of the tissue.

1 Basic Concepts of the Microcirculation
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 Origin of High Resting Tone

Vessels require a level of preconstriction in order to exhibit a capacity to dilate and 
decrease resistance to allow enhanced blood flow if required. The preconstriction 
gives rise to the so-called basal vascular tone that is specifically large in small arter-
ies and arterioles. This is not achieved by sympathetic activity and alpha-adrenergic 
receptor activation since blockade of such receptors exerts hardly any change in 
coronary blood flow in humans at rest [13]. The basal vascular tone originates from 
a constriction of the vessel in response to a transmural pressure increase (pressure- 
induced constriction) which is also known as Bayliss effect or myogenic vasocon-
striction. It is named ‘myogenic’ because it is intrinsic to the smooth muscle itself, 
i.e. independent of exogenous influence (e.g. nerve activity or hormones) or the 
endothelium although the myogenic constriction may well be modulated by these 
factors. Since the myogenic constriction also acts in the reverse direction, i.e. lower 
transmural pressure induces conversely a reduced constriction force which results in 
a distension (dilation) of the vessel the myogenic reactivity adopts the resistance 
along a vascular segment according to inflow pressure. Thus, organ perfusion and 
also capillary pressure remains virtually constant despite variations in the pressure 
head (within certain limits).

The myogenic tone and the myogenic response originate from a mechanical 
stimulus emanating from the circumferential stretch on the vessel wall imposed by 
the transmural pressure leading to an altered wall tension that, in turn, generates 
intracellular signals that modulate the contractile state of the vascular smooth mus-
cle cells (Fig. 1.1). Modelling suggests that indeed arteriolar wall tension (rather 
than radius or distension) is the parameter driving the myogenic response and the 
sensor is required to be arranged in series (rather than in parallel) with the contrac-
tile elements. Thus, the response (constriction) abrogates its own stimulus (wall 
tension) in a negative feedback loop mechanism providing a limit for the response. 
Interestingly, such a setup provides ‘a relatively close regulation of blood flow even 
though flow is not the regulated variable’ [14–18].

However, the mechanosensor responsible for assessing the alteration of wall ten-
sion is rather elusive. From experimental data, different hypotheses have been 
developed that include mechanosensitive, stretch-activated ion channels that open 
upon distension of the plasma membrane causing depolarisation such as transient 
receptor potential (TRP) channels, specifically TRPC6 and TRPM4 [19–21], recep-
tor mediated processes that involve mechanosensitiveGq/11-coupled receptors such 
as the angiotensin1 receptor [22–24], extracellular matrix elements such as integrins 
acting as mechanosensors [25, 26], the translocation of enzymes and concomitant 
change of enzyme acitivity (e.g. sphingosine kinase) [27], but also cytoskeletal pro-
teins that may act as mechanosensors. A new family of mechanosensitive ion chan-
nels (Piezo channels) has been very recently discovered [28] and their structure 
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Fig. 1.1 Mechanisms of myogenic responses in vascular smooth muscle. Wall tension is the prod-
uct of transmural pressure and vascular diameter according to the law of Laplace and tension itself 
is the most likely stimulus for myogenic responses. The mechanotransducers in smooth muscle 
cells are not clearly identified but mechanosensitive ion channels (SAC or TRP), GPCR or activa-
tion of enzymes (sphingosine kinase) have been implicated in the response. Ion channel activation 
induces a depolarisation which leads to increases in cytosolic Ca2+ through activation of voltage-
dependent Ca2+ channels and subsequently via Ca2+-dependent mechanisms to an enhanced phos-
phorylation of MLC by MLCK that translates into contraction. The product of sphingosine kinase 
(sphingosine-1-phosphate) may act through its GPCR receptors. Other GPCR (e.g. angiotensin 
receptors) have also been demonstrated to contribute without the need of the respective agonist. 
The intracellular signalling mechanism involves Ca2+ independent mechanisms targeting the activ-
ity of MLCP, that is either directly phosphorylated and inactivated (Rho-kinase) or is inhibited via 
other molecules (PKC). Inhibition of MLCP also enhances MLC phosphorylation. However, mol-
ecules activated through GPCR may also activate TRP channels and thus invoking Ca2+-dependent 
contraction. In both cases (Ca2+-dependent and Ca2+-independent), the ensuing contraction 
decreases vascular diameter and thereby impacts in a negative feedback manner on the initial 
stimulus. Abreviations used: Voltage-dependent Ca2+ channels (CaV), G-protein coupled receptor 
(GPCR), myosin light chain kinase (MLCK), myosin light chain phosphatase (MLCP), myosin 
light chain (MLC), protein kinase C (PKC), transient receptor potential channels (TRP), stretch-
activated channels (SAC), sphingosine kinase (SphK), sphingosine-1-phosphate (S1P). The sym-
bol P indicates protein phosphorylation, enzyme names are printed in blue, arrows indicate 
activation or increase, red lines indicate inhibition

1 Basic Concepts of the Microcirculation
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been examined [29]. They play a role in various mechanotransduction processes 
[30] and we will see in the future if they are also important in vascular smooth 
muscle as has already been shown for endothelial cells [31].

The evolving change of contractile force in vascular smooth muscle invokes Ca2+-
dependent and Ca2+-independent signalling pathways. The change in  membrane 
potential modulates the activity of voltage-dependent L-type Ca2+-channels (primarily 
CaV1.2) [32, 33] and potentially also involves the activity of other voltage- dependent 
Ca2+ channels (T-type, CaV3.x). Thus, a depolarisation in response to pressure increase 
(and vice versa for pressure decrease) activates Ca2+ channels with subsequent Ca2+ 
influx activating the myosin light-chain kinase after formation of the Ca2+-calmodulin-
complex that leads to the phosphorylation of myosin light-chain (MLC), the corner-
stone of the myogenic response, and subsequent force development [34]. On the other 
hand, MLC phosphorylation may also be increased if the activity of the MLC phos-
phatase is inhibited. This constriction is thus independent of MLC kinase activity and 
of its activator, the intracellular Ca2+ level. Hence this type of constriction is named 
Ca2+-independent constriction and represents a Ca2+sensitisation, i.e. constriction 
takes place at a constant Ca2+ level. It has recently been demonstrated that such Ca2+-
independent mechanisms also contribute to myogenic responses and involve the acti-
vation of protein kinase C (PKC) and RhoA/Rho kinase [35].

 Metabolically Induced Dilatory Pathways

The myocardium releases signalling molecules or modulates the concentration of 
molecules in the local environment by oxygen consumption, metabolism and elec-
trical activity that act either directly on the smooth muscle cells or onto endothelial 
cells which then affect through diverse mechanisms the contractile state of the adja-
cent vascular smooth muscle. The coronary microcirculation is highly responsive to 
such dilator stimuli and by the ensuing active dilation coronary blood flow increases 
up to ~fivefold with high oxygen demand [36–38].

Adenosine was first proposed as a metabolite to contribute to coronary vasomotor 
regulation by Berne in 1963 [39, 40]. Our knowledge about this local purinergic 
metabolite has evolved considerably and it became clear that adenosine is not 
required at all or contributes only to a minor degree in the regulation of coronary flow 
at rest or during exercise [41–43]. Nevertheless it is a powerful dilator acting through 
the activation of ATP-dependent K+ channels and possibly also voltage- dependent K+ 
channels, probably by a direct effect on smooth muscle through adenosine receptors 
(most likely A2A and A2B) [44]. It may exert a function in coronary arterioles during 
ischemia [45]. In addition, during compromised endothelial function metabolically 
generated signals may step in and secure appropriate blood supply [38].

Another interesting metabolite is the carbon dioxide that is produced at enhanced 
rates during cardiac exercise [42]. As carbon dioxide chemically reacts with water 
to form protons and bicarbonate, pH changes may also have a role in this setting. 
Although it is an attractive hypothesis that molecules emerging from enhanced 
metabolism drive concomitantly vascular dilation, the simple observation that nei-
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ther coronary venous carbon dioxide tension nor pH is changing during exercise 
refutes the idea that these two metabolites play a significant role [43, 46]. Moreover, 
it is hard to imagine that these substances reach the decisive site of regulation, 
namely the precapillary arterioles.

Very recently, a new metabolic pathway was suggested that involves a specific 
voltage-dependent K+ channel (KV1.5). This channel exhibits, in addition to its 
voltage- dependency, a specific oxygen- and redox-sensitivity [47]. In mice deficient 
for this channel myocardial blood flow upon circulatory stress (systemic norepi-
nephrine infusion) was significantly lower although cardiac load was similar (or 
even higher). Interestingly, at high cardiac work loads tissue oxygen tensions 
dropped in KV1.5 deficient mice. This phenotype was rescued after expression of 
this channel specifically in vascular smooth muscle cells [48]. These observations 
led the authors to conclude that vascular smooth muscle KV1.5 activation is required 
to couple myocardial blood flow to cardiac metabolism. Together with their previ-
ous work it was hypothetised that hydrogen peroxide (H2O2) released from mito-
chondria (at enhanced rates during high metabolism) is the feed-forward link 
between metabolism and flow in the heart [49, 50]. The effector of H2O2 is the 
KV1.5 in smooth muscle cells and its activation induces a hyperpolarisation as the 
membrane potential approaches the K+ equilibrium potential with enhanced K+ con-
ductance of the membrane. Other KV channels may also contribute in this coupling 
of metabolism and flow through H2O2 release, as recent data implicate also the 
KV1.3 in this interesting signalling pathway [51].

The sympathetic activity acts as an additional feed-forward system in the regula-
tion of myocardial blood flow. During stress such as exercise the enhanced work-
load of the heart is generated by the enhanced sympathetic activity that results in 
beta-adrenoceptor-mediated increases in heart rate and contractility. This activation 
simultaneously produces feedforward beta-adrenoceptor-mediated coronary vaso-
dilation thus matching coronary blood flow to expected enhanced oxygen demand 
[52, 53] and may account for up to 25% of the increase in flow observed in dogs 
during exercise [54]. Herein, norepinephrine has the largest role and epinephrine 
contributes only to a small amount. It involves both, beta1- and beta2-receptors (in 
pigs) [55]. However, pigs are somewhat different than humans (or dogs) with respect 
to the presence of adrenergic receptors in the coronary circulation. They lack sig-
nificant alpha-adrenergic resistance vessel control which is, however, the case in 
humans (and dogs) even during exercise or in coronary artery diseases [56].

 The Role of the Endothelium

The endothelium located at the interface between the blood stream and the vascular 
smooth muscle or (in capillaries) the surrounding tissue modulates the contractile 
state of the smooth muscle through multiple mechanisms in addition to its signal-
ling function towards the flowing blood. It releases vasodilators that act in the vicin-
ity of their production [57] but it also integrates the vessel wall into a functional 
syncitium [58, 59]. The role of the endothelium is also decisive in the coronary 

1 Basic Concepts of the Microcirculation
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microcirculation and alterations of endothelial function are summarized in the clini-
cal term ‘endothelial dysfunction’ [57, 60–63]. Its function can be interrogated 
clinically by stimulating the endothelium either mechanically (flow) or pharmaco-
logically (e.g. acetylcholine) and provoke endothelium-dependent dilator responses 
[64]. In the following I will highlight the main mechanisms that induce endothelium- 
dependent dilations (Fig. 1.2) that are reviewed in detail in numerous excellent pub-
lications [4, 65–69].
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Fig. 1.2 Endothelium dependent dilations. Endothelial cells are stimulated by mechanical forces 
and a multitude of different agonists and both stimuli lead to cytosolic Ca2+ increase and/or activa-
tion of protein kinases (such as AKT). This activates eNOS and endothelial Ca2+-dependent K+ 
channels inducing endothelial hyperpolarisation. NO diffuses into the smooth muscle cell and 
activates a pathway invoking sGC, cGMP and cGK that leads to a decrease in smooth muscle Ca2+. 
This is also achieved by smooth muscle hyperpolarisation through inhibition of voltage-dependent 
Ca2+ channels. Smooth muscle hyperpolarisation is initiated by multiple mechanisms originating 
from endothelial cells (EDH-type dilation) that include direct current transfer through myoendo-
thelial gap junctions, but also chemical factors (EET, H2O2) may contribute. They transfer the 
signal through the extracellular space and subsequently activate the smooth muscle Ca2+-dependent 
K+ channel (BKCa). The signalling pathways interact in endothelial cells which leads to different 
relative importance of the distinct EDH pathways depending on many factors including age and 
disease. For further details see text. Abreviations used: Voltage-dependent Ca2+ channel (CaV), 
cGMP-dependent kinase (cGK), cytochrome-p450 oxidase (CYP), endothelial cell (EC), epoxye-
icosatrienoic acids (EET), endothelial nitric oxide synthase (eNOS), endoplasmatic reticulum 
(ER), G-protein coupled receptor (GPCR), hydrogen peroxide (H2O2), Ca2+-dependent K+ channel 
(KCa) with small, intermediate or large (big) conductance (SKCa, IKCa, BKCa, respectively), inward 
rectifier K+ channel (KIR), myoendothelial gap junctions (MEGJ), mitochondria (mito), NADPH 
oxidase (Nox), soluble guanylate cyclase (sGC), superoxide dismutase (SOD), transient receptor 
potential channel type V4 (TRPV4), vascular smooth muscle (VSM). Enzyme names are printed 
in blue, arrows indicate activation or increase, red lines indicate inhibition
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 Nitric Oxide

The best-known dilator released from endothelial cells is nitric oxide (NO) [69]. 
The endothelial NO synthase (eNOS, NOSIII) is the major source of endothelium- 
derived NO. The enzyme is localized in small invaginations of the plasma mem-
brane containing caveolin-1 protein and thus these areas are called caveolae. Herein, 
a signalling complex (signalosome) is found that modulates eNOS activity. 
Releasing eNOS from caveolin-1 by increases of intracellular Ca2+ that interferes 
after binding to calmodulin with the caveolin-1 interaction enhances its activity 
drastically. However, activation of eNOS can also be achieved by its phosphoryla-
tion that can be elicited by a multitude of kinases including AKT and protein kinase 
A [70]. This explains the numerous physiologic stimuli that result in eNOS activa-
tion including physical forces (shear stress), circulating hormones (catecholamines), 
platelet products (serotonin, adenosine diphosphate), autacoids (histamine, bradyki-
nin), thrombin and also acetylcholine, although the physiologic relevance of the 
latter stimulus is questionable [69]. NO is produced by the transfer of electrons 
derived from NADPH through flavins in the reductase domain of eNOS to the 
cofactor heme that is bound at the oxygenase domain of eNOS. This electron trans-
fer allows oxygen to bind and further catalyse the stepwise synthesis of NO from 
L-arginine. The electron transfer between the domains requires a conformational 
change that is enabled by Ca2+-calmodulin that binds to the linker of these two 
domains [71]. The complex interactions of eNOS also with other proteins in the 
signalosome may become dysregulated (also termed ‘endothelial dysfunction’) and 
result in so-called eNOS uncoupling. This term refers to an electron transfer that is 
uncoupled from L-arginine oxidation and results in the generation of superoxide 
anions and hydrogen peroxide instead of NO [70].

NO diffuses freely from its site of production and reaches its target the soluble 
guanylate cyclase (sGC) that is located in the cytosol of the vascular smooth muscle 
(but also in platelets). sGC is a heterodimeric hemoprotein composed of an alpha- 
and a beta-subunit. NO binds to the heme group thereby enhancing the catalytic 
activity of sGC drastically and increasing the generation of cyclic guanosine mono-
phosphate (cGMP) from GTP [72, 73]. This second messenger activates cGMP 
dependent protein kinases (cGK) which in turn, induce relaxation of smooth muscle 
[74, 75]. This is achieved through Ca2+-dependent as well as Ca2+-independent 
mechanisms. Important targets of the cGK are the inositol-1,4,5-trisphosphate (IP3) 
receptor I-associated protein (IRAG) which phosphorylation inhibits IP3-induced 
Ca2+ release from intracellular stores, the large-conductance Ca2+-activated K+ chan-
nel (KCa1.1) which activation hyperpolarizes the smooth muscle cell and the myo-
sin light chain phosphatase (MLCP) that is activated and reduces Ca2+ sensitivity by 
decreasing the MLC phosphorylation.

The importance of NO seems to be pronounced in larger arteries and small arter-
ies in which NO mediates the well-known flow-induced dilation. An increase of 
wall shear stress is an adequate stimulus for the augmentation of endothelial NO 
release with increasing flow due to downstream dilation [76]. The ensuing dilation 
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tends to bring back the stimulus to initial values (negative feedback) and, function-
ally important, prevents the energy dissipation along the length of the vessel during 
high flow. By keeping wall shear stress constant, the pressure decrease along a cer-
tain length of the conduction pathway remains unchanged and virtually independent 
of flow. This mechanism prevents that larger upstream arteries adopt a larger frac-
tion of the total resistance in face of a downstream dilation and concurrent flow 
increase. In case upstream dilation fails, these upstream vessels with their now rela-
tively enhanced resistance would limit flow increases during exercise. In fact, dur-
ing exercise inhibition of NO synthase reduced myocardial flow increases, however, 
the effects were small and sometimes even absent [37]. The role of NO at resting 
conditions is even more difficult to validate as a diminished dilator influence of NO 
in small arteries may be counterbalanced by a compensatory dilation of arterioles. 
However, there is ample evidence in dogs supporting this view, i.e. a role for NO in 
small arteries and a lack of a physiologic dilator function of NO in arterioles [77]. 
The fact that arterioles dilate in spite of blockade of NO synthesis argues that other 
dilator mechanisms are present in these vessels.

 Endothelium-Dependent Hyperpolarisation

A further mechanism initiated by endothelial cells induces vascular smooth muscle 
relaxation. It is related to smooth muscle hyperpolarisation and was consequently 
termed endothelium-dependent hyperpolarising factor (EDHF) under the assump-
tion that a transferable factor released from endothelial cells (not being NO or a 
prostaglandin) is responsible for this effect in smooth muscle. In search for this 
factor, a number of distinct chemical molecules have been proposed to act as trans-
ferable mediator. The suggestions included potassium ions (K+), epoxyeicosatrie-
noic acids (EETs), hydrogen peroxide (H2O2), C-type natriuretic peptide (CNP), 
hydrogen sulfide (H2S), but also adenosine. However, this is a ‘sticky’ business as 
plasma membranes have to be crossed and it is difficult to imagine that several of 
these compounds are easily and quickly transferable in the required amounts. 
Moreover, some postulated EDHFs may rather modulate another mechanism that is 
acting as ‘the EDH principle’ (e.g. modify endothelial hyperpolarisation or gap 
junctional coupling, see below) and are therefore wrongly implied to be an 
EDHF. The view that it is indeed a factor that diffuses through the extracellular 
space has recently been challenged and a direct communication pathway was sug-
gested that is provided by intercellular channels (myoendothelial gap junctions). 
Through such channels that connect the cytoplasms of adjacent cells charge is trans-
ferred electrotonically from endothelial cells into smooth muscle driven by an initial 
endothelial hyperpolarization. The amount of charge transferred initiates a certain 
level of membrane potential change and consequently the hyperpolarisation depends 
on the conductivity (the inverse of resistance) of the intercellular channels. With this 
new concept the term EDHF was replaced by the phrase endothelium-dependent 
hyperpolarisation (EDH) and EDH-type dilation which includes also the idea of an 
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actual factor being transferred [66]. Whatever the exact nature is, smooth muscle 
hyperpolarisation reduces the opening probability of voltage-dependent Ca2+ chan-
nels and thereby induces relaxation. In the following some of these dilator princi-
ples will be explained mechanistically.

Most of the distinct hypotheses agree on the initial event to elicit EDH-type dila-
tions and this is the hyperpolarisation of endothelial cells. Upon endothelial stimu-
lation and activation of different G-protein coupled receptors intracellular Ca2+ 
increases, which may even be a very localized event, and this leads to subsequent 
activation of Ca2+-dependent K+-channels (KCa) [78, 79]. This family of channels 
comprise three subgroups, that are functionally differentiated by their conductance 
into small, intermediate, and large conductance channels (SKCa, IKCa, BKCa). 
Alternative names are KCa1.1 (BKCa), mainly expressed in vascular smooth mus-
cle, and KCa2.3 (SKCa) as well as KCa3.1 (IKCa) [80]. These two latter channels 
are expressed only in endothelial cells and are implicated in the initially required 
endothelial hyperpolarisation during EDH-type dilations as genetic deletion of the 
channels or their blockade consistently affects EDH-type dilations [81–85] (for 
review see [4]). Although both channels support a similar functional response they 
may serve different functions that is also implied by their subcellular location [66, 
86]. The endothelial hyperpolarisation sets the stage for the first EDHF to be dis-
cussed, namely potassium ions (K+). The opening of the endothelial KCa results in 
an efflux of K+ due to the chemical driving force which is opposed by the electrical 
force due to the ensuing hyperpolarisation of the membrane. A critical question 
herein is the amount of K+ that leaves the endothelial cell because the change of the 
potential does not require a huge amount of K+ to flow across the membrane. In any 
case, the idea of K+ acting as an EDHF is based on the fact, that extracellular K+ 
increases inside the vessel wall that then leads to the activation of K+ channels in the 
membrane of the smooth muscle cell, in this case the inward rectifier K+ channel 
(KIR) that is activated by increased extracellular K+ concentrations. Furthermore, 
extracellular K+ increases activate the sodium pump that in itself is electrogenic by 
pumping three sodium ions out of cell while only pumping two potassium ions to 
the inside. However, it is questionable that such pumping affects the membrane 
potential except for an alteration of the ion concentrations since the membrane 
potential is governed by conductance for ions and not active transfer of ions across 
the membrane. This hypothesis was initially developed during experiments in the 
rat hepatic artery [87] but thereafter also demonstrated to govern responses in other 
vessels and modulated depending on the external conditions [88–91]. However, it 
was not demonstrated in coronary arteries to the best of my knowledge although 
endothelial KCa have been identified in coronaries by these investigators [92].

Specifically in coronary arteries, a wealth of experimental data suggest that EETs 
and H2O2 represent an EDHF or are at least important modifiers of the EDH-type 
dilation [4, 93]. Upon mechanical stimuli and physiologic agonists endothelial cells 
synthesize via activation of cytochrome-P450 epoxygenases EET regioisomers 
from arachidonic acid and various lipids in the cell membrane [94]. These EETs are 
all degraded by the soluble epoxide hydrolase (sEH) which hydrates them to the 
corresponding diols (dihydroxyepoxyeicosatrienoic acids) that mostly lack 
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 biological activity [95]. Interestingly, sEH can be pharmacologically targeted and 
thereby biological actions of EETs prolonged [96–98]. EETs bind to a selective 
receptor that leads in a GTP-dependent ADP-ribosylation dependent process to sub-
sequent activation of a smooth muscle K+ channel, in this case the large-conduc-
tance Ca2+-dependent K+ channel KCa1.1 (BKCa), and thereby hyperpolarisation 
[99]. On the other hand, EETs may also act in an autocrine fashion on endothelial 
cells themselves by activation of a specific TRP channel (TRPV4) fostering Ca2+ 
influx and thereby boosting endothelial hyperpolarisation through further activation 
of the aforementioned KCa2.3 (SKCa) and KCa3.1 (IKCa) [99]. However, CYP 
epoxygenases also produce reactive oxygen species (ROS), namely superoxide 
anions (O2

−), during EET synthesis [100]. Other relevant sources of superoxide pro-
duction in endothelial cells by reduction of molecular O2 are NADPH oxidases 
(Nox), the mitochondrial electron transport chain [101], and uncoupled NOS (see 
above). These superoxide anions may either react with NO to form ONOO−, the 
reaction which is referred to when highlighting the property of ROS to reduce NO 
bioavailability. Alternatively, superoxide anion may be reduced by superoxide dis-
mutase (SOD) to form hydrogen peroxide (H2O2). This uncharged molecule in itself 
has been established to act as EDHF, being also produced directly from the Nox 
isoform Nox4 [102, 103], and induce dilation through the activation of smooth mus-
cle KCa1.1 (BKCa) [104]. However, recently KV channels have also been shown to 
be activated by H2O2 (see section above). The role of EETs in this setting may there-
fore be reconciled in as much as they act to foster H2O2 production through TRPV4 
and Ca2+ signalling and, in addition, by modulating myoendothelial gap junctional 
communication (see below).

A further important mechanism that has been demonstrated to underlie EDH- 
type dilations is the electrotonic transfer of charge through myoendothelial gap 
junctions (MEGJ) [4, 66, 79, 105] although it has yet to be proven that this mecha-
nism contributes also in arteriolar dilations in vivo [106–108]. Cells of the vessel 
wall are interconnected by gap junctions, which are built by connexin proteins 
[106, 109]. They form a pathway between adjacent cells connecting their cyto-
plasms that allows ions, but also signalling molecules such as cyclic nucleotides, 
to pass. The conductivity for ions leads to the passage of ions according to the 
respective driving force which is (at comparable ionic intracellular concentrations) 
the potential difference between the connected cells. Gap junctions not only con-
nect endothelial to smooth muscle cells, but they also interconnect endothelial and 
smooth muscle cells themselves. In fact, endothelial cells are very well coupled 
with low intercellular resistance and thus potential changes spread readily along 
the endothelial cell layer over large distances and the functionally most important 
connexin isoform to do so is connexin40 [107, 110, 111]. This provides a longitu-
dinal signalling pathway orchestrating cellular behaviour along the length of the 
vessel by conducting locally initiated dilations to remote sites [58, 112–114]. 
However, vascular cells are also radially coupled [115] providing a pathway to 
transmit an endothelial hyperpolarisation into the smooth muscle cell layer without 
the need of a chemical mediator. It has, however, to be considered that a substantial 
amount of current needs to be generated in endothelial cells and transferred in 
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order to hyperpolarize a larger amount of smooth muscle cells [116, 117]. Direct 
electrotonic transfer of membrane potential changes are also underlying EDH-type 
dilations in coronary arterioles to a certain amount and the relative importance may 
also vary with physiologic environment, age, and certainly diseases that affect 
endothelial function [5, 118–123].

After this brief summary of the endothelial factors to influence the contractile 
state of the smooth muscle it needs to be highlighted that these various mechanisms 
not only differ between vessels from distinct vascular beds, but even with a specific 
vascular bed such as the coronaries the mechanism may change with age and even 
more so with disease [1, 121]. In addition, these systems not only act additively, but 
rather redundantly, i.e. if a certain mediator is not synthetized any longer or its tar-
get is not responding (in the experimental setting using enzyme inhibitors or recep-
tor blockers, respectively) any other pathway may take over by being activated or by 
being stimulated to a higher degree [124]. In fact, active interference of some of the 
known pathways has been additionally demonstrated as for the inhibitory interac-
tion of H2O2 on CYP activity [125].
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Chapter 2
Coronary Microvascular Dysfunction 
in Cardiovascular Disease: Lessons 
from Large Animal Models

Oana Sorop, Jens van de Wouw, Daphne Merkus, and Dirk J. Duncker

 Introduction

Perfusion of the left ventricle is tightly matched to the demands of the working myo-
cardium to maintain a consistently high level of myocardial oxygen extraction. 
Consequently, an increase in myocardial oxygen demand must be met by a commen-
surate increase in coronary blood flow [1–3]. The coronary microvasculature plays a 
key role in regulating coronary blood flow, involving both acute and chronic adapta-
tions of the coronary microvasculature via regulation of vascular smooth muscle tone 
and structural changes in microvascular diameter and densities, respectively.

Understanding the factors regulating these microvascular adaptation processes, 
and particularly how these factors are affected by various diseases and how they 
contribute to myocardial perfusion abnormalities, has been the study subject of 
many research groups. As a result of these research efforts in the last 50 years, our 
understanding of the regulation of coronary microvascular function in health and 
disease has advanced substantially. A significant contribution to our current knowl-
edge has come from experimental studies involving large animal models—particu-
larly swine—which demonstrate a remarkably similar cardiovascular anatomy and 
physiology as humans. In this chapter we will discuss the factors regulating coro-
nary microvascular tone under healthy physiological circumstances, and the role of 
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microvascular dysfunction in obstructive and non-obstructive coronary artery dis-
ease, as studied in large animal models and confirmed in human studies.

 Physiological Control of Coronary Microvascular Tone

Since left ventricular myocardial oxygen extraction is already well above 70% at 
rest, any increase in oxygen demand must principally be met by an increase in myo-
cardial oxygen delivery and hence in coronary blood flow. Such an increase is 
achieved by a reduction in basal vascular tone, leading to an increase in vascular 
diameter and, consequently, resulting in a decrease in vascular resistance. Resistance 
of the coronary vasculature is the most important determinant of myocardial perfu-
sion and is the sum of both active (vascular tone) and passive (vascular structure) 
factors. At rest, approximately 75% of total coronary resistance resides in the coro-
nary small arteries and arterioles, i.e. arterial vessels <200 μm in diameter [4]. 
Coronary vascular resistance is controlled by a variety of mechanisms including 
passive mechanical factors (extravascular compression by the contracting myocar-
dium, distension by intravascular pressure), and active changes in smooth muscle 
tone through the myogenic response (in response to changes in perfusion pressure), 
and under the influence of metabolic, endothelial, and neurohumoral factors, acting 
in concert to ensure an optimal level of vascular tone. These regulatory factors exert 
variable influences on different segments of the microvasculature [5, 6]. For exam-
ple, during metabolic hyperemia, the smallest arterioles (<100 μm diameter), appear 
to be most sensitive to the effects of myocyte-derived metabolites, while myogenic 
mechanisms and flow-mediated dilation dictate the tone of more upstream small 
arteries (100–400 μm). These factors act synergistically to optimize the distribution 
of vascular tone along the vascular tree and hence myocardial perfusion. Figure 2.1 
summarizes the most important factors influencing coronary microvascular tone. 
Blood-borne and endothelium-derived factors as well as metabolic and neurohu-
moral influences act in concert to regulate coronary microvascular tone.

 Endothelial Mechanisms

The endothelial layer of the vasculature releases a variety of vasoactive substances 
with potent effects on vascular tone through different signaling pathways. The 
strong vasodilator effects of nitric oxide (NO), prostaglandins, and endothelium- 
derived hyperpolarizing factors (EDHF), including epoxyeicosatrienoic acids 
(EETs), and hydrogen peroxide (H2O2) are counterbalanced by the production and 
release of potent vasoconstrictors such as endothelin-1 (ET-1).

Endothelium-derived NO is produced by endothelial NO synthase (eNOS) and is 
released abluminally to the vascular smooth muscle layer, where it binds to soluble 
guanylyl cyclase, increasing cyclic guanosine monophosphate (cGMP) production 
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and causing relaxation through a reduction in intracellular calcium. The release of 
NO is not only generated via biochemical mechanisms in response to several ago-
nists, but also in response to an increase in shear stress, resulting in vasodilation. 
Furthermore, nitrites are  converted to NO when oxygen concentrations are low [7]. 
Prostacyclin (PGI2), which is the major active metabolite of arachidonic acid in the 
vascular endothelium, is also a potent vasodilator of coronary arteries, however, it 
appears to be less important for the regulation of coronary blood flow during acute 
myocardial ischemia [8]. Endothelium- dependent hyperpolarization is an additional 
endothelium-dependent vasodilator mechanism that is activated in response to cer-
tain agonists as well as to shear stress, acting via hyperpolarization of vascular 
smooth muscle through opening of calcium- activated potassium channels (KCa). 
Different candidates have been proposed as potential EDHFs, including endothe-
lium-derived H2O2 and cytochrome P-450 epoxygenase metabolites EETs [9].

The endothelin family contains three isoforms, ET-1, ET-2, and ET-3, with ET-1 
as the most abundant in the coronary vascular tree [10]. ET-1 is an extremely potent 
vasoconstrictor that is derived from the enzymatic cleavage of a larger precursor 
molecule (big–endothelin) via endothelin-converting enzyme (ECE). ET-1 results 
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in potent and long-lasting vasoconstriction by binding to its local receptor ETA on 
coronary vascular smooth muscle cells (VSMCs). The binding to the ETB receptor 
on VSMCs also results in constriction, whereas binding to the ETB receptor on 
endothelial cells results in vasodilation via NO production [10]. Cyclooxygenase 
(COX)-derived constrictors such as prostaglandin F2α and thromboxane A2 have also 
been shown to vasoconstrict the coronary circulation [11]. Although these vasocon-
strictors do not appear to play an important role in coronary flow regulation under 
normal physiologic conditions, a pathophysiologic role has been shown for throm-
boxane A2 during endothelial injury, coronary artery disease, and coronary vaso-
spasm [6, 11].

In addition to their direct vasoactive effect, many of these endothelium-derived 
factors have also paracrine effects on the blood cells and/or the surrounding tissue. 
For instance, endothelial NO is able to diffuse to the parenchymal tissue where it 
can inhibit mitochondrial metabolism, reducing the production of reactive oxygen 
species (ROS), and inhibiting inflammation, as well as inhibiting myocyte hypertro-
phy via activation of PKG [12]. Furthermore, luminally released NO inhibits plate-
let activation and expression of adhesion molecules, thereby inhibiting thrombosis 
and vascular inflammation [12]. In conditions of reduced NO bioavailability, such 
as in metabolic diseases and ischemia, the release of ET-1, thromboxane A2, and 
ROS are increased, resulting in decreased angiogenesis, increased cardiomyocyte 
apoptosis and altered cardiomyocyte contractility [12].

Neurohumoral Influences

Evaluation of the direct effects of sympathetic and parasympathetic stimulation on 
coronary vascular resistance during resting conditions is complicated by the con-
comitant changes in myocardial metabolism leading to alterations in coronary blood 
flow that can easily mask the direct vascular autonomic influences on the coronary 
resistance vessels. During exercise, the contribution of the autonomic nervous sys-
tem to coronary resistance vessel tone increases, with data from dogs and swine 
suggesting that sympathetic activity contributes to exercise hyperemia through beta- 
adrenoceptor mediated coronary vasodilation that outweighs the alpha- adrenoceptor 
mediated coronary vasoconstriction [1]. Increased sympathetic activity has been 
associated with insulin resistance, involved in the development of several diseases 
including diabetes mellitus, obesity, metabolic syndrome, and ischemic heart dis-
ease, possibly resulting in increased coronary vasoconstriction [13]. Furthermore, 
obese subjects have been shown to have increased levels of circulating noradrena-
line as compared to lean subjects [13].

The physiological role of vagal nerve control of coronary tone is uncertain, how-
ever, coronary resistance arteries of humans and dogs are known to dilate to acetyl-
choline resulting in increases in coronary blood flow [3]. This process is dependent 
on a healthy endothelium, as endothelial dysfunction results in an attenuation of 
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acetylcholine-induced dilation, or even constriction. Furthermore, there is an inter-
action between the sympathetic and parasympathetic regulation of coronary vascu-
lar tone as data in swine indicate that during exercise, beta-adrenergic vasodilation 
was supported by withdrawal of muscarinic receptor-mediated inhibition of beta- 
adrenergic coronary vasodilation [1].

 Myocardial Metabolism

Perhaps the most important physiological mechanism regulating coronary vascular 
resistance is metabolic activity of the heart. The heart relies entirely on aerobic 
metabolism to convert energetic substrates into energy (ATP), in order to maintain 
normal cardiac pump function. Hence a proper balance between oxygen supply and 
demand is essential. Since myocardial oxygen extraction is already very high at rest, 
metabolic control of coronary resistance vessels must ensure adequate myocardial 
oxygen delivery, as blood flow must increase in proportion to the increase in myo-
cardial oxygen consumption during high myocardial metabolic demand. Although 
it is generally agreed that tissue-derived metabolites play an important role in the 
regulation of coronary microvascular resistance in the face of increased metabolic 
demand, the exact nature of these factors and the mechanisms responsible for local 
microvascular metabolic tone control remain incompletely understood [2]. 
Dissolved oxygen and CO2 have been proposed in the past as possible mediators, 
however more recent data failed to support these hypotheses [2]. Adenosine was 
also initially proposed as a metabolic-derived mediator of vasodilation, however, 
additional studies only supported a role for adenosine during myocardial ischemia 
but not during physiological conditions [1]. More recently proposed mechanisms 
include adenine nucleotides, released from erythrocytes under hypoxic conditions, 
and H2O2 produced by mitochondria and acting via Kv1.5, and Kv1.3 channels, as 
key mediators coupling the coronary flow to metabolism in the heart [14]. For an 
in-depth review of these mechanisms the reader is referred elsewhere [15].

 Intraluminal Forces: Myogenic Regulation and Flow-Mediated 
Control

The myogenic response is a regulatory mechanism acting in the intact coronary 
circulation that contributes to coronary autoregulation, i.e. the ability to maintain 
blood flow within a narrow range despite changes in perfusion pressure. The myo-
genic response is typically studied ex vivo using pressure myography methods and 
has been shown to be endothelium-independent and particularly pronounced in 
coronary arterioles of ~100 μm in diameter [1]. Coronary resistance vessels con-
strict in response to an increase in transmural distending pressure and dilate in 
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response to a decrease in pressure. Furthermore, subendocardial arterioles have 
been shown to have reduced myogenic responses as compared to subepicardial arte-
rioles, which is possibly related to the drop in arterial perfusion pressure across the 
left ventricular myocardial wall, in conjunction with the greater compressive forces 
of the subendocardial vessels. The myogenic response is of particular importance in 
post stenotic areas. The signaling mechanisms for the myogenic response include 
multiple types of molecules, including stretch-activated channels and voltage-oper-
ated Ca2+ channels, resulting in an inward Na+ or Ca2+ current and activation of 
protein kinase C and/or Rho-A kinase [16]. Mechanosensing of pressure may 
involve integrins that link the extracellular matrix to the cytoskeleton [17].

Shear stress is another important physical vasoactive stimulus in both conduit 
and resistance vessels. Vasodilation in response to an increase flow (i.e. laminar 
shear) is termed ‘flow-mediated dilation’, and is well conserved across species and 
vascular beds. It is one of the most important factors protecting the vascular integ-
rity and preventing endothelial damage and plaque formation that typically occurs 
at sites with turbulent or low flow. The magnitude of endothelium-dependent dila-
tion and the underlying mechanism depend strongly on the species, vascular bed, 
vessel size, and age. Conduit vessels rely primarily on NO while the microcircula-
tion utilizes a variety of mediators, such as NO, prostacyclin, and EDHF.  In the 
human coronary circulation, the arteriolar flow-mediated dilation evolves through-
out life from prostacyclin in the young, to NO in adulthood and to H2O2 later in life 
and/or with onset of CAD [18]. Furthermore, blunted flow-mediated dilation occurs 
with age, as shown in both humans and animal models [6]. Mechanosensing of 
shear by the endothelial cells is thought to result from multiple cellular components, 
such as directly by integrins and indirectly by cell-cell adhesions, nuclear confor-
mation changes and cellular-ECM adhesion sites as well as components of the 
endothelial glycocalyx [19].

 Vascular Structure

Coronary microvascular resistance as well as vasoconstrictor and vasodilator 
reserve are highly dependent on the biomechanical properties of the vasculature. 
The inner vascular diameter, and its modulation by all the factors described above is 
limited by the thickness and structure of the vascular layers, in particular the VSMC 
organization and the perivascular matrix. Chronic increases in active tone due to 
either myogenic autoregulation or biochemical factors [20], can result in structural 
remodeling of the vessel wall, either hypertrophic or eutrophic, hampering the vaso-
dilator capacity of the particular vascular segment. The mechanisms of the different 
types of coronary vascular remodeling have been studied and reviewed elsewhere, 
[11, 20] (Fig. 2.2), and are beyond the scope of this chapter. However, it is important 
to realize that different disease entities, particularly metabolic syndrome and hyper-
tension can have a large impact on coronary microvascular structure and hence on 
vascular resistance and myocardial perfusion.
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 Coronary Microvascular Dysfunction in Obstructive 
Coronary Artery Disease

For many years, ischemic heart disease has been considered to be a “large vessel” 
disease, caused in the majority of patients by an epicardial coronary artery obstruc-
tion. The latter is typically due to plaque deposition in one of the large coronary 
arteries that, when severe enough, compromises blood flow and oxygen delivery to 
the myocardium perfused by the obstructed artery. In recent years, the coronary 
microcirculation has become increasingly recognized as a key player in ischemic 
heart disease, as nearly half of the patients undergoing coronary angiography for 
typical angina complaints or have a positive stress test, do not have an obstructive 
coronary artery lesion [21].

 Coronary Artery Stenosis

In the healthy heart, during increased metabolic demand, the microvasculature 
dilates allowing an up to fivefold increase in coronary blood flow [22]. In contrast, 
when an epicardial artery stenosis develops due to atherosclerosis, total coronary 
vascular resistance increases and maximal coronary blood flow decreases. This is to 
a significant degree due to the pressure loss produced by the proximal artery steno-
sis [23]. However, there is also evidence that abnormalities in the control of coro-
nary microvascular tone and in microvascular structure, contribute to the reductions 
in coronary flow reserve (CFR) in patients undergoing catheterization for suspected 
coronary artery disease [22]. In fact, in a large group of patients—of all 
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ages—presenting with a wide spectrum of coronary atherosclerotic disease (see 
Fig. 2.3), many patients with a hemodynamically significant coronary artery steno-
sis (FFR < 0.8) had a CFR below 2.0, suggesting the additional presence of diffuse 
microvascular disease distal to the coronary artery stenosis. Moreover, a large 
majority (Micro, light blue) had a fractional flow reserve (FFR) >0.8 and a CFR 
<3.0, suggestive of diffuse microvascular disease in the absence of a flow-limiting 
epicardial stenosis [22].

The increased resistance produced by a chronic coronary artery obstruction with 
>75% reduction in vascular cross-sectional area, results in a drop in perfusion pres-
sure of the distal microvascular bed, triggering both structural and functional altera-
tions [23]. The reduction in perfusion pressure of the distal (subendocardial) 
microcirculation has been shown, in swine, to contribute to inward hypertrophic and 
eutrophic remodeling of the resistance arteries (Fig. 2.4) [24, 25], as well as micro-
vascular (200–500 μm diameter) and capillary rarefaction both in the subepicar-
dium and the subendocardium [26].

Microvascular (arteriolar and capillary) densities and diameters may not only 
vary in time during the progression of a coronary occlusion, but may also be influ-
enced by cardiovascular medication of the patients. Thus, inward remodeling of 
isolated arterioles at low intraluminal pressure was prevented by incubation with 
calcium antagonist amlodipine [27]. These observations may explain the findings of 
Verhoeff et al. [28] showing a maintained or even slight reduction in minimal micro-
vascular resistance upon revascularization in patients with a coronary artery steno-
sis. Capillary rarefaction is especially important as it is one of the important factors 
determining myocardial functional recovery following coronary revascularization 
[29]. Thus, myocardial biopsies in patient with a chronic stenosis subjected to revas-
cularization show that segments with low capillary density show poor recovery, 
while segments with high capillary density show good functional recovery [29]. 

n = 438

0 0.2

Fractional Flow Reserve (FFR)

In
va

si
ve

 C
F

R

0

1

2

3

4

5

6

0.4 0.6 0.8 1

Macro

Macro

Normal

Micro

+ Micro

Macro

Macro

Normal

Micro

+ Micro

Fig. 2.3 Invasive 
measurements of 
individual coronary flow 
reserve (CFR) and 
fractional flow reserve 
values in 438 patients. A 
FFR value below 0.8 
identifies patients with 
combined macro- and 
microvascular 
abnormalities, while a 
large majority of the group 
(blue) showed low values 
of CFR despite a normal 
FFR, indicative of 
microvascular problems. 
Adapted with permission 
from [22]

O. Sorop et al.



29

Interestingly, areas with  normal microvascular density did not necessarily show a 
better functional recovery as compared to low capillary density, which may be due 
to the fact that other hemodynamic factors as well as vascular functional integrity 
also play a role in the recovery of tissue viability and hence functional recovery 
after revascularization. The microvascular abnormalities can persist long after 
revascularization, as 4 weeks after revascularization of hibernating myocardium in 
swine, abnormal blood flow in response to intracoronary dobutamine infusion were 
still documented despite normalized basal flow [30]. These findings suggest that 
perturbations in flow responses contributed to the delayed and incomplete myocar-
dial functional recovery in the revascularized region. Vascular remodeling at the 
arteriolar level may also be related to alterations in microvascular (endothelial) 
function, as increased vasoconstrictor response to ET-1 was documented distal to a 
chronic occlusion of the left descending coronary artery in swine (Fig. 2.4), while 
this was not seen in the remote area [25]. Interestingly, in these animals, the vasodi-
lator response to bradykinin was preserved in subendocardial arterioles, although 
the contribution of NO to the bradykinin response was impaired suggestive of pre-
served endothelial responsiveness, but with a shift in mediators from NO to pros-
tanoids and/or EDHF. Similarly, the contribution of prostanoids to the regulation of 
coronary microvascular tone in humans has been shown to increase with the pro-
gression of coronary artery disease. Distal to angiographically minimally diseased 
coronary arteries inhibition of prostanoid production induces mild vasoconstriction 
[31] whereas vasoconstriction is most pronounced in patients with coronary artery 
disease at rest [32]. Importantly, abnormal coronary vasomotion, endothelial dys-
function and coronary vasospasm were shown to be important predictors of adverse 
outcome in patients with atherosclerosis and suspected ischemia [33]. In conclu-
sion, there is increasing evidence that in patients with obstructive coronary artery 
disease, the distal microvascular bed undergoes functional and structural changes 
that likely contribute to the abnormalities in myocardial perfusion.
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 Acute Myocardial Infarction

A complete and sudden occlusion of a coronary artery results in acute myocardial 
infarction (AMI) and subsequent tissue necrosis unless timely revascularization is 
performed and blood flow is restored. Indeed, timely reperfusion remains the single 
most effective treatment for AMI to salvage ischemic myocardium, and improve 
ventricular function and clinical outcome to date [34]. Coronary revascularization 
by percutaneous coronary intervention (PCI) is a commonly performed procedure 
in patients with ischemic heart disease, with an annual rate of 992 procedures per 
one million adults in the United States alone [35]. However, coronary revasculariza-
tion may not always lead to effective coronary reperfusion, as in a significant num-
ber of patients revascularization does not result in alleviation of ischemia—as 
indicated by electrocardiographic changes—or improvement in perfusion [36]. 
These observations are confirmed by experimental studies demonstrating incom-
plete reperfusion of infarcted areas following ischemia-reperfusion [37, 38]. This 
state of severe myocardial tissue hypoperfusion without angiographic evidence of a 
residual proximal coronary artery obstruction is termed ‘no-reflow’. The pathophys-
iological mechanisms behind this phenomenon remain incompletely understood, 
however, one important underlying cause of “no-reflow” is microvascular obstruc-
tion [39]. Microvascular obstruction may be caused by various mechanisms, intrin-
sic or extrinsic to the coronary microcirculation, including irreversible damage to 
the microvasculature captured under the term ‘reperfusion-related no-reflow’, or 
direct embolization of the distal microvasculature following the percutaneous inter-
vention, termed ‘interventional no-reflow’ [39]. While in the first situation, the area 
of no-reflow is confined to the infarcted area, “interventional no reflow” may also 
impact parts of the myocardium not irreversibly damaged by the prolonged isch-
emia prior to the procedure. Moreover, these two phenomena can also contribute to 
the no-reflow phenomenon in a synergistic manner, as established microvascular 
dysfunction due to preexisting comorbidities or ischemia can exacerbate the effects 
of post-interventional microvascular occlusion [39].

In reperfusion-related no-reflow, coronary microvascular endothelial damage 
resulting from either ischemia-reperfusion and/or the associated comorbidities such 
as metabolic dysregulation, hypertension, aging and dyslipidemia, is thought to 
play a critical role [40]. However, other mechanisms have also been proposed to 
contribute, including activation of inflammatory pathways, myocyte edema, platelet 
activation or leucocyte infiltration [39]. In addition to the microcirculatory func-
tional and structural alterations produced by risk factors, ischemia-reperfusion 
injury to the endothelium plays a central role in the pathophysiology of no-reflow. 
Interruption of blood flow followed by its acute restoration results in endothelial 
dysfunction leading to alterations in the balance between the different vasoregula-
tory pathways as summarized in Fig. 2.5.

Indeed, in the coronary microvasculature of dogs, ischemia-reperfusion resulted 
in endothelial dysfunction and impaired dilation to acetylcholine and ADP [41] 
while in swine, 1h ischemia followed by 1h reperfusion resulted in impaired 
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 relaxation to serotonin, and bradykinin in coronary microvessels [42], consistent 
with impaired endothelial nitric oxide production. Furthermore, an increase in vaso-
constrictor influence of ET-1, mainly via the ETB receptor [43], and activation of 
thromboxane A2 synthase promoting arterial vasoconstriction have been docu-
mented in the coronary arteries of rodents, following ischemia-reperfusion. These 
findings are in line with human studies showing increased levels of serotonin and 
thromboxane A2 in coronary sinus aspirate of post-PCI patients, which induced 
vasoconstriction of coronary microvessels [44]. Additionally, in the ischemic vascu-
lature relying on anaerobic metabolism, sudden influx of oxygen induced by the 
reperfusion results in increased oxidative stress, aggravating the endothelial dam-
age. The mechanisms responsible for the production of reactive oxygen species 
(ROS) include xanthine oxidase, NADPH oxidase as well as uncoupled eNOS [45].

With increasing severity of ischemia-reperfusion injury, even more extensive 
microvascular injury occurs, with increased vascular permeability, thinning of the 
capillary wall and loss of viable cell-cell junctions, leading to edema and even intra-
myocardial hemorrhage [46]. Although there is no evidence that no-reflow contrib-
utes to secondary cardiomyocyte damage, it may affect infarct healing responses—i.e. 
lead to infarct thinning and may thus aggravate post-infarct remodeling [38].

 Post Myocardial Infarction-Remodeled Myocardium

In patients with a large myocardial infarction, (MI), left ventricular (LV) function 
continues to deteriorate over time. Myocardial perfusion abnormalities, resulting in 
impaired myocardial oxygen delivery to the non-infarcted regions have been sug-
gested to contribute to the progression of LV dysfunction after MI [47]. Indeed, a 
significant reduction in CFR has been shown in the surviving remodeled LV 
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myocardium in patients with overt heart failure [48]. In line with these clinical 
observations, in a swine model of post-MI remodeling, the increase in coronary 
blood flow and myocardial oxygen delivery was impaired during increased oxygen 
demand produced by exercise, resulting in perturbations in myocardial oxygen bal-
ance [49, 50]. The reduction in flow reserve and the impaired oxygen delivery dur-
ing exercise are likely caused by structural and functional changes in the coronary 
microvasculature and by altered mechanical effects of the surrounding myocardium. 
Since the coronary vasculature is perfused principally during diastole, coronary per-
fusion can be impeded as a result of changes in LV diastolic function after MI, such 
as elevated LV diastolic pressures and reduced rates of relaxation [49]. Structural 
changes of the remote coronary vasculature involve both inward, hypertrophic 
remodeling of the existing vessels [51], as well as lengthening of the coronary vas-
cular tree in post-MI eccentric LV remodeling, that is accompanied by an unchanged 
arteriolar density and even a decreased capillary density in the remote remodeled 
myocardium [49].

The increased extravascular compression and structural changes in the coronary 
microvasculature result in an increased minimal coronary microvascular resistance 
and a decreased myocardial perfusion, particularly in the subendocardial layers as 
maximal subendocardial blood flow was blunted by 40% in anesthetized swine 
3 weeks after a myocardial infarction [52]. This impairment of flow reserve is par-
ticularly important during exercise, when myocardial oxygen demand and extravas-
cular compression increase simultaneously. Although myocardial blood flow 
increases during exercise in the remote coronary vasculature after MI, this increase 
in flow did not fully match the increase in myocardial oxygen demand, as evidenced 
by an increase in myocardial oxygen extraction. Moreover, myocardial blood flow 
was redistributed away from the subendocardium in favor of the subepicardium in 
post-MI as compared to normal swine [49], suggesting that the impaired oxygen 
delivery was particularly pronounced in the subendocardium. Impaired perfusion of 
the subendocardium is likely to be, at least in part, responsible for the deterioration 
of LV function because local interstitial edema and disruption of collagen fibers 
resemble the ultrastructural changes that occur with recurrent ischemia [53]. 
Furthermore, a decrease in maximal force development was observed in cardiomyo-
cytes isolated from the subendocardium but not the subepicardium [54].

In addition to changes in myocardial compressive forces and structural changes 
in the coronary vasculature, there is also evidence that functional changes occur in 
the coronary microvasculature post-MI, including alterations in neurohumoral, met-
abolic and endothelial control of coronary resistance vessel tone [55]. The most 
important alterations in control of coronary resistance vessel tone in post-MI remod-
eled myocardium are summarized in Fig. 2.6. Oxidative stress is increased after MI, 
even in the remote non-infarcted myocardium, and this increased oxidative stress 
contributes to endothelial dysfunction not only in isolated large coronary arteries 
[56] but also in the coronary microvasculature [57]. Indeed, the coronary vasodila-
tor effect of ROS-scavenging with N-2-mercaptopropionylglycine [57], as well as 
the DHE staining of the remote myocardium [58], was increased in swine with MI 
as compared to normal swine, indicating an increased production of ROS in the 
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microvasculature supplying the remote myocardium. These observations are in 
accordance with findings that superoxide production is increased in the remote cor-
onary arteries of rats with MI [56] as well as in monocytes/macrophages within the 
intima, media and adventitia in vessels with coronary artery disease [59].

The increased oxidative stress in the porcine coronary microvasculature after MI 
was accompanied by uncoupling of eNOS, resulting in generation of superoxide, 
thereby further contributing to oxidative stress [57]. Consistent with a role of eNOS 
in the generation of superoxide, the vasodilator effect of N-2-mercaptopropionyl-
glycine in swine with MI was no longer apparent following prior eNOS inhibition. 
However, despite eNOS uncoupling, eNOS inhibition still resulted in significant, 
albeit reduced, coronary vasoconstriction at rest and during exercise [57, 60, 61], 
indicating eNOS-mediated NO production was still dominant over ROS production. 
Moreover, agonists were still capable of producing NO-dependent coronary vasodi-
lation, although this vasodilation was impaired in the remote coronary vasculature 
post-MI compared to control [62]. These data are consistent with the blunted vaso-
dilator responses to endothelium-dependent vasodilators in the coronary microvas-
culature of LV myocardium in clinical studies in patients with chronic heart failure 
[63]. A causal relationship between loss of NO-mediated vasodilation and the pro-
gression of LV dysfunction to heart failure is suggested by studies in dogs with 
pacing-induced dilated cardiomyopathy, in which the loss of basal NO production 
in the LV myocardium coincided with the progression from LV dysfunction to overt 
heart failure [64].

The lower levels of NO, and consequently reduced cGMP production, could 
potentially explain the lack of effect of PDE5-inhibition in the coronary microvas-
culature of CAD patients. Indeed, even in patients with mild CAD that showed little 
effect of PDE5-inhibition under basal conditions, PDE5-inhibition enhanced the 
NO-mediated vasodilation by acetylcholine of both the large epicardial coronary 
arteries and the coronary microvasculature [65]. Interestingly, both PDE5 mRNA 
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expression and vasodilation produced by PDE5-inhibition were reduced in the coro-
nary microvasculature of swine in the remote non-infarcted myocardium after MI 
[61], suggesting that PDE5 may be downregulated in order to prolong the bio- 
availability of cGMP and thereby maintain the vasodilator influence of 
NO. Moreover, although inhibition of eNOS did result in vasoconstriction in swine 
with MI, the effect of eNOS inhibition was similar in the presence and absence of 
PDE5 inhibition. These findings could be interpreted to suggest that in post-MI 
hearts the vasodilator effects of NO were no longer mediated principally via increas-
ing cGMP, but rather could be mediated through direct inhibition of the vasocon-
strictor influence of ET-1 [60, 66].

Although circulating plasma levels of ET-1 are increased after MI, the vasocon-
strictor influence of endogenous as well as exogenous ET-1 on the remote coronary 
vasculature is reduced after MI in vivo [50]. Paradoxically, in coronary small arter-
ies isolated from the remote myocardium of swine with MI, ET-1-induced contrac-
tion was enhanced [50], suggesting that there are factors in  vivo that modulate 
ET-1-sensitivity of the coronary vasculature. An ET-1-mediated vasoconstrictor 
influence was unmasked in MI swine after inhibition of either eNOS or cyclooxy-
genase [60], confirming that NO, prostanoids and ET-1 interact in the regulation of 
coronary vasomotor tone [50]. Indeed, it has been shown that both NO and pros-
tanoids are capable of inhibiting ET-1 production and release via a cGMP- dependent 
pathway [67]. Moreover, NO is capable of reducing the ET-1 receptor binding affin-
ity in the human vasculature [68]. Consistent with the reduced eNOS activity, the 
suppression of ET-1 mediated coronary vasoconstriction by NO was reduced in 
swine with a recent MI, as compared to normal swine [60].

In contrast to the blunted influence of NO, the suppression of ET-1 by pros-
tanoids was enhanced, while the overall vasodilator influence of prostanoids was 
unaltered in the remote coronary microvasculature after MI [60]. COX-1 is consti-
tutively present in the healthy coronary vasculature [69], while COX-2 is mainly 
induced by shear stress and at sites of inflammation and could therefore become 
more important after MI. COX-1 and COX-2 end-products influence the ET-1 sys-
tem on various levels, for instance thromboxane A2 stimulates the production of 
big-endothelin, the precursor of the vasoactive ET, while both PGE2 and PGI2 
inhibit ET-1 production as well as secretion [70]. However, further experiments 
specifically designed to assess changes in the role of the individual COX end-prod-
ucts after MI are required to further investigate their role in the regulation of coro-
nary vascular tone after MI.

 Coronary Microvascular Dysfunction in Metabolic 
Dysregulation

Metabolic dysregulation comprises a group of conditions including metabolic syn-
drome (MetS), obesity, insulin resistance, diabetes mellitus, hypercholesterolemia 
and hypertriglyceridemia, that either alone or in combination contribute to different 
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pathologies including coronary and peripheral artery disease, stroke and cancer 
[71]. The prevalence of metabolic dysregulation varies worldwide, which corre-
sponds strongly with the prevalence of obesity, and despite a multitude of preven-
tive programs and increased awareness of its health risks, the prevalence of obesity 
continues to increase [71]. In the USA, about 35% of all adults and nearly 50% of 
those over 60 years of age were estimated to have MetS, with a higher prevalence in 
women than men [72]. Importantly, the prevalence of metabolic dysregulation is 
also increasing in younger age groups—with about one in ten adolescents in the 
USA having MetS—which is associated with an increased waist circumference and 
high triglyceride levels, putting them at high risk of developing overt type 2 diabetes 
and cardiovascular problems later in life [73].

The mechanisms linking metabolic dysregulation and obesity to cardiovascular 
disease include microvascular dysfunction (Fig. 2.7). This is supported by clinical 
and experimental studies showing that metabolic diseases and obesity are associ-
ated with perturbations in the control of coronary blood flow in response to increased 
metabolic demand, well before overt CAD develops [23, 74–76]. Furthermore, in 
recent years evidence has accumulated demonstrating the involvement of microvas-
cular dysfunction in patients with ischemia with non-obstructive coronary artery 
disease (INOCA) [77, 78], as well as heart failure with preserved ejection fraction 
[79, 80]. Indeed, MetS and obesity are associated with impaired CFR [81, 82]. 
These studies are supported by observations in dogs [83] and swine [84] with co-
morbidities, demonstrating progressive impairment of myocardial oxygen delivery 
during graded treadmill exercise. Also in humans, coronary flow reserve worsens 
with the onset of type 2 diabetes [85]. Furthermore, in young subjects, acute hyper-
glycemia resulted in lower adenosine-mediated increase in coronary blood flow, and 
altered hyperemia in response to cold press or test, suggestive of sustained endothe-
lial dysfunction [86]. Coronary microvascular dysfunction is further evidenced by a 
reduction in coronary vasodilator responsiveness to various pharmacological ago-
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nists. In swine subjected to 2.5 months of hyperglycemia and hypercholesterolemia, 
endothelium- dependent vasodilation of isolated coronary small arteries to bradyki-
nin was impaired, due to loss of NO. This occurred in the presence of preserved 
VSMC function, as evidenced by maintained vasodilation to the exogenous 
NO-donor SNAP (S-nitroso-N-acetylpenicillamine) [87]. Interestingly, reduced 
ETA-mediated vasoconstriction to ET-1 was also observed, that was proposed to 
serve as a compensatory mechanism. These alterations were not noted, at this early 
stage, in the microvasculature of hypercholesterolemic swine in the absence of 
hyperglycemia, suggesting that both co-morbidities acted synergistically. The pro-
gression of coronary microvascular dysfunction was studied in the identical swine 
model at 15  months after induction of hyperglycemia and hypercholesterolemia 
[88]. At this stage of the disease, when non-obstructive atherosclerotic plaques were 
observed in the coronary vascular tree, the balance between the vasodilator and 
vasoconstrictor influences was dominated by an increased ETB-mediated vasocon-
strictor response to ET-1, while—surprisingly—the endothelium- dependent vasodi-
lation to bradykinin was no longer reduced as compared to control. Furthermore, 
altered NO/EDHF balance was documented in these animals. Thus, the EDHF con-
tribution to the dilation was reduced in the coronary circulation of swine exposed to 
15 months of metabolic dysregulation [88]. Interestingly, at this stage, the microvas-
cular alterations were also observed in non-diabetic, hypercholesterolemic swine. 
Taken together, these two studies [87, 88] clearly demonstrate the temporal changes 
in coronary microvascular dysfunction, thereby highlighting the importance of lon-
gitudinal studies when investigating perturbations in the control of coronary micro-
vascular tone. Similar to our observations in overt diabetes and hypercholesterolemia, 
obesity has also been shown to increase coronary microvascular sensitivity to vaso-
constrictors, including ET-1, prostaglandin H2 or thromboxane A2, in both animal 
models [75] and humans [89].

In addition to well documented endothelial dysfunction, smooth muscle cell 
function has also been shown to be altered by metabolic dysregulation (Fig. 2.7). 
Thus, 16  weeks of high fat diet in obese Ossabawswine with MetS, resulted in 
increased coronary vascular tone that was mediated by altered electromechanical 
coupling between KV and CaV1.2 channels in the smooth muscle cells [90]. 
Conversely, in swine with familiar hypercholesterolemia, impaired coronary endo-
thelium dependent dilation to ATP, measured in vivo was paralleled by a compensa-
tory increase in smooth muscle cell sensitivity to NO-donor sodium nitroprusside. 
This increased VSMC sensitivity was confirmed in isolated coronary arterioles 
ex vivo together with impaired dilatation to the endothelium-dependent vasodilator 
bradykinin, and possibly acted as a compensatory mechanism for reduced NO bio-
availability [84]. This reduction in NO bioavailability was likely due to increased 
oxidative stress due to eNOS uncoupling and elevated NOX or xanthine oxidase 
activity [91, 92].

Increased sympathetic activity in metabolic dysregulation has also been docu-
mented by numerous studies both in patients and animal models, showing increased 
plasma catecholamines, that may result in exaggerated alpha-adrenergic coronary 
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vasoconstriction [93]. Furthermore, there is substantial evidence for activation of 
the renin angiotensin aldosterone system (RAAS) associated with adipose-tissue- 
derived angiotensinogen, the major precursor of angiotensin, leading to increased 
angiotensin II-mediated vasoconstriction in the coronary circulation [94].

Additionally, adipocyte-derived free fatty acids and leptin also lead to increased 
adrenergic tone [94]. Indeed, the presence of adipose tissue was associated with 
microvascular dysfunction, as CFR was impaired in patients with metabolic dys-
regulation and correlated with increased amounts of epicardial fat tissue. Moreover, 
epicardial fat tissue deposition was a predictor of worse CFR even after accounting 
for the presence or absence of MetS [95]. Peripheral and perivascular adipose 
tissue- derived adipokines such as leptin, resistin, IL-6 and TNF-α are potent pro- 
inflammatory molecules promoting oxidative stress in the endothelium and altering 
endothelial function and NO bioavailability either directly or via increasing ET-1 
production [96]. Furthermore, leptin derived from perivascular fat was also shown 
to promote coronary arterial vasoconstriction and smooth muscle cell proliferation 
via Rho kinase signaling [97]. Additionally, adipocyte-derived circulating free fatty 
acids (FFA) and hyperglycemia-induced advanced glycation end products (AGE) 
lead to increased oxidative stress limiting NO bioavailability, and increasing pro-
duction of vasoconstrictor factors such as thromboxane and ET-1 [98].

Finally, not only changes in microvascular function have been documented in met-
abolic dysregulation, but microvascular structure is also affected. In Ossabaw swine, 
16 weeks of MetS induced by a high fat/high fructose diet resulted in impaired myo-
cardial perfusion and blunted response to adenosine, associated with reduced micro-
vascular density [99]. In a similar model, 6 months of MetS and high-fat diet resulted 
in impaired hyperemic flow associated with augmented coronary myogenic tone, 
hypertrophic inward remodeling of the coronary resistance arteries and capillary rar-
efaction [100]. Similar stiffening of the small arteries was also observed in swine after 
15 months of high fat diet with or without diabetes, although hypertrophy of the vas-
cular wall was not present [88]. Together with microvascular dysfunction, structural 
abnormalities and reductions in vascular density may play a key role in the perfusion 
abnormalities and may thereby contribute to myocardial ischemia during exercise, as 
observed in humans [78] and animals [83, 84] with co-morbidities.

 Conclusions

Coronary microvascular dysfunction, i.e. perturbations in microvascular structure and 
function, is an intricate part of ischemic heart disease. Here we summarized and dis-
cussed the coronary microvascular dysfunction observed in patients and large animal 
models of stable obstructive CAD, acute MI, post-MI ventricular remodeling, and in 
animals exposed to a variety of co-morbidities. Coronary microvascular dysfunction 
appears to be most strongly associated with endothelial dysfunction (loss of NO and 
increased ET-1) in conjunction with arterial (inward) remodeling and reduced 
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capillary densities. Together these alterations in coronary microvascular tone control 
and architecture contribute to the observed decreases in coronary flow reserve and 
perturbations in myocardial oxygen supply during increased myocardial oxygen 
demand, thereby promoting myocardial ischemia. Consequently, coronary microvas-
cular dysfunction remains an important target for therapeutic interventions.
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Chapter 3
Dynamic Control of Microvessel Diameters 
by Metabolic Factors

Axel R. Pries and Bettina Reglin

 Vascular Adaptation and Feedback Regulation

Adaptation of vessel diameters is indispensable for generation and maintenance of 
functionally adequate microvascular networks and thus tissue function [1, 2]. 
Various stimuli guiding this adaptation were identified, including circumferential 
stress in the vessel wall, shear stress on the endothelial cell surface, local metabolic 
conditions and sympathetic input.

Diameter adaptation in response to hemodynamic signals alone causes regres-
sion of complex network structures to single arterio-venous pathways due to posi-
tive feedback regulation: vessels with high flow increase their diameter leading to 
even higher perfusion (Fig.  3.1) [3, 6]. Thus, compensatory negative feedback 
mechanism increasing perfusion in low flow vessels is needed to preserve parallel 
flow pathways in microvascular networks in vivo guaranteeing low diffusion dis-
tances from vessel lumen to tissue cells and to maintain adequate flow distribution. 
Such a negative feedback can be based on local metabolic conditions, with imbal-
ance between substrate supply and demand eliciting signals for diameter increase. 
Current concepts assume that decreasing oxygen partial pressures (Po2) induces 
release of metabolic signal substance(s) which stimulate increase of vessel diame-
ters and thus perfusion, restoring adequate Po2 (Fig. 3.1).
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 Mechanisms

Studies provide evidence for different sites of oxygen dependent release of vasoac-
tive substances, specifically the parenchymal tissue, the red blood cells (RBCs), 
and the vessel wall [4, 7] (Fig. 3.2). As mediators of metabolic signalling by the 
parenchymal tissue, substances including adenosine, CO2, and O2

−, phosphates, 
prostanoids and osmolality have been suggested [10, 11]. RBCs were shown to 
deliver ATP from intracellular pools in response to the local saturation of the hae-
moglobin with oxygen [12]. Additionally, nitric oxide (NO) as a metabolic signal 
substance is liberated from S-nitrosohaemoglobin in proportion to the decline of 
haemoglobin saturation along a vessel or reduced from nitrite mediated by deoxy-
haemoglobin [13, 14].

Fig. 3.1 Principle roles of metabolic and hemodynamic feedback. Arrows and blunt ends indicate 
stimulatory and inhibitory action. Left: Metabolic feedback leads to an increase of blood flow in 
case of insufficient oxygen supply. If local perfusion is too low to maintain adequate oxygen sup-
ply, production and concentration of a metabolic signal substance is enhanced, stimulating vessel 
diameter increase and increase of blood flow and oxygen supply [3, 4]. This mechanism maintains 
adequate flow distribution within the tissue. Right: The adaptation of vessel diameter to wall shear 
stress establishes a positive feedback: If shear stress is high, an increase in vessel diameter is elic-
ited. This in turn leads to an increase in vascular conductance and blood flow—which leads to a 
further increase in shear stress. Under resting conditions, these responses tend to maintain homo-
geneous levels of shear stress along arteriolar and venular flow pathways [5]
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Fig. 3.2 Concepts of metabolic signalling in vessel diameter adaptation. Upper panel: Vascular 
adaptation is guided by local hemodynamic (transmural pressure and wall shear stress) and meta-
bolic signals. The metabolic signals act not only where they are generated but are also transported 
with the blood in the downstream direction (convection) and elicit electric signals which travel 
upstream in the arteriolar vessel wall (conduction) [2, 5, 8] The remote action of these signals is 
essential to avoid maladaptation and the generation of arterio-veneous shunts [9]. Lower panel: 
Schematic drawing of possible origins of metabolic signals. Local oxygen levels may evoke release 
of metabolic signal substances (dashed arrows) from RBCs, from the vessel wall (and possibly a 
tissue sleeve around it), and from tissue cells. These signalling pathways probably have different 
functional tasks [3, 4, 7]
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Recent studies, using a theoretical model to simulate vessel diameter adaptation 
in response to hemodynamic and metabolic stimuli for microvascular networks 
where complete morphological and hemodynamic data sets had been measured in 
vivo, surprisingly suggested that a substantial component of metabolic regulation of 
vessel diameters can be independent of direct oxygen sensing [3, 7]. This unex-
pected finding is explained by the ‘dilution effect’: The effective concentration of a 
metabolic signal substance delivered by the vessel wall or the tissue to the blood 
will increase with decreasing blood flow. This mechanism provides a simple physi-
cal ‘measurement’ of local blood flow rate by an ‘indicator-dilution’ approach. For 
metabolic signal substances evoking vascular diameter increase, the dilution effect 
provides an additional negative feedback regulation stabilizing blood flow rate in a 
vessel and thus tissue oxygen supply around the vessel. The dilution effect repre-
sents a very robust and simple metabolic mechanism to maintain parallel flow path-
ways irrespective of oxygen demand.

 Origins of Metabolic Signals

Figure 3.3 compares the signalling mechanisms for different origins of metabolic 
signals evoking vessel diameter increase. In ‘Vessel’ signalling, the dilution effect 
and Po2-dependent signalling act together to provide robust negative feedback 
regulation, with vessel diameter increase in response to low flow and low Po2. 
This provides a likely explanation for the effectiveness of ‘Vessel’ signalling in 
producing low levels of tissue hypoxia and a good agreement between experimen-
tally measured data and simulation predictions [3, 7]. A concept for the integrated 
regulation by local and remote action of vessel derived metabolic signals is given 
in Fig. 3.4.

In ‘Tissue’ signalling (as in ‘Vessel’ signalling), both the dilution effect and Po2- 
based signalling provide negative feedback regulation. However, there can be a par-
tial decoupling since oxygenation of tissue cells is determined both by the vascular 
perfusion depending on vascular diameter and by the diffusion distance. 
Consequently, an increase of vascular diameter by metabolic signals derived from 
the tissue cannot lead to adequate tissue oxygenation if vessel density is too low and 
diffusion distances too high. In this situation, tissue cells would continue to produce 
increased levels of the metabolic signal substance despite the diameter increase of 
existing vessels [7]. However, such ‘Tissue’ signals are indispensable to stimulate 
angiogenesis upon insufficient vessel density [3, 15].

In ‘RBC’ signalling, metabolic substances are generated in proportion to the 
number of RBCs in the vessel, which, in turn, depends on vessel volume and hae-
matocrit [12, 16, 17]. Thus, reductions in vessel diameter and reduction of haema-
tocrit in low-flow vessels reduce the possible amount of metabolic signal substance 
in small vessels thus establishing a strong positive feedback loop overriding the 
negative feedback regulations.
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b

c

Fig. 3.3 Summary of feedback loops involved in metabolic signalling. Left: Schematic diagrams 
of vessels and perivascular parenchyma showing effects of metabolic signalling from various 
sources in underperfusion (green arrows indicate metabolic signal substance release). Right: 
Feedback loops (‘−’, blue: negative, ‘+’, red: positive). Arrows and blunt ends indicate stimulatory 
and inhibitory action. (a) In ‘Vessel’ signalling, both dilution effect and Po2-based mechanisms 
contribute to negative feedback control (light blue shading). (b) In ‘Tissue’ signalling, negative 
feedback regulation is compromised (dashed lines) for larger diffusion distances since the corre-
sponding decrease in tissue Po2 cannot be effectively counteracted by an increase of vessel diam-
eters (diffusion limited oxygen transport). (c) In ‘RBC’ signalling, decreases in intravascular 
volume or blood flow lower the number of RBC and thus the metabolic stimulus level for a given 
oxygenation. This positive feedback (red shading) counteracts the negative feedback loops estab-
lished by ‘dilution effect’ and oxygen dependent signalling

3 Dynamic Control of Microvessel Diameters by Metabolic Factors



50

 Steady State Versus Increased Demand

The positive and negative feedback characteristics of different regulatory pathways 
determine their possible impact on vessel diameter adaptation under resting condi-
tions and in situations of strong transient increase in demand, as in exercise. Under 
resting conditions, the central task of metabolic signaling is to provide adequate 
distribution of perfusion within the tissue. To balance the positive feedback from 
wall shear stress signaling which could cause maldistribution, a strong negative 
feedback from metabolic signaling is needed [9]. Metabolic signaling by the vessel 
wall or by a perivascular tissue sleeve is best suited for this task, since it is the only 
mode providing pure and robust negative feedback regulation [3, 4, 7].

In contrast to resting conditions, the main task of diameter adaptation during 
transient increases of demand, e.g. due to exercise, is to allow a substantial perfu-
sion increase. While problematic for steady state diameter control, the positive feed-
back of RBC signalling might be helpful under such conditions (Fig. 3.5) [3]. Vessel 
or tissue metabolic signaling stimulated by an increased demand mediates an initial 

Fig. 3.4 Schematic pathways of metabolic vascular signalling in a microvessel. Shown is a cross 
section with the perivascular parenchyma with three exemplary cells (top), the vessel wall consist-
ing of a smooth muscle (SMC) and an endothelial (EC) layer (middle), and the vascular lumen with 
flow from left to right (bottom). Arrows indicate stimulation while blunt ends indicate inhibition 
for those pathways capable to mediate stable regulation of microvascular diameters (oxygen: red; 
constricting signals: purple; dilatory signals: orange; conduction via endothelial connexions: 
blue; convection of MetS with the blood: green). The middle column gives a local site of the vessel 
while the left and right columns represent regions of the vessel upstream or downstream from the 
local site. At the local site, perivascular cells can react to oxygen levels in three ways: The leftmost 
cell (black cross) does produce a dilatory or growth inducing metabolic signalling substance 
(MetS) irrespective of oxygen availability or Po2. The middle cell also produces a dilatory or 
growth inducing MetS but here production of the MetS is suppressed by high oxygen availability 
(oxygen sensitive dilatator). The right cell is stimulated by high oxygen availability to produce a 
constricting or growth inhibiting MetS. While constricting signals can provide stable regulation 
only locally, dilatory signals allow vascular reactions downstream (via convection with the blood 
stream) and upstream (via conduction along the vessel wall), which are both necessary to allow 
stable vascular adaptation in vascular networks [3, 7, 9]
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increase of vessel diameter. The reduced flow resistance together with an increased 
blood pressure leads to a raise in perfusion and wall shear stress. This, in turn, leads 
to a further increase in vessel diameter and blood flow [18] amplifying the initial 
response and recruiting upstream resistance vessels into the response. Metabolic 
signaling by RBCs may provide a further boost: the increase of perfusion causes an 
increasing amount of RBC and thus metabolic signaling structures to travel through 
the tissue releasing an increased amount of metabolic vasodilating signals.

 Pathophysiolgical Implications

Tissue function, notably in cardiac myocytes, is crucially dependent on adequate 
perfusion and oxygen supply under rest and under all levels of increased workload. 
In turn, an inadequate blood flow or flow distribution, leading to unmet tissue 

Fig. 3.5 Roles of different signalling mechanisms in the control of vascular diameter at rest and 
during increased demand. Steady state: Due to the heterogeneity of microvascular networks, mal-
perfusion can only be avoided if the positive shear stress feedback is balanced by a strong negative 
metabolic feedback [5]. Increased demand: Transient phases of increased oxygen demand, e.g. 
during exercise, call for a strong increase of blood flow which requires a strong positive feedback 
to amplify initial increases of flow. Here, the positive metabolic feedback via RBC signalling may 
play a relevant role
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demand and thus global or local hypoxia constitutes ischemic heart disease [19]. 
Here, a relevant difference exists between the situation with epicardial stenoses as 
compared to microvascular disturbances [8, 20]. Permanent epicardial stenoses usu-
ally result from atherosclerotic lesions in the arterial wall and cause underperfusion 
in larger regions downstream.

On the other hand, there is increasing evidence that cardiac ischemic conditions 
can also be caused by vascular malfunction occuring in vessel with diameters below 
about 300 μm, the microcirculation. This is obvious from situations where a recana-
lization of arterial stenoses does not result in a satisfactory increase in myocardial 
perfusion (‘myocardial no reflow’) [21] suggesting that an epicardial stenosis can 
be accompanied with increased flow resistance in the microvascular compartment 
[22, 23]. Such microvascular malfunction or ‘coronary microvascular dysfunction’ 
[22–24] is obvious from the observation of angina symptoms in patients with appar-
ently normal or near normal coronary angiograms [25, 26]. While there have been 
different denominations for this condition (‘angina with normal coronary arteries’, 
‘microvascular angina’, ‘cardiac syndrome X’) [22, 27–29] it is obvious that it is 
both not rare and not benign [30–33]. This is underlined by the fact that acute events 
of ‘myocardial infarction with non-obstructive coronary arteries’ are increasingly 
described (MINOCA) [28, 34–36].

Despite the obvious clinical importance of these conditions, the insight into rel-
evant underlying pathophysiological mechanisms as well as therapeutic approaches 
based on such concepts is still not developed enough (see [22, 37, 38]). It is, how-
ever, clear that vascular maladaptation both acutely (e.g. in sepsis [39–41]) and 
chronically (e.g. in tumours [9, 42–44]) compromises tissue supply and thus func-
tion. It is thus of great importance to assess microvascular structure and function in 
such conditions—in patients or in relevant animal models—to describe pathological 
deviations and to decipher the contributions of individual adaptive mechanisms.
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Chapter 4
Study of the Microcirculation Through 
Microscopic Techniques

Harry A. J. Struijker-Boudier

 Introduction

The microcirculation has been focus of increasing research interest in recent years. 
Recent advances in technology to study the microcirculation have highlighted the 
crucial involvement of the microcirculation in many cardiovascular diseases, but 
also in other conditions such as cancer, diabetes, inflammatory diseases, sickle cell 
disease as well as neurological and psychiatric disorders.

This book reviews the role of the microcirculation in many of these clinical cases 
and the therapeutic considerations to target the microcirculation in these cases. The 
purpose of this chapter is to review techniques and methodological aspects with a 
particular focus on microscopic techniques.

 Techniques to Study the Microcirculation

Table 4.1 summarizes the most important approaches to study the microcirculation 
in humans and animal models of disease. When applying strict anatomical criteria 
the study of isolated small arteries, having diameters in the range of 200–300 μm, 
cannot be regarded as a microcirculation study method. On the other hand, from a 
functional point of view they are part of the most distal section of the arterial sys-
tem, the primary site for the control of vascular resistance and exchange processes.

In the past 30 years isolated small arteries have been used successfully in both 
experimental and clinical research to study mechanistic and therapeutic aspects of 
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microcirculatory behavior in health and disease. Small arteries are usually obtained 
from surgical procedures or subcutaneous gluteal biopsies. Since this chapter 
focuses on microscopic techniques this small artery approach will not be further 
reviewed. The reader is referred to some excellent reviews by authorities in this area 
of research [1–3].

 Direct (Intravital) Microscopy

Direct (intravital) microscopy has a long history. In the beginning of the seventeenth 
century Harvey postulated the existence of invisible “pores of the flesh” to support 
his hypothesis that blood passes through microscopic channels in circulating from 
artery to vein. A few years later Malpighi and Van Leeuwenhoek developed the first 
single lens microscopes to observe discrete capillaries connecting arteries and veins. 
Van Leeuwenhoek even succeeded to provide quantitative information on the size 
and spatial density of microcirculatory vessels and measured the velocity of red 
cells in these vessels [4]. After these original observations in the seventeenth cen-
tury a wide variety of preparations have been developed for examining microcircu-
latory structure and function in specific organs. In experimental animals the rodent 
cremaster muscle, hamster cheeck pouch, cat mesentery and bat wing are among the 
most frequently studied preparations [4, 5].

 Capillaroscopy in Humans

For obvious reasons the organ-related microcirculatory preparations in experimen-
tal animals mentioned above cannot be used in human studies. Studies of human 
microcirculation were for a long time limited to epiillumination of organs and tis-
sues in which the microcirculation is very near the surface. The most relevant tis-
sues in this respect have been the capillary nailfold and other skin regions and, of 

Table 4.1 Techniques to 
study the microcirculation

•  Isolated small arteries
•  Intravital microscopy/capillaroscopy
•  Retinal imaging
•  Orthogonal polarized light (OPL) video microscopy
•  Sidestream dark-field (SDF) video microscopy
•  Incident dark-field (IDF) imaging
•  Laser Doppler flowmetry
•  Optical coherence tomography (OCT)
•  Photoacoustic tomography (PAT)
•  Micro-computed tomography (MCT)
•  Nuclear magnetic resonance (NMR) imaging
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more recent date, the retina. We will first briefly discuss the clinical capillaroscopy 
of the nailfold and skin. We shall not discuss the retinal imaging in any detail since 
in Chap. 7 of this book A. Gallo and X. Girerd review this approach. Subsequently, 
the introduction and application of recent contrast enhancing imaging techniques, 
such as orthogonal polarization spectral (OPS) imaging and sidestream dark-field 
(SDF) video microscopy, will be discussed.

The early history of clinical capillaroscopy has been described in detail by 
Bollinger and Fagrell [6]. Briefly, after the original observations by Malpighi and 
Van Leeuwenhoek major progress was made in the first part of the twentieth century 
by August and Marie Krogh as well as Otfried Müller who made the first extensive 
drawings of the human skin capillaries on the basis of microscopic observations [7]. 
In the second half of the twentieth century major advances in electronic and digital 
technology led to highly sophisticated human capillaroscopy set-ups in various 
laboratories in the world. For details of these developments the reader is referred to 
the monograph by Bollinger and Faqrell [6] as well as the latest edition of the 
Handbook of the Microcirculation of the American Physiological Society [8].

Clinical capillaroscopy has contributed greatly to knowledge on microvascular 
abnormalities in various diseases, such as hypertension, arterial occlusive ischemia, 
diabetes and several hematological disorders. A loss of capillaries (rarefaction) now 
seems a hallmark of both hypertension and arterial occlusive ischemia [9–11]. In 
diabetes, the situation is more complex: on the one hand, proliferative growth of 
microvessels has been observed, but on the other hand the functionality of these 
vessels has been questioned [12].

A relatively new area of research that has not yet been investigated to its full 
extent is the potential role of capillary rarefaction in the treatment of cancer patients 
with anti-angiogenic drugs [13, 14].

 Hand-Held Vital Microscopes

Intravital and capillary microscopy have played an important role in understanding 
microvascular physiology and pathophysiology, mostly in animal models and—to a 
limited degree—in humans. The introduction in the 1990s of hand-held vital micro-
scopes (HVM) has given a boost to bedside observations and clinical studies. More 
than 400 studies have been published in the past two decades using HVM’s [5, 15, 
16]. The technology underlying imaging with hand-held microscopy has advanced 
considerably in recent years [5, 15]. These technologies allow a range of novel 
parameters to monitor in addition to the mostly structure-related parameters mea-
sured with more classical capillaroscopy techniques. The combination of HVM 
with Doppler-derived techniques, tissue spectrophotometry, transcutaneous pO2 
electrodes and clinical biomarkers, such as lactate and venous-arterial CO2 gradi-
ents allow to obtain a complete picture of the microcirculation in critically ill 
patients [16].

4 Study of the Microcirculation Through Microscopic Techniques



58

HVM’s allow to study the microcirculation of different organs and systems. 
Most applications have targeted the sublingual microcirculation. Three different 
HVM’s have been introduced in the last two decades for directly observing the sub-
lingual microcirculation [15]: the orthogonal polarized spectral (OPS), the side- 
stream dark field (SDF) and most recently the incident dark field (IDF) imaging 
techniques. The reader is referred to an excellent recent book [5] and review article 
[15] for detailed descriptions of the technologies underlying these innovative micro-
scopic methods to assess the microcirculation in humans.

Conventional intravital microscopes for observing the microcirculation (see 
above) use transillumination to visualize the field of view. The light source in the 
more recent technologies illuminates from the side of the tissue at an angle that 
avoids surface reflections of the light entering the objective and thus allows to 
observe deeper structures in the microcirculation [5]. Initially, green light at a wave-
length of 530  nm was used as an optical contrast agent for hemoglobin, which 
allows the observation of flow in the small vessels [17]. In the second generation 
SDF videomicroscopes a green LED was placed circularly at the tip of the image 
guide of the hand-held microscope [15]. The third generation of IDF imaging no 
longer uses a video sensor, but a computer-controlled sensor in combination with 
ultrashort illumination LED’s. The image sensor, data acquisition, and illumination 
pulses are computer controlled in a synchronized manner [5, 15].

After an initial phase of technology development and testing of reproducibility 
and validity these novel vital microscopy techniques are now used more and more 
in clinical routine, in particular in the management of sepsis, shock and cardiac 
surgery [18]. A more generalized application in chronic cardiovascular diseases 
characterized by target organ damage can be expected with increased clinical expe-
rience using these advanced techniques. Already Ince and co-workers have given 
many examples of target organs that are suitable for such studies [5, 15].

 Non-Microscopic Techniques

Although the study of the microcirculation has always depended heavily on the 
use of direct microscopic observations, more and more technologies have been 
developed to assess structural and functional properties of the microcirculation. 
Most of these are advanced perfusion imaging technologies, such as Laser Doppler 
flowmetry, optical or photoacoustic tomography, magnetic resonance imaging and 
angiography (see Table 4.1). Most of these technologies have not yet reached a 
scale to image very small arteries, arterioles or capillaries. However, since they 
measure perfusion they provide important information about the functional status 
of the microcirculation in important target organs, such as the heart, kidney and 
brain [11, 19].

Laser Doppler flowmetry is in use already for several decades to assess micro-
vascular function by measuring the red cell flux in small-volume samples of body 
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and organ surfaces, e.g. the skin. The quantity measured by laser Doppler is usu-
ally referred to as perfusion, defined as the product of local speed and concentra-
tion of blood cells, and the laser Doppler perfusion monitor records the integrated 
perfusion within the sampling volume. Because the laser Doppler flowmeter oper-
ates on the basis of characterizing a shift in frequency from a particular reference, 
it is important that the reference source is both highly stable and of single fre-
quency [19].

More recent technological innovations since the 1990s have significantly 
advanced the range of applications of laser Doppler microvascular imaging. These 
innovations involve advances in laser beam technology, fast full-field signal analy-
sis and improved laser speckle contrast analysis. Since it is beyond the scope of this 
chapter to review non-microscopic techniques, the reader is referred to an excellent 
recent comprehensive book on these non-microscopic techniques [5].

Other relatively new approaches to microcirculation imaging have been based on 
various tomography methods, e.g. optical coherence (OCT), photoacoustic (PAT) or 
micro-computed tomography (MCT, see Table 4.1). Again, these methods are pri-
marily focused on flow measurements within the microcirculation, but allow a 
deeper penetration than the more classical microscopic or Doppler-based tech-
niques. The basic principle behind the tomography technologies is that they mea-
sure the magnitude and echo-time delay of backscattered light with a very high 
sensitivity, which was first described by Isaac Newton. For further technical details 
and applications the reader is referred to the previously mentioned detailed book on 
microcirculation imaging by non-microscopic techniques [5].

Finally, nuclear magnetic resonance has developed in the past three decades as a 
technique to detect flow of all velocity regimens going from fast flow in larger arter-
ies down to microscopic transport on a cellular level. During the past three decades 
it has developed into a technique with wide applications in the medical world. It can 
generate diagnostic quality images of blood vessels and is now standard procedure 
to diagnose stenoses, aneurysms and the mechanics of the vessel wall. NMR has 
found wide applications in both the heart and brain microcirculation. In the heart it 
is particularly used in relation to the study of microvascular reperfusion following 
an acute myocardial infarction. NMR can obtain data about microvascular flow, 
regional myocardial wall motion, and viability in one single examination and with-
out the administration of a pharmacological challenge [19]. In the brain NMR is 
now an important tool in assessing brain damage following a stroke or in dementia 
patients [20].

 Conclusions

The microcirculation is the primary site of target organ damage in many (cardiovas-
cular) diseases. Appreciation of the importance of the microcirculation has been 
hampered for a long time by the perceived lack of appropriate techniques for its 
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study. The classical direct microscopic techniques have revealed much about struc-
ture and function of the microcirculation, particularly in experimental animals. 
Their clinical applicability has been relatively limited. However, major advances in 
retinal imaging (the topic of Chap. 7 in this book) now allows comprehensive stud-
ies on the epidemiology, pathophysiology and treatment of microvascular damage 
in (cardiovascular) disease. Novel hand-held video-based techniques have widened 
the possibilities for microvascular assessment in other tissues or organs than the 
eye. Finally, a range of non-microscopic techniques have shown dramatic improve-
ments in terms of technical quality and availability for clinical use.
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Chapter 5
Platelet Function and Coronary 
Microvascular Dysfunction

Sandrine Horman, Melanie Dechamps, Marie Octave, Sophie Lepropre, 
Luc Bertrand, and Christophe Beauloye

 Introduction

The ability of platelets to activate and aggregate to form blood clots in response 
to endothelial injury is well established. They are therefore critical contributors to 
ischaemia in atherothrombosis [1]. However, their role in cardiovascular disease 
is not limited to end-stage thrombosis in large vessels [2]. Abundant experimental 
evidence has established that activated platelets are also important mediators of 
microvascular thrombosis and promote the inflammatory response during 
ischaemia- reperfusion (IR) injury [3–5]. While platelets do not physically interact 
with the healthy endothelium, they can bind to the wall of hypoxic microvessels 
and release a plethora of inflammatory mediators that further enhance the activa-
tion of the endothelial monolayer and the recruitment of circulating leukocytes 
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(monocytes, neutrophils, T-cells) [2]. In addition, deposition of platelets to the 
dysfunctional endothelium can lead to vasoconstriction which accelerates micro-
vascular occlusion, thereby impairing tissue perfusion [3]. In this chapter, we 
discuss the role of platelets in promoting microvascular dysfunction and inflam-
mation during IR injury. Focus is placed on the cross-talk between platelets and 
other cell types (endothelial cells [ECs] and leukocytes) via platelet adhesion 
receptors and platelet- derived proinflammatory mediators. We also consider new 
paradoxical functionalities of platelets promoting cardiac recovery after myocar-
dial infarction (MI).

 Thrombus Formation in Coronary Arteries and Microvessels

 Coronary Artery Disease and Plaque Rupture

Atherosclerotic plaques forming inside the vessel’s intima layer lead to endothelial 
dysfunction which is the first trigger for coronary artery disease. An increased 
blood level of plasma lipids, especially low-density lipoproteins (LDL) [6–8], in 
combination with other risk factors including hypertension, diabetes mellitus, 
smoking and male gender [9] induce vascular damage. The binding of LDL to 
intimal proteoglycans is an important step for disease initiation [10]. Once seques-
tered in the intimal microenvironment, LDL particles may undergo extensive oxi-
dation, aggregation/fusion or enzymatic fragmentation which may potentially 
contribute to their enhanced pro-atherogenic properties [11–13]. Modified LDL 
particles activate ECs, inducing the expression of adhesion receptors and disrupt-
ing intercellular junctions. These modifications potentiate the recruitment and 
infiltration of leukocytes (monocytes and lymphocytes) into the subendothelial 
space [7, 14]. Once in the intima, monocytes differentiate into macrophages which 
express scavenger receptors (SRAI and SRAII, CD36, LOX-1 or CXCL16), lead-
ing to the internalization and cytosolic accumulation of cholesterol molecules and 
cholesterol esters from modified LDL particles [15, 16]. Such macrophage-derived 
cells, called foam cells, release a multitude of inflammatory cytokines, chemo-
kines, growth factors, metalloproteinases (MMPs) and reactive oxygen species 
(ROS) that perpetuate inflammation [17]. Apoptosis and secondary necrosis of 
foam cells and smooth muscle cells (SMCs) are an important cause of necrotic core 
development [18, 19]. The necrotic core material may act as a nucleus for calcium 
deposits in the vascular wall [20]. In vulnerable plaques, the lipid-rich atheroma-
tous core is hypocellular and devoid of supporting extracellular matrix proteins due 
to reduced SMC amounts combined with high levels of MMPs [21, 22]. These 
plaques are at high risk of rupture. With plaque rupture, thin collagen cap and the 
highly thrombogenic lipid core are exposed to circulating platelets which initiate 
thrombotic occlusion of the coronary vessel leading to myocardial ischaemia and 
infarction [22].
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 Atherothrombosis: Platelet Recruitment, Activation 
and Aggregation

The mechanisms leading to platelet activation following plaque rupture closely 
resemble physiological haemostasis and can be divided into three main steps: (1) 
platelet rolling and adhesion on the subendothelium, (2) recruitment and activa-
tion of circulating platelets through the secretion of secondary platelet agonists 
and (3) platelet aggregation. Under elevated shear stress (e.g. found in coronary 
vessels), platelet tethering to the subendothelium is mediated by the interaction 
of platelet glycoprotein (GP) Ib-IX-V and the von Willebrand factor (vWF) 
bound to the exposed collagen. Platelets attached to vWF roll along the vessel 
wall following blood flow [23]. Stable attachment is provided by binding to other 
receptors, especially GPVI that binds collagen and induces a strong and sus-
tained platelet stimulation [24]. Platelet-collagen interaction can shift αIIbβ3 and 
α2bβ1 integrins from a low to a high affinity state. While α2bβ1 binds directly to 
collagen, αIIbβ3 promotes irreversible adhesion by binding to vWF [25]. The 
stable integrin-dependent adhesion of platelets leads to further platelet activa-
tion, morphological changes via actin cytoskeleton remodelling, and release 
from three different platelet granules (α-, dense, and lysosomal) of a broad range 
of biomolecules which comprise over 300 distinct proteins, nucleotides (ADP, 
ATP), and neurotransmitters [26, 27]. These molecules act in both autocrine and 
paracrine manners to amplify platelet activation and consolidate the thrombotic 
process. In addition, degranulation alters the composition of the plasma mem-
brane and results in surface exposure of P-selectin and formation of thromboxane 
A2 (TxA2) from arachidonic acid. TxA2 binding to specific receptors (largely 
distributed in platelets and vascular cells) enhances platelet activation and vaso-
constriction. Finally, the interaction of circulating platelets with adherent plate-
lets proceeds via the extracellular region of αIIbβ3 expressing a high- affinity 
binding site for fibrinogen and allowing aggregation via the formation of stable 
bridges between platelets [28].

 Platelets in Ischaemia-Reperfusion and No-Reflow

After MI, reperfusion therapy aiming to dissolve the thrombus inside the coronary 
artery is critical for the recovery of cardiac function. However, the abrupt restora-
tion of blood supply following ischaemia is characterized by a significant burst of 
ROS production by ECs and macrophages, the release of various cytokines and 
chemokines, leukocyte recruitment and activation, vasoconstriction and emboliza-
tion of thrombotic platelet-rich aggregates which are responsible for luminal 
obstruction of the microvasculature [3, 4, 29, 30]. This tissue hypo-perfusion at the 
level of myocardial and coronary microcirculation is characterized as no-reflow and 
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is associated with a high risk of heart failure, arrhythmias and mortality [31] 
(Fig. 5.1). Platelets have a central role in the pathophysiology of no-reflow, notably 
via their capacity to adhere to ischaemic ECs and to cells of the innate and adapta-
tive immune system.

 Crosstalk Between Platelets, Endothelial Cells and Leukocytes 
During IR injury

 Platelet-Endothelium Interaction

Healthy arterial ECs limit thrombosis by releasing nitric oxide (NO) and prostacy-
clins [32, 33]. ECs also express the exonucleotidases CD39 and CD73, that hydro-
lyze ATP and ADP (both platelet agonists) to AMP and ultimately to the platelet 
antagonist adenosine [34]. Upon ischaemic conditions and oxygen deprivation, the 
normal EC function is dysregulated. ECs switch to anaerobic glycolysis, accumulat-
ing metabolic intermediates and ROS. The excess generation of ROS results in the 
loss of NO availability. In addition, oxidative stress and proinflammatory cytokines 
downregulate CD39, promoting ADP accumulation and lowering AMP levels [35]. 
NO and adenosine depletion combined with the accumulation of proinflammatory 
mediators also increase expression of adhesion molecules, leading to enhanced 
crosstalk between platelets and ECs [36]. Hence, endothelial disruption is not a 
prerequisite to commit platelet attachment to the vasculature.

PLAQUE RUPTURE AND
CORONARY THROMBOSIS

Vasoconstriction Inflammation - NETs

MICROEMBOLIZATION

DISTURBANCE OF MICROCIRCULATION - MALPERFUSION OF MYOCARDIUM

HEART FAILURE, ARRHYTHMIA AND DEATH

Physical obstruction
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Fig. 5.1 Role of platelets in no-reflow. No-reflow refers to a state of myocardial tissue hypoperfu-
sion after re-establishment of patency of an occluded epicardial coronary artery by reperfusion 
therapy. No-reflow is associated with a high risk of heart failure, arrhythmia and death and its 
aetiology is microvascular embolization by thrombotic and atherosclerotic debris. Activated plate-
lets release vasoconstrictors and inflammatory mediators which promote the formation of micro-
vascular thrombi responsible for no-reflow
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 The Adhesion Molecules

Different surface molecules have been involved in the platelet-EC interaction dur-
ing acute IR. They comprise P-selectin, GPIb-IX-V, αIIbβ3, intercellular adhesion 
molecule-1 (ICAM-1) and vitronectin [2, 37] (Fig. 5.2).

P-selectin is a glycoprotein stored in granules of platelets and in Weibel-Palade 
Bodies of ECs, and exposed at cell surface upon activation. Endothelial P-selectin 
has been demonstrated to mediate platelet rolling in inflammatory processes via the 
binding of P-selectin glycoprotein ligand-1 (PSGL-1) expressed on platelet surface 
[38]. PSGL-1 is also responsible for leukocyte adhesion to the vessel wall and for 
the formation of platelet-neutrophil aggregates at sites of endothelial injury [39]. 
Accordingly, anti-PSGL-1 antibodies markedly inhibited platelet-leukocyte interac-
tion and the effect of platelets on neutrophil intravascular migration, both in vitro 
and in vivo, in a model of limbal microvessel injury [38].

Platelet attachment to intact but dysfunctional endothelium also involves GPIb- 
IX- V. The main ligand of GPIbα is vWF but this receptor has also been identified as 
counter-receptor for P-selectin [40]. GPIbα blockade has been reported to decrease 
infarct volumes and improve neurological functional outcomes in a model of tran-
sient middle cerebral artery occlusion [41–43], a protective effect attributed to a 
reduction in microvascular obstruction [44]. Furthermore, GPIbα can facilitate leu-
kocyte recruitment via the leukocyte-expressed integrin Mac-1 [45].

The tight platelet adhesion on the inflamed endothelium is achieved via αIIbβ3 
and intracellular adhesion molecule-1 (ICAM-1) (37). The latter plays a crucial role 
as it strongly binds to fibrinogen-platelet αIIbβ3 complexes [46, 47], extending the 
role of the integrin αIIbβ3 beyond platelet-platelet aggregation. In addition to inter-
acting with ICAM-1, αIIbβ3-fibrinogen interacts with αVβ3, an integrin upregulated 
upon endothelial activation [48]. Interestingly, αIIbβ3 antagonists have been used in 
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the context of no-reflow and their infusion improves myocardial perfusion, involv-
ing the presence of microvascular platelet thrombi in this phenomenon [49]. In addi-
tion, αIIbβ3 inhibitors prevent the shedding of cell differentiation 40 ligand (CD40L) 
from platelet surface, thereby attenuating the inflammatory process [50]. Lastly, 
another mechanism involved in platelet-endothelium interaction is mediated by the 
binding of vitronectin to platelet GPVI [51]. Vitronectin is a plasma glycoprotein 
that binds to upregulated endothelial molecules, including the urokinase plasmino-
gen receptor and various integrins such as αVβ3 [52].

Once deposited in the microvasculature, platelets participate to thrombo- 
inflammation via multiple mechanisms including (1) amplification of coagulation 
cascade leading to thrombin and fibrin generation, (2) secretion of a variety of pro-
inflammatory and vasoconstricting molecules which further exacerbate the physical 
obstruction of microvessels and (3) interaction with neutrophils and generation of 
neutrophil extracellular traps (NETs) serving as a prothrombogenic matrix inciting 
platelet aggregation and growth of microvascular thrombi.

 Cooperation of Platelets and the Coagulation Pathway

The classic blood clotting cascade can be triggered via either the tissue factor (TF) 
pathway or the contact pathway. Intravascular TF is present on microparticles 
(MPs) and exosomes (Es) produced by activated platelets. Initially, it lays in an 
encrypted silent form that needs to be activated by redox modifications involving 
the disulfide isomerases (PDI, ERp5, ERp57) that are secreted by platelets and 
activated ECs [53]. The contact pathway also clearly participates in thrombosis and 
can be triggered by inorganic polyphosphates (PolyP) abundantly present in plate-
let dense granules [54, 55]. PolyP enhance the amplification steps of the coagula-
tion cascade via the binding of multiple coagulation enzymes [56]. Furthermore, 
activated platelets interact with the coagulation pathway by various other mecha-
nisms [57]. They secrete (anti)coagulation factors (prothrombin, FV, FXIII, fibrin-
ogen, antithrombin, various serpins, etc) and expose phosphatidylserine (PS) on 
cell surface. PS exposure is triggered by strong agonists via prolonged elevated 
cytosolic calcium. PS-containing membranes have a high affinity for coagulation 
factors such as the tenase and prothrombinase complexes and their binding at 
platelet surface enhances their activity. Thus, platelets support local thrombin and 
fibrin formation [58]. Under flow conditions, thrombin initially binds to 
PS-exposing platelets via protease- activated receptors (PAR1 and PAR4), and then 
relocalizes to the newly- formed fibrin fibers which confine the protease to the 
thrombus proximity [59]. Early findings suggest that fibrin-bound thrombin is pro-
tected from inactivation by antithrombin [60]. Platelets also bind coagulation fac-
tors via the glycoprotein complexes GPIb-V-IX, integrin αIIbβ3 and GPVI. The 
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platelet GPIb-V-IX complex interacts with thrombin, which potentiates platelet 
activation through protease- activated receptors (PAR) [61]. The integrin αIIbβ3 
binds fibrinogen and induces outside-in signalling which is required for the retrac-
tion of the platelet-fibrin thrombus [62]. Finally, GPVI has been recently identified 
as a receptor for fibrin. GPVI-fibrin interaction leads to formation of a GPVI sig-
nalosome involved in the continued growth of platelet-fibrin thrombus, indepen-
dently of αIIbβ3 [63]. Altogether, this indicates that platelets and the coagulation 
system are interconnected processes and interact in multifaceted ways, not only 
during the phases of thrombus formation, but also in specific areas within a formed 
thrombus. Accordingly, strong evidence suggests that the thrombus is composed of 
a heterogeneous population of activated platelets forming a very hierarchical struc-
ture with distinct regions defined by the level of platelet activation and packing 
density which depend on the nature of the agonist and its distribution [64].

 Proinflammatory Mediators

Platelet activation results in the release of multiple proteins and other biomolecules 
that can influence the function of endothelial or circulating cells [26]. Many of these 
molecules are preformed and stored in granules and notably include chemokines, 
growth factors, fibrinolytic proteins, coagulation factors, adhesion molecules, 
nucleotides, ions and agonists. Others are synthesized by platelets (TxA2, ROS, 
IL-1β) or shed from the cell surface (sCD40L, sP-selectin) upon activation [65]. 
Some of these mediators induce the expression of adhesion molecules on the endo-
thelial surface, enhance neutrophil recruitment at the site of injury, and promote the 
formation of platelet-leukocyte aggregates [2]. When attached to platelets, the leu-
kocytes can achieve a more activated state and so, are able to produce more ROS 
than their platelet-free counterparts [66]. As it is recognized that the oxidative burst 
increases cell permeability, platelets can indirectly contribute to endothelial barrier 
dysfunction via their interaction with leukocytes [67]. However, the role of platelets 
in vascular integrity remains unclear. Indeed, some reports suggest that platelets can 
exert opposing effects on endothelial permeability, notably in the tumour microvas-
culature [68]. This controversy probably reflects the diversity of mediators that can 
be released by platelets in different models of thromboinflammation.

Platelets also contain microRNAs (miRNAs) retained from megakaryocyte- 
derived mRNAs [69]. Recent advances in platelet biology demonstrate that acti-
vated platelets release MPs or Es containing abundant amounts of miRNAs. They 
can be internalised and modulate gene expression and function of recipient cells, 
e.g. ECs, leukocytes or macrophages [70, 71]. Therefore, the horizontal transfer of 
platelet miRNAs represents a novel form of cell-cell communication, which may 
participate in the inflammatory process.
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 Platelets and Neutrophil Extracellular Traps

As mentioned above, monocytes and neutrophils recruitment is supported by acti-
vated platelets via the granule release of chemokines and expression of adhesion 
receptors such as P-selectin [36]. One way neutrophils may promote thrombus sta-
bility is by producing neutrophil extracellular traps (NETs) [72], a process that is 
enhanced by activated platelets presenting high mobility group box 1 (HMGB1) 
protein to neutrophils [73]. NETs are extracellular DNA fibers coated with histones 
and proteases and catapulted out of neutrophils. They are known for their antimicro-
bial function but recent evidence indicates that NETs may have a role in non- 
infectious diseases including atherosclerosis and thrombosis [74]. Mechanistically, 
NETs provide a scaffold for platelet adhesion and concentrate effector proteins 
involved in thrombosis and fibrin generation. The interaction with platelets can be 
mediated via vWF and fibrinogen immobilized on NETs, or alternatively by direct 
binding to DNA and histones [72]. NETs can also initiate fibrin formation more 
directly by activating the contact pathway of coagulation which is initiated by the 
activation of factor XII to factor XIIa [75]. Finally, NETs also promote a strong 
procoagulant response by forming a catalytic platform that stimulates the proteo-
lytic activity of neutrophil elastase which induces the degradation and inactivation 
of natural anticoagulants such as thrombomodulin or TF pathway inhibitor (TFPI) 
[76] (Fig. 5.3).

Recent studies have demonstrated that, in a rat experimental model of IR, both 
platelets and NET-mediated microthrombosis contribute essentially to no-reflow 
[77]. Accordingly, a reperfusion strategy based on deoxyribonuclease I (DNaseI) 
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Fig. 5.3 Role of platelets and Neutrophil extracellular traps in IR-induced microvascular throm-
bosis. Neutrophil extracellular traps (NETs) provide a scaffold for platelet adhesion and concen-
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used in combination with recombinant tissue-type plasminogen activator (rt-PA), a 
thrombolytic agent, has proved to be capable of attenuating significantly myocardial 
IR-induced no-reflow, suggesting that this combination might be a promising thera-
peutic option [77].

 Double-Edged Sword Functionality of Platelets in IR Cardiac 
Injury

 Resolution of Cardiac Inflammation

While platelets and their secreted cargo are widely accepted as crucial players in the 
inflammation-associated injury inflicted on the myocardium during IR, a growing 
body of evidence implicates them in inflammation resolution via the release ofpro-
resolving mediators such as lipoxin A4, maresin 1, and annexin A1 [78, 79]. 
Interestingly, it has been shown that maresin-1 can decrease the level of proinflam-
matory mediators in platelet releasates [80]. The mechanisms underlying this dif-
ferential secretory pattern need to be further characterized.

 Cardiomyocyte Survival and Fibrotic Remodelling After 
Myocardial Infarction

A recent study shows that platelets and their secretome can exert a cardioprotective 
activity on ventricular cardiomyocytes during myocardial IR injury, independently 
of their role in coronary thrombosis. This protective effect requires α-granule com-
ponents such as stromal cell-derived factor-1α (SDF-1α) and transforming-growth 
factor-β1 (TGF-β1), and is significantly attenuated in the presence of specific plate-
let antagonists [81]. Following MI, fibrotic scarring in the left ventricular (LV) 
necrotic area can trigger deleterious LV remodelling, when distending forces cause 
excessive volume and pressure load on non-infarcted areas. Myofibroblasts (MFs) 
are crucial components of this fibrotic response. Indeed, multiple regulators of the 
myodifferentiation process, including TGF-β1 [82], serotonin [83] and thrombos-
pondin-1 (TSP-1) [84] are present in platelet granules. In addition, numerous miR-
NAs are enriched in platelet MPs/Es and can promote (miRNA-21 and miRNA-199) 
or attenuate (miRNA-29 and miRNA-101) the fibrotic response in cardiac tissue 
[85]. The high heterogeneity of the platelet secretome and MPs/Es challenges the 
clear characterization of platelet contribution in the cardiac repair process. Further 
studies using conditional (PF4/GPIba-Cre) transgenic mice with specific platelet 
defects will be required to assess the complex role of platelet secretome in the post-
MI fibrotic remodelling.
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 Conclusion

The central role played by platelets and platelet-derived mediators in promoting 
microvascular thrombus formation during IR injury is increasingly well recognized. 
The underlying mechanisms involve endothelial activation, release of proinflamma-
tory factors, vasoconstriction, leukocyte recruitment and NETosis (Fig.  5.3). All 
these events can—in turn—increase further platelet activation, leading to a vicious 
cycle that exacerbates tissue malperfusion and cardiac injury. Beyond thrombosis-
mediated ischaemic damage, platelets may also exert additional “non- classical” 
functions within the infarcted myocardium, in particular through the release of bio-
active cargo that can paradoxically facilitate cardiac repair processes. Therefore, 
considering the high functional diversity of the platelet secretome, much more 
attention should be paid to the efficacy of antiplatelet therapies in the management 
of cardiac recovery after MI.
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Chapter 6
The Role of Perivascular Adipose Tissue 
in Microvascular Function and Coronary 
Atherosclerosis

Alexios S. Antonopoulos, Paraskevi Papanikolaou, and Dimitris Tousoulis

 Introduction

The widespread adoption of Western dietary habits and the lack of physical activ-
ity in modern societies have major implications for obesity-related vascular dis-
ease development and the risk of coronary artery disease (CAD) [1]. It is estimated 
that approximately ~20% of cardiovascular deaths in the U.S. are partly attributed 
to obesity [2, 3]. The perils of abdominal adiposity for cardiometabolic health are 
well known [4]. Expansion of visceral adiposity clusters with systemic insulin 
resistance, dyslipidemia, increased levels of proinflammatory mediators, while at 
molecular level adipose tissue is characterized by adverse changes in its secre-
tomic profile, which cumulatively favor vascular dysfunction and arterial hyper-
tension development [5].

Clinical studies over the last decade have also highlighted the importance of 
ectopic adiposity for cardiovascular disease risk [6]. More recently, studies have 
demonstrated that next to fat mass, fat phenotype per se is crucial in mediating 
adiposity-related cardiovascular hazards [7]. Along these observations, perivascu-
lar adipose tissue (PVAT) has recently been at the centerstage as a major determi-
nant of vascular health and disease [8]. Robust evidence suggests that PVAT 
regulates vascular biology by receiving paracrine signals from the vascular wall 
and responding by secreting a wide range of vasoactive adipocytokines that affect 
vascular function and atherosclerosis development [9, 10]. PVAT can affect micro-
vascular function and vascular tone via secretion of vasodilatory or vasoconstric-
tive substances [9, 10].

Microvascular function is an independent predictor of cardiovascular events in 
both healthy individuals and high-risk subjects. Moreover, microvascular function 
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is implicated in the pathogenesis of angina in patients with non-obstructive 
 epicardial disease. Given the well-established links between PVAT and microvascu-
lar function, the noninvasive imaging of coronary PVAT has gained attention [11, 
12] as a promising biomarker in microvascular disease and coronary atherosclero-
sis. Clinical studies using computed tomography (CT) imaging have provided 
important insights into the role of PVAT in vascular disease development [11], 
microvascular angina [13] and plaque rupture [14]. Additionally, CRISP-CT study 
[15] has recently demonstrated that phenotyping of coronary PVAT by CT imaging 
offers incremental prognostic and risk reclassification information for cardiovascu-
lar disease development.

In this review article, we summarize the existing knowledge on PVAT and vascu-
lar biology and provide an overview of the current concepts on the links between 
PVAT, angina and coronary atherosclerosis. The results of recent studies supporting 
the use of imaging biomarkers of PVAT for cardiovascular risk stratification are also 
discussed.

 Cardiac Adiposity: Epicardial and Perivascular Adipose 
Tissue

Cardiac adiposity refers to the distinct types of fatty tissue located around and 
in proximity with the heart [16]. Cardiac adiposity is typically classified accord-
ing to its anatomic location and consists of: (a) intramyocardial fat, which pen-
etrates myocardium, located as fatty islets among cardiomyocytes, (b) epicardial 
adipose tissue, which is located between the myocardium and the pericardium, 
and includes also PVAT of coronary arteries, and (c) pericardial adipose tissue, 
which is the intrathoracic fat located outside the pericardium, commonly called 
also paracardial adipose tissue [16]. Epicardial (and pericoronary) adipose tis-
sue has evolved from brown adipose tissue during embryogenesis and is more 
closely related to visceral than subcutaneous fat [17]. The physiology of epicar-
dial adipose tissue and human myocardium are strongly inter-related as they 
share the same coronary blood supply. In the adult heart, fully differentiated 
epicardial adipose tissue can typically be found in the atrioventricular and inter-
ventricular grooves extending to the cardiac apex [16]. Smaller amounts of adi-
pose tissue are also located subepicardially in the free walls of the atria and 
around the two appendages [18]. A state of chronic positive energy balance 
results in obesity and fat expansion, and adipose tissue progressively fills the 
space between the ventricles, sometimes covering the entire epicardial surface. 
Small islets of adipose tissue also extend from the epicardial surface into the 
myocardium, often following the adventitia of the coronary artery branches 
[16]. Epicardial fat located over both ventricles accounts for approximately 
20% of total ventricular mass. Although left ventricular mass far exceeds that of 
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the right ventricle, the absolute amount of epicardial fat tissue is similar in the 
right and left ventricles. As a result, the ratio of fat to myocardium weight for 
the right side of the heart is more than three times that of the left side [19].

Perivascular adipose tissue: PVAT, which reflects approximately 3% of the total 
body adipose tissue, microscopically contains adipocytes, stromal cells, mainly 
fibroblasts and vasa vasorum [20]. There is no obvious anatomical barrier between 
PVAT and vascular wall [21] or with the surrounding fat and therefore a widely 
accepted definition of PVAT does not exist. There is probably a continuum of 
changes in adipose tissue biology with decreasing distance from the vascular wall 
[14]. In rodents, PVAT characteristics resemble more those of brown adipose tissue, 
as defined by the presence of abundant vasculature and adipocytes with small lipid 
droplets and numerous mitochondria [22]. In humans, PVAT shares similarities with 
visceral adipose tissue, but its exact morphology and biological phenotype is dic-
tated by local regulatory mechanisms and the interactions with the underling vessel 
[23]. PVAT is abundant around the aorta and virtually absent from cerebral vascula-
ture and microvasculature, while the coronary arteries are embedded in PVAT. The 
evolutionary preservation of pericoronary fat could serve in the mechanical protec-
tion of epicardial coronary arteries [16]. The traditional beliefs on the roles of epi-
cardial and pericoronary adipose tissue on cardiovascular health are summarized in 
Fig. 6.1. The role of PVAT in coronary vascular biology seems to involve much 
more than the simple cushioning of vessels [20]. The observation that myocardial 
bridges, i.e. coronary segments that have an intramyocardial course and are not 
covered by PVAT, do not develop atherosclerosis led to the concept of the causal 
role of PVAT in atherosclerosis. We now appreciate that the relationship between 
PVAT and coronary atherosclerosis is much more complex, and involves a bidirec-
tional communication between the two, whereby changes in vascular biology 
directly affect PVAT phenotype and vice versa [14, 24, 25].

CLASSIC CONCEPTS ABOUT THE ROLE OF EPICARDIAL ADIPOSE TISSUE IN HEART PHYSIOLOGY
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Fig. 6.1 The classic concepts about the role of epicardial adipose tissue in heart physiology. 
Reproduced with permission from Antonopoulos et al. [16]
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 The Role of PVAT in Vascular Biology: Evidence from Basic 
Science Studies

The pivotal role of PVAT in the regulation of vascular biology is supported by 
ample translational and experimental evidence [26]. While remote adipose tissue 
depots (e.g. subcutaneous or abdominal visceral adipose tissue) can affect the car-
diovascular system only in an endocrine manner (i.e. by releasing bioactive adipo-
cytokines into blood circulation), PVAT can directly affect vascular function via 
paracrine or vasocrine routes. This is facilitated by the absence of any fascia sepa-
rating PVAT from the vascular wall [27]. Thus PVAT-secreted adipokines can dif-
fuse directly to the vascular wall and influence vascular biology and phenotype 
(Table 6.1). The net effect of PVAT on vascular function depends on the balance 
between vaso-protective and deleterious adipokines in PVAT secretome [25], 
which is in turn determined by both systemic (e.g., insulin resistance, obesity, 
hypertension, smoking) and local factors.

PVAT (like any other human adipose tissue depot) secretes a wide variety of 
adipocytokines with both beneficial (e.g., adiponectin, hydrogen sulphide and 
omentin) and detrimental (e.g. tumor necrosis factor-alpha (TNF-a), interleukin-6, 
and resistin) effects on the vasculature [28]. In disease states, such as in obesity and 
diabetes mellitus, PVAT secretome is shifted towards a pro-inflammatory and vaso-

Table 6.1 Perivascular adipose tissue secretome and effects on vascular physiology

Promoting vascular 
dysfunction

Function

  TNF-a   Pro-inflammatory, pro-oxidant effects and IR induction
  IL-1b   Pro-inflammatory effects
  IL-6   Pro-inflammatory effects
  MCP-1   Migration and infiltration of monocytes
  Angiotensin II   Pro-inflammatory, pro-atherosclerotic effects
  Leptin   Chronic hyperleptinemia induces vasoconstriction
  Omentin   Induces oxidative stress and pro-inflammatory effects
  Resistin   Induction of IR, inflammation, and oxidative stress
  ROS/H2O2   Vasoconstriction and endothelial dysfunction
Maintaining vascular health
  IL-10   Anti-inflammatory effects
  IL-19   Anti-inflammatory effects
  ADRF   Anti-contractile effects
  Adiponectin   Insulin-sensitizing, antioxidant and anti-inflammatory 

effects
  Methyl palmitate   Vasodilatory effects via Kv channels on VSMCs
  Hydrogen sulphide   Anti-inflammatory, vasodilatory effect

ADRF adipocyte derived relaxing factor, IL interleukin, MCP-1 monocyte chemoattractant pro-
tein- 1, TNF-a tumor necrosis factor-a, IR insulin resistance
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constrictive adipokine profile [29]. PVAT dysfunction has been suggested as the 
mechanistic link between obesity and atherosclerosis and may contribute to or mod-
ulate hypertension development, although a direct causal role has not yet been 
established [30].

Importantly, next to the direct effect of PVAT on human vessels, in our recent 
studies with human adipose tissue we have provided strong translational evidence 
for an “inside-out signaling” from the vascular wall to PVAT [14, 24, 25, 31–33]. 
Thus, vascular inflammation (e.g. via interleukin-6 or TNF-a) [14] or vascular redox 
state (via secretion of lipid peroxidation products such as 4-hydroxynonenal) [25] 
can affect PVAT biology in a process labelled ‘inside-out signaling’. PVAT then 
responds by respective changes in its secretome that signals back to the vascular 
wall to promote vascular health or dysfunction (i.e. via ‘outside-in signaling’). 
These concepts are summarized in Fig. 6.2.
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Fig. 6.2 The cross-talk of remote and local adipose tissue depots with the vascular wall. 
Cardiovascular risk factors promote the dysfunctional adipose tissue (AT) phenotype. Secreted 
adipokines into systemic circulation are involved in the pathogenesis of insulin resistance (IR), 
diabetes, arterial hypertension and dyslipidemia and have endocrine effects on vascular wall. 
Perivascular AT (PVAT) can also affect vascular wall biology by secretion of adipokines which act 
on endothelium or VSMC in a paracrine or vasocrine manner (‘outside-to-inside’ signalling). The 
net balance of proatherogenic vs. vasoprotective adipokines determines the net effect of AT on 
vascular wall and the development of atherosclerosis. Importantly, under conditions of increased 
inflammation and oxidative stress the vascular wall can also signal back to surrounding PVAT 
altering its biology (‘inside-to-outside’ signalling). BH4 tetrahydrobiopterin, NO nitric oxide
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 PVAT and Regulation of Vascular Redox State

In our recent studies we have provided evidence on how vascular redox dictates 
PVAT biology and vice-versa [24, 25, 33]. By using a model of ex-vivo co- 
incubations of human arteries with perivascular adipocytes, we demonstrated that 
vascular oxidative stress and increased release of lipid peroxidation products, such 
as 4-hydroxynonenal, act as messengers to the surrounding adipocytes and activate 
PPAR-γ/ adiponectin axis. Increased adiponectin expression serves as a defense 
mechanism to lower vascular oxidative stress by inducing vascular AMP-activated 
protein kinase/protein kinase B (Akt)-signaling and inhibiting activation and trans-
location of Rac1 as well as the phosphorylation of p47phox, which are all key steps 
in the activation of NADPH oxidase. Adiponectin also acts on human vessels to 
restore nitric oxide bioavailability [34]. In humans vessels this is mediated via the 
effects of both circulating and PVAT-secreted adiponectin on vascular tetrahydrobi-
opterin (BH4) bioavailability and Akt-induced eNOS phosphorylation at Ser1177, 
leading to both increased eNOS coupling and activity [8, 24]. Reduced NADPH 
oxidase activity also indirectly favors eNOS coupling by increasing vascular BH4 
bioavailability [35]. Such interactions between fat and the cardiovascular system are 
not unique to vessels and PVAT. In addition, we have described a similar cross-talk 
between PPAR-gamma/adiponectin axis in epicardial fat and AMP-kinase/Rac1–
regulated NADPH oxidase activity in human cardiomyocytes [25]. These findings 
suggest that the adipose tissue surrounding human vessels or cardiac muscle 
responds to signals received from these organs and activates local defense mecha-
nisms that regulate vascular redox state. Key messages in this cross-talk between 
PVAT and the vascular wall are products of lipid oxidation (e.g. 4-hydroxynonenal), 
natriuretic peptides [25, 33] and possibly other molecules too.

 PVAT Effects on Microvascular Function

The role of PVAT in regulating vascular tone has been demonstrated in both 
rodents and humans [36]. Ex-vivo vasomotor studies in animals have shown that 
PVAT secretome is rich in vasoactive molecules such as adipokines, chemokines, 
nitric oxide, hydrogen sulfide and palmitic acid methyl ester and other not yet 
identified substances such as the adipocyte–derived relaxing factor (ADRF) [37]. 
The vasodilatory effects of PVAT on resistance vessels is partly mediated by the 
voltage gated potassium channels of vascular smooth muscle cells (VSMC) [38]. 
This effect has been attributed to the secretion of ADRF, although it is not fully 
clarified whether ADRF constitutes a novel independent moiety or a combination 
of PVAT secreted products with known vasodilatory effects [21]. For example, 
adiponectin has well- documented beneficial effects on vascular NO bioavailabil-
ity via Akt- signaling (discussed also in the previous section) [8]. Furthermore 
hydrogen sulphide elicits vasodilatory effects on PVAT by opening the 
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KCNQ-type Kv and KATP channels in VSMC [39]. The regulation of vascular 
superoxide generation by PVAT-secreted adipokines could also indirectly affect 
vascular tone since redox- sensitive intracellular pathways are involved in calcium 
handling and relaxation [40]. Ghrelin secretion by PVAT is another moiety that 
enhances NO bioavailability by stimulating its production. This is supported by 
observations in endothelial cell cultures, showing that ghrelin directly activates 
endothelial NO synthase through the phosphatidylinositol 3-kinase pathway, 
without concurrently activating mitogen- activated protein kinase–dependent pro-
duction of endothelil-1 [41]. Adipose-tissue derived leptin may also be involved 
in the regulation of coronary microvascular function [32], although its exact role 
in vasomotor function is less well clear. For example, leptin at physiological con-
centrations activates the Akt-signaling cascade in endothelial cells, which in turn 
induces eNOS activity via phosphorylation at Ser1177, thereby leading to 
enhanced NO-dependent vasorelaxation [42]. On the other hand, leptin can also 
act in the brain to activate sympathetic nerve system, thereby leading to elevated 
blood pressure by inducing vasoconstriction and sodium retention [43]. Thus 
chronic hyperleptinemia causes sustained, unopposed activation of sympathetic 
nerve system, the result of which is arterial hypertension [44]. Apart from the 
endothelium and sympathetic nerve system, leptin also acts directly on VSMC to 
modulate vascular tone, by reducing calcium release [45]. As discussed next the 
anti-contractile effect of PVAT is abolished in disease states, such as metabolic 
syndrome, obesity, and arterial hypertension [46].

 PVAT Inflammation and Coronary Vasospasm

Vasospastic angina, which was previously referred to as Prinzmetal or variant 
angina, is a clinical entity characterized by episodes of rest angina that promptly 
respond to short-acting nitrates and are attributable to coronary artery vasospasm 
[47] more frequently observed in Caucasians and Asians [48]. The pathophysiology 
of vasospastic angina is not fully understood but may relate to endothelial and 
VSMC dysfunction, altered myocardial metabolic demand, autonomic nervous sys-
tem, and inflammation [49]. Recent evidence suggests that the hypercontractility of 
coronary VSMC is the major cause of vasospastic angina, whereas the role of endo-
thelial dysfunction is minimal [50]. The most important step leading to VSCM con-
traction is the phosphorylation of myosin’s light chain (MLC) by Ca2+/
calmodulin-activated MLC kinase (MLCK). Rho kinase regulates the receptor- 
mediated sensitization of the MLC phosphorylation and is involved in the GTP- 
enhanced Ca2+ sensitivity of VSMC contraction. Recent evidence demonstrates that 
pro-inflammatory cytokines released by PVAT could have a pivotal role in the 
pathophysiology of vasospastic angina [51]. Kandabashi et al. [52] demonstrated 
that the adventitial expression of interleukin-1b, an inflammatory cytokine, could 
cause coronary artery spasm of intact endothelium in a porcine model. In the same 
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study it was shown that, Rho-kinase was up regulated at the site of vasospasm and 
played a key role in inducing VSMC hypercontraction [52]. Ohyama et al. [53] have 
also demonstrated that PVAT inflammation as assessed by 18F-fluorodeoxyglucose 
(18FFDG) positron emission tomography/computed tomography (PET/CT) imaging 
is involved in in- vivo hypercontracting responses of the left anterior descending 
artery of pigs that had previously undergone stent implantation [53].

 PVAT Dysfunction in Obesity

Dysfunctional PVAT may have a pivotal role in mediating obesity-related vascular 
disease. Mice on a high fat diet for 2 weeks exhibited significant up-regulation of 
pro- inflammatory leptin and macrophage inflammatory protein (MIP)-1α and 
down- regulation of PPAR-γ/ adiponectin axis in PVAT [54]. Similar were the find-
ings of another study on mice on a high fat diet, which reported upregulation of the 
pro- inflammatory adipokines leptin, interleukin-6, TNF-α, and interferon-γ and 
reduction in the expression of interleukin−10 and adiponectin [55]. The temporal 
sequence of this events is not fully known. For example, it remains unclarified 
whether these changes are the result of vascular inflammation or a response of 
PVAT to excess energy intake and obesity development, subsequently inducing vas-
cular dysfunction.

Nonetheless, evidence suggests that adipocyte hypertrophy in obesity leads to 
tissue hypoxia via a reduction of capillary density and angiogenic capacity of PVAT 
[56], and these changes could initiate pro-inflammatory responses in PVAT. The 
hypoxic conditions favor the production of inflammatory chemokines and cyto-
kines, triggering the accumulation of macrophages and other immune cells (such as 
CD4+ and CD8+ T cells, natural killer T cells and mast cells) in adipose tissue that 
perpetuate the inflammatory process [57]. In this pro-inflammatory milieu and 
obesity- related adipose tissue dysfunction, resident adipose tissue macrophages 
change their polarization status from an M2 (anti-inflammatory) to an M1 (pro- 
inflammatory) phenotype [58]. Classically activated macrophages contribute to adi-
pose tissue inflammation and the expression of proinflammatory cytokines in 
obesity [59]. In human obesity, pericoronary adipose tissue contains a higher ratio 
of M1/M2 polarized macrophages compared to non-obese individuals [60]. On the 
other hand, it has been also shown that vascular wall inflammation elicits a pro- 
inflammatory phenotype in fat too. For example, endovascular wire-injury in rats 
leads to rapid pro-inflammatory alterations in PVAT [61]. Also, we have recently 
demonstrated that if human vessels pre-stimulated with angiotensin to induce 
release of pro-inflammatory cytokines are co-incubated with human adipocytes this 
leads to a loss of adipocyte differentiation and inhibition of intracellular lipid accu-
mulation [14]. These findings suggest that PVAT surrounding inflamed vessels 
quickly changes its phenotype towards one characterized by small adipocytes and 
low levels of intracellular lipid content.
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In obesity, local PVAT hypoxia as a result of adipocyte hypertrophy and adipose 
tissue inflammation may also abolish the protective anti-contractile properties of 
PVAT and favour vasoconstriction [10]. The molecular mechanisms responsible for 
the loss of PVAT vasodilatory properties in obesity include reduced NO bioavail-
ability. Decreased eNOS expression has been reported in the mesenteric PVAT of a 
rat obesity model [62]. In addition, PVAT dysfunction of mice fed a high fat diet 
results in lower NO bioavailability due to eNOS uncoupling and reduced eNOS 
phosphorylation at serine 1177 residue in murine mesenteric arteries [63]. Also, 
obesity-related vascular dysfunction leads to reduced adiponectin biosynthesis 
globally in adipose tissue [64], adversely affecting eNOS and NO bioavailability 
[65]. Changes in the secretion of vasoactive factors by PVAT could also underlie 
obesity-related vascular dysfunction. Gao et al. demonstrated that the anticontrac-
tile effect of PVAT was lost in an animal model of obesity despite higher amounts 
of perivascular fat [66]. Similarly, New Zealand obese (NZO) mice, which have a 
severe metabolic syndrome and a higher amount of perivascular fat with less potent 
anticontractile effects [66]. In these NZO mice, obesity-induced PVAT inflamma-
tion led to the loss of PVAT anticontractile properties, leading to increased vascular 
oxidative stress, the remodeling of hypertrophic resistance artery and endothelial 
dysfunction via eNOS uncoupling [67]. Studies in obese Ossabaw pigs have reported 
increased epicardial PVAT leptin via a PKC-beta dependent pathway [68], as well 
as an alteration of 186 proteins in the proteomic profile of coronary PVAT which are 
linked to pro-contractile effects via changes Ca2+ handling via Ca V1.2 channels, 
H2O2-sensitive K+ channels, and Rho-dependent signaling pathway in VSMCs [69].

 Perivascular Adipose Tissue and Coronary Artery Disease: 
Evidence from Clinical Studies

While there is ample evidence on the mechanisms of obesity-related PVAT dysfunc-
tion in animal studies, it remains less well-known whether PVAT dysfunction has 
any role in human microvascular disease or coronary epicardial atherosclerosis. The 
reason for this is that until recently we have been lacking proper tools to study 
human PVAT. However recent advances in the field of non-invasive imaging have 
provided insights into the association of coronary PVAT with human vascular 
disease.

 Epicardial Adipose Tissue as a Disease Marker

Initial evidence on this links between cardiac adiposity and human coronary artery 
disease was provided by studies assessing epicardial adiposity either by echocar-
diography (measured as epicardial fat pad thickness) or epicardial fat volume by CT 
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imaging. Epicardial fat thickness is reportedly increased in patients with CAD com-
pared to healthy controls, and in patients with unstable angina as compared to 
patients with stable angina or atypical chest pain [70]. Epicardial fat thickness has 
ben also associated with subclinical markers of atherosclerosis, such as increased 
carotid intima media thickness, carotid artery stiffness [71] and myocardial diastolic 
dysfunction [72]. In patients with CAD, echocardiographic epicardial fat thickness 
has been linked with coronary atherosclerosis burden as assessed by the Gensini 
score [73, 74]. Nonetheless this relationship between epicardial adiposity and CAD 
is not consistent in all studies [75, 76].

In autopsy studies epicardial adipose tissue weight is positively associated to 
myocardial mass in normal and hypertrophied hearts [75], while in clinical 
cohorts epicardial adiposity is associated with left ventricular mass and right 
ventricular chamber size [77], atrial enlargement [75] and inversely correlated 
with cardiac index [78]. In two large population-based cohorts, the Multi-Ethnic 
Study of Atherosclerosis and the Framingham Heart study, epicardial fat volume 
(measured as the sum of epicardial and pericardial adipose tissue) by CT imag-
ing was an independent predictor of cardiovascular disease development [6]. 
Despite these findings, the association between epicardial adiposity and cardio-
vascular disease may be U- or J-shaped. For example, advanced heart failure 
there is increased natriuretic-peptide mediated lipolytic signaling and epicardial 
fat mass regression and therefore low epicardial fat mass is a marker of advanced 
disease in these patients [79].

 Perivascular Adipose Tissue Imaging in Microvascular Angina

Given the ample evidence on the role of PVAT in vasomotor function, a recent study 
examined the role of PVAT inflammation in patients with vasospastic angina using 
18FFDG PET/CT. In this study, Ohyama et al. [13] prospectively examined 27 con-
secutive patients with vasospastic angina documented by acetylcholine-induced dif-
fuse spasm in the left anterior descending artery (LAD), and 13 subjects with 
suspected angina but without organic coronary lesions or coronary spasm. Using 
CCTA and 18FFDG PET imaging, coronary PVAT volume and coronary perivascular 
FDG uptake in the LAD were determined [13]. The study demonstrated that coro-
nary perivascular FDG uptake was significantly increased in patients with vasospas-
tic angina. Also, the extent of coronary PVAT volume and coronary perivascular 
FDG uptake were significantly increased in patients with vasospastic angina, sug-
gesting that PVAT inflammation and/or expansion are involved in the pathogenesis 
of vasospastic angina [13]. Interestingly, these inflammatory changes in PVAT (i.e. 
perivascular FDG uptake) were reduced after appropriate medical treatment [13]. 
The findings of this study have provided the first clinical evidence that the inflam-
mation of PVAT could be a major substrate for vasospastic angina development and 
can be altered with medical treatment.
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 Perivascular Adipose Tissue and Coronary Atherosclerosis

In contrary to epicardial fat, the imaging of PVAT is technically challenging. Initial 
studies in the field using manual contouring of epicardial adipose tissue in proxim-
ity with coronary vessels, demonstrated that PVAT volume is positively correlated 
with atherosclerotic plaque burden [11]. Another study co-registered information by 
CT imaging with data from invasive coronary angiography and intravascular ultra-
sound, which was used to identify fibrous plaque, lipid-rich plaque or normal coro-
naries. In a total of 60 coronary segments from 29 patients the mean CT attenuation 
of PVAT was significantly lower around normal compared to atherosclerotic coro-
nary segments. The authors concluded that differences in the subtypes or activity of 
PVAT could be linked with atherogenesis and plaque stability [80].

However in our recent translational studies [24, 25, 33] we have provided 
evidence that contrary to the traditional concept of PVAT as the cause of athero-
sclerosis, ‘inside-out’ signaling takes place too. Thus vascular inflammation 
leads to changes in PVAT, i.e. reduction in adipocyte size and intracellular lipid 
content [14]. This means a shift in the lipid:aqueous phase of PVAT which can 
be effectively tracked by CT imaging. To achieve this, we recently developed a 
new CTA-based methodology to quantify phenotypic changes in PVAT induced 
by vascular inflammation [14]. A novel imaging biomarker, the perivascular fat 
attenuation index (FAI), captures coronary inflammation by mapping spatial 
changes of perivascular fat attenuation on coronary CT angiography (CCTA). In 
that original study that included validation against tissue histology, gene expres-
sion and 18FFDG PET/CT, we demonstrated that perivascular FAI can be used as 
a biomarker of coronary inflammation [14]. The gradients of perivascular FAI 
were increased in patients with obstructive CAD compared to healthy controls. 
FAI was also independently, positively correlated with atherosclerotic plaque 
burden in the tracked coronary arteries, but not with coronary calcium, an index 
of plaque stability [14].

 Perivascular Adipose Tissue and Plaque Rupture

The links between PVAT and vascular biology suggest that the study of PVAT could 
be useful also in patients with acute coronary syndromes or to detect vulnerable 
plaques at risk for rupture. It is well known that visual CT imaging appearance of 
fat changes as the result of local inflammation (e.g. retroperitoneum or abdominal 
fat). A similar visual finding can be observed in pericoronary fat around dissected 
coronary segments. A recent study in patients with a first acute coronary syndrome 
that underwent CCTA also reported that the CT attenuation of PVAT was increased 
around culprit lesions compared with non-culprit lesions of patients with acute cor-
onary syndromes and the lesions of stable, matched controls [12].
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By using CCTA, we have recently demonstrated that perivascular FAI is increased 
around culprit lesions of ACS patients compared to either non-culprit lesions or 
previously stented, stable coronary lesions and had excellent diagnostic value for 
discriminating between stable and unstable plaques (AUC = 0.91, 95%CI: 0.80–
1.00) [14]. More importantly, perivascular FAI followed variations in coronary 
inflammation after the plaque rupture event and returned to baseline values within 
4–6 weeks after the acute coronary event.

The ability to noninvasively quantify coronary inflammation and identify vulner-
able coronary lesions by CCTA is an important step forward. Whilst 18FFDG-PET/CT 
is the gold-standard modality to assess vascular inflammation in-vivo, it cannot be 
used to study coronary inflammation given the noise by the high uptake of the radio-
tracer by the underlying myocardium. Others PET tracers such as 18NaF could be 
useful, but still PET imaging has limitations related to its clinical availability, high 
costs and radiation exposure. The method for FAI calculation and representative 
images of FAI mapping around stable and unstable plaques are provided in Fig. 6.3.

 Perivascular Adipose Tissue Imaging for Cardiovascular Risk 
Stratification

Following the development of FAI and its first clinical application, the predictive 
value of this biomarker has been recently investigated in two large clinical cohorts. 
The Cardiovascular RISk Prediction using Computed Tomography (CRISP-CT) 
study included the post-hoc analysis of outcome data gathered prospectively from 
two independent cohorts of consecutive patients undergoing coronary CTA in 
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Fig. 6.3 Example of perivascular Fat Attenuation Index (FAI) mapping of human coronaries for 
the detection of coronary inflammation by standard coronary CTA (a); representative examples of 
the appearance of culprit, non-culprit and stable lesions and classification accuracy of FAI (b). 
Reproduced with permission from Antonopoulos et al. [14]
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Erlangen, Germany (derivation cohort) and Cleveland, USA (validation cohort) 
[15]. Perivascular FAI from standard CTA was measured around all three major 
coronary arteries with the primary objective being to assess its predictive value for 
all-cause mortality and cardiac mortality (Fig. 6.4). In both cohorts, high FAI values 
in the perivascular fat of all three coronary vessels were strongly inter-related and 
associated with a significantly higher adjusted risk for all-cause and cardiac specific 
mortality [15]. Perivascular FAI around the right coronary artery was independently 
associated with a hazard ratio (HR) for cardiac mortality of 2.15 (95%CI: 1.33–
1.48; p = 0.0017) in the derivation cohort, and 2.06 (95%CI: 1.50–2.83, p < 0.0001) 
in the validation cohort. A cut-off of −70.1HU in perivascular FAI was associated 
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Fig. 6.4 Prognostic value of perivascular Fat Attenuation Index (FAI). Kaplan-Meier curves for 
cardiac mortality according to baseline FAI in the derivation (a) and validation cohort (b) from a 
total of 3912 individuals undergoing diagnostic coronary computed tomography angiography 
(CCTA) in the CRISP-CT study. Improvement in model’s performance by adding FAI on top of 
traditional risk factors, the extent of coronary atherosclerosis, calcium score and the presence of 
high-risk plaque features (c, d). Reproduced with permission from Oikonomou et al. [15]

6 The Role of Perivascular Adipose Tissue in Microvascular Function and Coronary…



90

with steep increase in cardiac mortality (HR  =  9.04, 95%CI: 3.35–24.40, 
p < 0.0001 in the derivation cohort and HR = 5.62, 95%CI: 2.90–10.88, p < 0.0001 in 
the validation cohort) [15]. CRISP-CT study used data from two large and diverse 
real-life prospective cohorts of patients undergoing clinically indicated coronary 
CTA provided first robust evidence that PVAT imaging by CTA can offers indepen-
dent predictive and risk discrimination information for future cardiac events. In 
total, our findings suggest that PVAT imaging could be a useful biomarker for the 
detection of vulnerable atherosclerotic plaques leading to acute coronary syndromes 
and offers complementary biological information to the traditional anatomical high- 
risk plaque features of CCTA (i.e. positive remodeling, napkin ring sign, low- 
attenuation plaque and spotty calcification).

 Conclusion

The role of perivascular adipose tissue (PVAT) in the regulation of vascular biology 
is now a well-established concept supported by ample evidence from animal and 
translational studies. Contrary to the traditional notion of PVAT as the cause of vas-
cular dysfunction we now appreciate that there is a bidirectional communication 
between PVAT and the vascular wall, playing a role in diverse aspects of vascular 
disease from endothelial dysfunction and vasospastic angina to atherosclerosis 
development and plaque rupture. Recent advances in the field of cardiovascular 
imaging allow detailed phenotyping of human coronary PVAT. Coronary CT angi-
ography imaging and use of perivascular Fat Attenuation Index has emerged as 
powerful noninvasive biomarker to characterize PVAT and risk stratify patients for 
the cardiovascular disease risk. Further research in the field is expected to show 
whether targeting of PVAT could be also used to prevent or modify the course of 
coronary artery disease.
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Chapter 7
Myocardial Infarction with  
Non- obstructive Coronary Artery Disease

Giampaolo Niccoli, Giancarla Scalone, and Filippo Crea

 Clinical Case

A 65 years old female patient with systolic hypertension, dyslipidemia, history of 
transient ischemic attack and diagnosis of Patent Foramen Ovale (PFO) subjected 
to a percutaneous closure procedure with Amplatzer device 1 year ago, was referred 
to our Hospital for No-ST segment elevation myocardial infarction (NSTEMI). The 
electrocardiogram (ECG) showed diffuse repolarization abnormalities (Fig.  7.1), 
and the peak of high sensible (HS) Troponine T was 0.168 ng/mL. Trans-thoracic 
echocardiogram revealed a slightly hypertrophic left ventricle (LV), with normal 
volumes and preserved global and regional function, and Amplatzer device local-
ized in the atrial septum. The contrast echocardiography did not show passage of 
microbubbles from the right to the left atrium both at rest and after the Valsalva 
maneuver, rulling out the hypothesis of acute myocardial infarction (AMI) caused 
by embolization. Coronary angiography did not point out the presence of significant 
coronary stenosis, while intra-coronary ergonovine administration (up to 50 μg) 
caused diffuse ST-segment depression at ECG and symptoms, in absence of epi-
cardic coronary spasm (Fig. 7.2, panel A and B). For this reason, the diagnosis of 
MI and non-obstructive coronary arteries (MINOCA) due to coronary microvas-
cular spasm (CMS) was done. The medical therapy was optimized with the add of 
calcium blockers and the patient was discharged without symptoms 7 day after. She 
remained asymptomatic until 4 years later, when she was admitted at our Hospital 
for sinus nodal disease and underwent to the procedure of pacemaker implantation.
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Fig. 7.1 ECG of the patient, showing a diffuse repolarization abnormalities

A B

Fig. 7.2 Coronary-angiography at baseline (panel A) and after ergonovine intra-coronary admin-
istration (up to 50 μg) (panel B)
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 Introduction

MINOCA is a syndrome with different causes, characterized by clinical evi-
dence of MI with normal or near-normal coronary arteries on angiography [1, 2] 
(Table 7.1). Data from large MI registries suggest a prevalence between 5% and 
25% [3], but the most recent study, in a contemporary cohort of patients, reported 
a prevalence of 8.8%, which appears to reflect daily clinical experience [4]. Of 
note, the prognosis of MINOCA is not as benign as reported by early cohort stud-
ies and as commonly assumed by physicians [4]. Moreover, a recent retrospective 
analysis of patients enrolled in the ACUITY trial showed that, compared with 
NSTEMI patients and obstructive coronary arteries disease (CAD), patients with 
MINOCA had a higher adjusted risk of mortality at 1 year, driven by a greater 
non-cardiac mortality [4]. Recently, compared to patients with obstructive CAD, 
those with MINOCA showed both physical and mental distress from 6 weeks to 
3 months after the acute event and, in some perspectives, even lower scores espe-
cially in the mental component of quality of life [5]. MINOCA patients represent 
a conundrum given the very many possible aetiologies and pathogenic mecha-
nisms associated with this syndrome [6]. For this reason, the key principle in the 
management of this syndrome is clarify the underlying individual mechanisms to 
achieve patient-specific treatments.

Clinical history, ECG, cardiac enzymes, echocardiography, coronary angiog-
raphy and left ventricular (LV) angiography, represent the first level diagnostic 
investigations to identify the causes of MINOCA.  In particular, regional wall 
motion abnormalities at LV angiography limited to a single epicardial coronary 
artery territory identify an “epicardial pattern”, whereas regional wall motion 
abnormalities extended beyond a single epicardial coronary artery territory 
identifiy a “microvascular pattern” [1]. In this context, the most common causes 
of MINOCA that the clinicians must consider are: coronary plaque disease, 
coronary dissection, coronary artery spasm (CAS), CMS, Takotsubo Syndrome 
(TTS), myocarditis, coronary thromboembolism, other forms of type-2 MI and 
MINOCA of uncertain aetiology [7] (Fig. 7.3 and Table 7.2).

Table 7.1 Diagnostic criteria for MINOCA

The diagnosis of MINOCA is made immediately upon coronary angiography in a patient 
presenting with features consistent with an AMI, as detailed by the following criteria:
Universal AMI criteria [13]
Non obstructive coronary arteries on angiography, defined as no coronary artery stenosis ≥50% 
in any potential IRA
No clinically overt specific cause for the acute presentation

AMI acute myocardial infarction, IRA infarct related artery, MINOCA myocardial infarction with-
out non obstructive coronary artery disease

7 Myocardial Infarction with Non-obstructive Coronary Artery Disease
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 Epicardial Causes of MINOCA

 Coronary Plaque Disease

Plaque rupture (PR) and erosion (PE) are comprised within type-1 AMI in the 
Universal Definition of MI, even when no thrombus can be found [8]. Of note, 
MINOCA comprises 5–20% of all type-1 AMI cases [7].

Two independent studies using intravascular ultrasound (IVUS) identified PR 
and PE in 40% of patients with MINOCA [7, 8]. Higher resolution intracoronary 
images, like optical coherence tomography (OCT), would likely show an even 
higher prevalence of PR and PE but this technique has not been routinely applied in 
controlled studies within the MINOCA population. Calcified nodule with thrombus 
has also been suggested as a cause of AMI on intracoronary imaging [9]. PR or PE 
may occur in areas of the vessel appearing normal on conventional angiography or 
presenting some degree of atherosclerosis, even if minimal.

LV angiography

Epicardial causes

Coronary
dissection

Coronary
Artery plaque

Clinical History, ECG, echocardiography and cardiac biomarkers

Coronary angiography

Normal or regional wall
motion abnormalities with

“epicardial pattern”

Microvascular causes

Normal or regional wall
motion abnormalities with
“microvascular pattern” 

Takotsubo
Syndrome

Myocarditis Coronary
embolism

CAS CMS

Fig. 7.3 Clinical history, ECG, cardiac enzymes, echocardiography, coronary angiography and 
left ventricular (LV) angiography, represent the first level diagnostic investigations to identify the 
causes of myocardial infarction without obstructive coronary artery obstruction (MINOCA). In 
particular, regional wall motion abnormalities at LV angiography limited to a single epicardial 
coronary artery territory identify an “epicardial pattern”, whereas regional wall motion abnormali-
ties extended beyond a single epicardial coronary artery territory identify a “microvascular pat-
tern”. The most common epicardial causes of MINOCA are represented by: coronary plaque 
disease, coronary dissection and coronary artery spasm (CAS). The principal microvascular causes 
of MINOCA are: coronary microvascular spasm (CMS), Takotsubo Syndrome, myocarditis, coro-
nary embolism
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Myonecrosis in MINOCA with PR and PE is mediated by thrombosis, throm-
boembolism, superimposed vasospasm, or a combination of these processes. 
The theory of spontaneous thrombolysis or autolysis of a coronary thrombosis 
has been proposed. Spontaneous thrombolysis is thought to be an endogenous 
protective mechanism against thrombus formation even in the presence of a PR 
[10]. In this context, cardiac magnetic resonance (CMR) imaging may show 
large areas of myocardial oedema with or without small areas of necrosis among 
patients with MINOCA and plaque disruption, suggesting that flow was compro-
mised transiently in a larger vessel. However, the theory that spontaneous coro-
nary thrombolysis rather than vasospasm leads to this appearance can neither 
be dismissed nor proved, and both may play a role. CMR imaging can shows a 
smaller, well-defined area of late gadolinium enhancement (LGE), subtended by 
a smaller vessel, suggesting that embolization of athero-thrombotic debris from 
the disruption site is the most likely mechanism of myonecrosis [11].

Thrombosis and/or thromboembolism almost certainly have a major role in 
pathogenesis of MINOCA with coronary plaque disease. Considering the limits 
of coronary angiography, the use of intra-vascular imaging (e.g. OCT and IVUS) 
seems mandatory.

Table 7.2 Diagnostic tests, therapeutic treatments stratified for specific causes of MINOCA

Mechanism Diagnosis Therapy

Epicardic causes
 –  Coronary artery 

disease
 –  Coronary 

dissection
 –  Coronary artery 

spasm

Intravascular imaging
Intravascular imaging
IC ergonovine or Ach test

PCI; anti-platelet therapy, statins, 
angiotensin-converting enzyme inhibitors/
angiotensin receptor blockers, β-blocker 
treatment
Conservative treatment (beta-blocker and 
single anti-platelet therapy)
Calcium antagonist, nitrates, Rho-kinasi 
inhibitors

Microvascular causes
 –  Microvascular 

coronary spasm
 –  Takotsubo 

syndrome
 –  PVB19 

myocarditis
 –  Coronary 

embolism

IC Ach test
Ventriculography, 
echocardiography with 
adenosine, CMR
CMR, EMB
TTE, TOE, Bubble contrast 
echography

Rho-kinasi inhibitors?
Heart failure treatment
Heart failure treatment
Trans-catheter device closure or surgical 
repair, anti-platelet therapy, 
anticoagulation

Miscellanea
 –  Myocardial 

infarction type 2
 –  Uncertain 

aetiology

Identification the condition 
underlying the oxygen 
supply-demand mismatch
Intra-vascular imaging, 
CMR

The condition underlying the oxygen 
supply–demand mismatch is to be 
reversed; aspirin and b-blockers
Aspirin, statins, calcium channel blockers

Ach acethilcoline, CMR cardiac magnetic resonance, EMB endomyocardial biopsy, IC intra- 
coronary, IVUS intravascular ultrasound, OCT optical coherence tomography, PCI percutane-
ous coronary intervention, TOE transesophageal echocardiography, TTE transthoracic 
echocardiography

7 Myocardial Infarction with Non-obstructive Coronary Artery Disease



100

From the prognostic point of view, the finding of PR on OCT was associated with 
major adverse cardiac events (MACEs) in a cohort of patients undergoing OCT for 
acute coronary syndrome (ACS) [1]. Overall, the risk of recurrent MI or death in 
MINOCA patients is about 2% up to 12 months [12, 13].

Dual antiplatelet therapy is recommended for 1 year followed by lifetime single 
antiplatelet therapy for patients with suspected or confirmed plaque disruption and 
MINOCA [14]. Because disruption occurs on a background of non-obstructive 
CAD, statin therapy is also recommended, even if only a minor degree of athero-
sclerosis is found.

 Coronary Dissection

Spontaneous coronary dissection (SCAD) typically causes an AMI via luminal 
obstruction, although this may not always be apparent on coronary angiography, 
prompting a diagnosis of MINOCA [14]. Intramural haematoma of the coronary 
arteries without intimal tear presents similarly. Intracoronary imaging is crucial in 
making this diagnosis [14].

Findings can be graded into three types: (1) the classic description is of a longitu-
dinal filling defect, representing the radiolucent intimal flap, there is often contrast 
staining of the arterial wall with appearance of a double lumen; (2) diffuse long 
smooth tubular lesions (due to intramural haematoma) with no visible dissection 
plane that can result in complete vessel occlusion, lesions are typically >30 mm in 
length with an abrupt change in vessel diameter between normal and diseased seg-
ments, there is no response to intracoronary nitrates and there are no atherosclerotic 
lesions in other coronary segments; (3) multiple focal tubular lesions due to intra-
mural haematoma that mimic atherosclerosis.

The condition is more common among women. Indeed, it is estimated to be 
responsible for up to 25% of all ACS cases in women<50 years of age [15]. The 
reasons for the occurrence of coronary dissection are still unclear. However, in the 
majority of cases when screening is performed, fibromuscular dysplasia is present 
in other vascular beds [16]. Changes in the intima-media composition due to hor-
mones, pregnancy and delivery have also been implicated. Regarding the prognosis, 
the in-hospital ad long-term survival has been shown to be excellent. However, the 
risk of recurrence of acute event has been reported to be high (27% at 5 years) [17]. 
At present, there is no effective treatment to reduce the long-term risk. A conser-
vative approach is advocated because coronary intervention and stenting tend to 
cause propagation of the dissection and outcomes are acceptable with medical man-
agement [18]. Despite the lack of evidence, beta-blockers and single antiplatelet 
therapy are considered a cornerstone of medical treatment.

Recently, the SCAD registry reported that most patients (84.3%) received con-
servative treatment, others underwent percutaneous coronary intervention (PCI) 
(14.1%) and a minority had coronary artery bypass surgery (0.7%). The in-hos-
pital major adverse event rate was 8.8%, including cardiac arrest (3.9%), cardio-
genic shock (2.0%), recurrent MI (4.0%) and unplanned revascularisation (2.5%). 
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Importantly, the 34 patients (4.5%) with peri-partum SCAD had higher in-hospital 
major adverse events. The incidence of MACE at one month was 8.8%, consist-
ing primarily of recurrent MI (6.1%), stroke/transient ischaemic attack (1.2%) and 
unplanned revascularisation (2.7%). Peri-partum SCAD and connective tissue dis-
order were independent predictors of 30-day MACE. Finally, acute in-hospital and 
one-month survival was good, with only one death (0.1%) reported [19].

 Coronary Artery Spasm

The prevalence of CAS ranges between 3 and 95% of MINOCA patients; this wide 
difference depends on the stimuli used to trigger spasm, definitions of spasm and 
ethnic reasons [11]. In particular, in a recent study, provocative tests were positive 
in 46% of patients with MINOCA [20].

CAS usually occurs at a localized segment of an epicardial artery, but sometimes 
involves 2 or more segments of the same (multifocal spasm) or of different (multi-
vessel spasm) coronary arteries, or may involve diffusely one or multiple coronary 
branches. CAS results from interaction of 2 components: (1) an usually localized, 
but sometimes diffuse, hyperreactivity of vascular smooth muscle cells (VSMCs), 
and (2) a transient vasoconstrictor stimulus acting on the hyperreactive VSMCs. The 
main cause of VSMCs hyperreactivity seems to be enhanced Rho kinase activity 
[7]. CAS can occur as vascular smooth muscle hyper-reactivity to endogenous vaso-
spastic substances (as in vasospastic angina) but may also occur in the context of 
exogenous vasospastic agents (e.g. cocaine or metamphetamines) [21]. Patients with 
CAS typically refer angina at rest, during the night or early in the morning, associ-
ated with a transient ST segment elevation. In absence of ECG documentation, the 
diagnosis is based on an intracororonary (IC) provocative test, whereas CAS is gen-
erally defined as reduction of at least 75% of the vessel caliber together with symp-
toms/signs of myocardial ischaemia [22]. The diagnostic test with IC ergonovine 
and Acetylcholine (Ach) have been shown to be safe and its positive result portends 
a worse prognosis with regard to both hard clinical endpoints (death from any cause, 
cardiac death, readmission for recurrent ACS) and quality of life (worse angina sta-
tus). The negative prognostic value of positive provocative tests seems mainly related 
to the induction of epicardial spasm. Accordingly, a calcium antagonist dose reduc-
tion or discontinuation was associated with mortality, supporting the crucial role 
of epicardial spasm in the occurrence of fatal events in our patients. While the IC 
egonovine test is a well standardized procedure, the provocative test with IC Ach is 
performed in different ways in different countries [22–24] (Table 7.3).

The prognosis is variable. Apart from multivessel CAS, other independent pre-
dictors of cardiovascular outcome emerged from studies on the Japanese popula-
tion: history of out-of-hospital cardiac arrest, smoking, angina at rest alone, organic 
coronary stenosis, ST-segment elevation during angina, and beta-blockers use [11, 
25]. However, it is difficult to extrapolate these findings to Caucasian populations; 
indeed, while the prevalence of CAS is higher in the Japanese population, its out-
come is better in the Caucasian population.
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Non-specific vasodilators such nitrates and calcium channel blockers constitute 
the standard treatment. In case of refractory vasospastic angina (ranging from 10% 
to 20% of cases), fasudil has been found effective in Japanese patients, although 
these positive findings cannot be directly extrapolated to Caucasian patients. In 
selected cases, stent implantation or partial sympathetic denervation [25] can be 
employed. Utilization of implantable cardiac defibrillators are needed in patients at 
high risk of spasm-related cardiac death.

 Microvascular Causes of MINOCA

 Coronary Microvascular Spasm

CMS is characterized by transient myocardial ischaemia, as indicated by ST seg-
ment changes and angina, in the presence of non-obstructive coronary arteries. It 
may be considered the unstable counterpart of chronic microvascular angina [26]. 
Previous studies showed that about 25% of patients with MINOCA have evidence 
of CMS [26]. The diagnosis can be made when ergonovine or Ach test reproduces 
the symptoms usually experienced by the patients and triggered ischemic ECG 
changes (i.e. ST-segment depression or ST segment elevation of ≥0.1 mV or T-wave 

Table 7.3 Protocols of intra-coronary provocative tests with achetilcoline

Author 
(year)

IC 
route Dosage

Administration 
modality

Mandatory 
pacing Sides effects

Sueda 
(2008) [22]

Yes 20, 50 and 
100 μg (LCA) 
or 20, 50 and 
80 μg (RCA) in 
5 mL NSa

Incremental doses 
over 20 s with at 
least a 3-min 
interval between 
each injection

Yes NsVT (1.1%). shock 
(0.3%), cardiac 
tamponade (0.1%), 
PAF (17.1%)

Ong (2014) 
[23]

Yes 2, 20, 100, and 
200 μg (LCA) 
or 80 μg 
(RCA)b

Incremental doses 
over 3 min

No/bailout PAF (0.1%), NsVT 
(0.1%), bradycardia 
(0.6%), catheter- 
induced spasm (0.1%)

Wei (2012) 
[24]

Yes 0.182, 1.82 and 
18.2 μg/mL in 
2 mL NSb

Incremental doses 
over 3 min

No/bailout CRT-SAEs: 0.2% (MI 
and coronary artery 
dissection)

c Yes 20, 50, 100 μg 
in 2 mL NSb

Incremental doses 
over 3 min

No/bailout Bradycardia (0.1%), 
NsVT (0.1%)

aAchetilcoline chloride (Neucholin-A, 30 mg/2 mL)
bAchetilcoline chloride (Miochol, 20 mg/2 mL)
cUnpublished data about IC Ach test protocol used in our Institute: a drug formulation employed 
for ocular disease is diluted as reported
Intracoronary nitrates are usually administered at the end of the protocol and a final coronary angi-
ography after nitrates is performed
Ach achetilcoline, CAS coronary artery spasm, CRT-SAEs coronary reactivity testing related seri-
ous adverse events, IC intra-coronary, LCA left coronary artery, MI myocardial infarction, NS 
normal solution, NsVT nonsustained ventricular tachycardia, PAF paroxysmal atrial fibrillation, 
RCA right coronary artery
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peaking in at least 2 contigous leads), in absence of epicardial spasm (>90% diam-
eter reduction) [26].

Although previous studies pointed out excellent results with regard to mortal-
ity, angina seems to persist (ranging about 36%) in many patients even on calcium 
channel blockers [27]. In this case, Fasudil may be considered a possible alternative 
treatment. Finally, Arrebola-Moreno and Crea proposed that CMS may be able to 
cause perfusion and contractile abnormalities and cardiac troponin elevations, and 
therefore to have the potential to lead to adverse clinical outcomes during long-term 
follow up [28, 29].

 Takotsubo Syndrome

TTS is estimated to represent approximately 1–3% of all and 5–6% of female 
patients presenting with suspected STEMI [30]. Recurrence rate of TTS is esti-
mated to be 1.8% per-patient year [31] About 90% of TTS patients have been 
shown to be women with a mean age of 67–70 years and around 80% are older than 
50 years. Women older than 55 years have a fivefold greater risk of developing TTS 
than women younger than 55 years and a tenfold greater risk than men. With grow-
ing awareness of TTS, male patients are diagnosed more often, especially after a 
physical triggering event [31]. Moreover, it has been reported that TTS seems to be 
uncommon in African–Americans and Hispanics while most of the cases reported in 
the United States have been Caucasians. Furthermore, patients of African- American 
descent seem to have more in-hospital complications such as respiratory failure, 
stroke and require more frequently mechanical ventilation compared to Caucasians 
and Hispanics [32]. With regard to ECG differences, it has been shown that QT pro-
longation as well as T-wave inversion are more often reported in African- American 
women with TTS [33]. Of note, regarding gender differences the TTS prevalence in 
men appears to be higher in Japan. The prevalence of TTS appears to be higher in 
patients with non-emotional triggers admitted to intensive care units. Moreover, it 
is likely that subclinical TTS cases remain undetected, especially in non-PCI [34].

TTS often presents as an ACS with ST segment changes. The transient nature of 
LV dysfunction has puzzled physicians worldwide. Clinical presentation is charac-
terized by acute, reversible heart failure associated with myocardial stunning, in the 
absence of occlusive CAD.

The revised Mayo clinic diagnostic criteria include: (1) transient hypokinesis, 
akinesis, or dyskinesis of the LV mid segments with or without apical involvement; 
the regional wall motion abnormalities extend beyond a single epicardial vascular 
distribution; a stressful trigger is often, but not always present. (2) The absence 
of obstructive CAD or angiographic evidence of acute plaque rupture (though it 
is recognized that obstructive CAD may pre-date the Takotsubo event in some 
cases). (3) New electrocardiographic abnormalities (either ST-segment elevation 
and/or T-wave inversion) or modest elevation in cardiac troponin. (4) The absence 
of pheochromocytoma and myocarditis [35]. The Mayo Clinic Diagnostic Criteria 
are the most widely known, but exceptions to the rule [e.g. the presence of CAD] 
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are poorly appreciated among physicians and cardiologists. More recently, other 
research groups have proposed slightly different criteria for TTS, i.e. the Japanese 
Guidelines, the Gothenburg criteria, the Johns Hopkins criteria, the Tako-tsubo 
Italian Network proposal, the criteria of the Heart Failure Association (HFA) TTS 
Taskforce of the European Society of Cardiology (ESC), as well as the criteria rec-
ommended by Madias [35]. Thus, there is a lack of a worldwide consensus. Based 
on current knowledge, new international diagnostic criteria (InterTAK Diagnostic 
Criteria, Table 7.4) have been recently developed for the diagnosis of TTS that may 
help to improve identification and stratification of TTS [36].

The pathophysiological mechanisms responsible for TTS are complex and may 
vary between patients. Although several mechanisms have been proposed (e.g. mul-
tivessel epicardial spasm, catecholamine-induced myocardial stunning, spontane-
ous coronary thrombus lysis, and acute microvascular spasm) the causes still remain 
debated. A previous study demonstrated that, irrespectively of its etiology, reversible 
coronary microvascular dysfunction is a common pathophysiological  determinant 
of TTS [37]. Indeed, the extent of myocardial hypoperfusion at myocardial contrast 
echocardiography (MCE) was similar in patients with TTS and in patients with ST 
elevation MI, whereas a transient significant improvement of myocardial perfusion 
and of LV function during adenosine infusion was observed in the former only.

Left ventriculography after documentation of MINOCA allows the diagnosis of 
TTS. Although several anatomical TTS variants have been described, four major 
types can be differentiated based on the distribution of regional wall motion abnor-

Table 7.4 International Takotsubo diagnostic criteria (InterTAK diagnostic criteria)

1.  Patients show transienta left ventricular dysfunction (hypokinesia, akinesia, or dyskinesia) 
presenting as apical ballooning or midventricular, basal, or focal wall motion abnormalities. 
Right ventricular involvement can be present. Besides these regional wall motion patterns, 
transitions between all types can exist. The regional wall motion abnormality usually 
extends beyond a single epicardial vascular distribution; however, rare cases can exist where 
the regional wall motion abnormality is present in the subtended myocardial territory of a 
single coronary artery (focal TTS)b

2.  An emotional, physical, or combined trigger can precede the Takotsubo syndrome event, but 
this is not obligatory

3.  An emotional, physical, or combined trigger can precede the Takotsubo syndrome event, but 
this is not obligatory

4.  New ECG abnormalities are present (ST-segment elevation, ST-segment depression, T-wave 
inversion, and QTc prolongation); however, rare cases exist without any ECG changes

5.  Levels of cardiac biomarkers (troponin and creatine kinase) are moderately elevated in most 
cases; significant elevation of brain natriuretic peptide is common

6.  Significant coronary artery disease is not a contradiction in Takotsubo syndrome
7.  Patients have no evidence of infectious myocarditis
8.  Postmenopausal women are predominantly affected

aWall motion abnormalities may remain for a prolonged period of time or documentation of recov-
ery may not be possible. For example, death before evidence of recovery is captured
bCardiac magnetic resonance imaging is recommended to exclude infectious myocarditis and diag-
nosis confirmation of Takotsubo syndrome
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malities (Fig. 7.4) [38]. The most common TTS type and widely recognized form 
is the (1) apical ballooning type, also known as the typical TTS form, which occurs 
in the majority of cases [38]. Over the past years, atypical TTS types have been 
increasingly recognized [38]. These include the (2) midventricular, (3) basal, and 
(4) focal wall motion patterns. Recently, it has been demonstrated that patients suf-
fering from atypical TTS have a different clinical phenotype [38]. These patients are 
younger, more often with neurologic comorbidities, lower brain natriuretic peptide 
values, a less impaired LVEF, and more frequent ST-segment depression compared 

1) Apical type

A B

2) Midventricular type

3) Basal type

4) Focal type

Fig. 7.4 The four different types of Takotsubo Syndrome during diastole (panel A) and systole 
(panel B): apical, midventricular, basal, and focal wall motion patterns
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to typical TTS [38]. In-hospital complication rate is similar between typical and 
atypical types, while 1-year mortality is higher in typical TTS [38]. After adjustment 
for confounders, LVEF <45%, atrial fibrillation, neurologic disorders but not TTS 
phenotype were independent predictors of death. Beyond 1-year, long-term mortal-
ity is similar in typical and atypical TTS phenotypes, therefore, patients should be 
equally monitored and treated [38]. The basal phenotype has been reported to be 
associated with the presence of pheochromocytoma, epinephrine-induced TTS or 
subarachnoid haemorrhage consequently, these conditions should be considered in 
this particular setting [39]. Besides the four major TTS types, other morphologi-
cal variants have been described including the biventricular (apical type and right 
ventricular involvement), isolated right ventricular, and global form [40]. Global 
hypokinesia as a manifestation of TTS is difficult to prove, given the very broad 
differential diagnoses including conditions such as tachycardia-induced cardiomy-
opathy. Right ventricular involvement is present in about one-third of TTS patients 
and may be a predictor for worse outcome [41]. The true prevalence of the isolated 
right ventricular form is unknown since little attention is paid to the right ventricle 
in daily clinical echo routine. Patients with recurrent TTS can demonstrate different 
wall motion patterns at each event suggesting that LV adrenergic receptor distribu-
tion does not explain different TTS types.

MCE with adenosine may confirm the diagnosis by showing reversible coronary 
microvascular constriction [42]. CMR with contrast medium shows the typical LV 
dysfunction associated with a hyperintense signal on T2 sequences without detect-
able myocardial necrosis after gadolinium administration [43].

Finally, F-18 fluorodeoxyglucose positron emission is providing encouraging 
results in the diagnosis of TTS [44].

Although TTS is generally considered a benign disease, contemporary observa-
tions show that rates of cardiogenic shock and death are comparable to ACS patients 
treated according to current guidelines.

While TTS is a reversible condition, hemodynamic and electrical instability dur-
ing the acute phase expose patients to the risk of serious adverse in-hospital events 
which occur in approximately one-fifth of TTS patients. This substantial incidence 
of life-threatening complications requires close monitoring and early interven-
tion in unstable TTS patients with risk stratification at diagnosis allowing triage 
to appropriate care. Parameters predicting adverse in-hospital outcome include: 
physical trigger, acute neurologic or psychiatric diseases, initial troponin >10 upper 
reference limit, and admission LVEF <45%. Furthermore, male patients have an up 
to three-fold increased rate of death and major adverse cardiac and cerebrovascular 
events (MACCE) and more often had an underlying critical illness, further con-
tributing to the higher mortality [45]. Sobue et al. [46] demonstrated that physical 
triggers and male gender represent independent risk factors of in-hospital mortal-
ity in TTS. Data from the Tokyo Coronary Care Unit Network revealed that high 
values of BNP and white blood cell counts were also linked to higher rates of in-
hospital complications [47]. Complications included cardiac death, pump failure 
(Killip grade ≥II), sustained ventricular tachycardia or ventricular fibrillation, and 
advanced atrio ventricular block. In the study by Takashio et al. [48] the magnitude 
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and extent of ST-segment elevation with ECG were found to be independent predic-
tors of in- hospital adverse events. However, those findings were not confirmed by 
others. Common in-hospital complications include cardiac arrhythmias, left ventric-
ular outflow tract obstruction (LVOTO), cardiogenic shock, ventricular thrombus, 
pulmonary oedema, ventricular septal defect, and free wall rupture. In addition, to 
the demographic parameter of age ≥75, echocardiographic parameters that predict 
adverse in-hospital outcome (acute heart failure, cardiogenic shock, and in-hospital 
mortality) include LVEF, E/e’ ratio, and reversible moderate to severe mitral regur-
gitation (MR). However, only reversible moderate to severe MR was an independent 
predictor when considering cardiogenic shock and death as the composite outcome 
in this study, in addition to heart rate [49]. Moreover, it has been demonstrated that 
high heart rate and low systolic blood pressure are associated with increased mortal-
ity in TTS [50]. Along with the Charlson comorbidity index and systolic pulmonary 
artery pressure, right ventricular involvement is an independent predictor of acute 
heart failure and of a composite endpoint including adverse events, such as acute 
heart failure, cardiogenic shock, and in-hospital mortality [50].

Data on long-term survival are scarce. In 2007, Elesber et al. [51] reported that 
long-term mortality did not differ between a TTS population and an age-, gender-, 
birth-, year-, and race-matched population.

While Sharkey et  al. [52] found that all-cause mortality during follow up 
exceeded a matched general population with most deaths occurring in the first year. 
More recently, it has been reported that long-term mortality of patients with TTS is 
similar to patients with CAD [53]. TTS patient data from the Swedish Angiography 
and Angioplasty Registry (SCAAR) from 2009 to 2013 were compared to data from 
patients with and without CAD, and demonstrated that mortality rates for TTS were 
worse than in patients without CAD and comparable to those of patients with CAD 
[54]. In the largest TTS registry to date, death rates are estimated to be 5.6% and 
rate of MACCE 9.9% per-patient year, suggesting that TTS is not a benign disease. 
A recent study found that patients with the typical TTS type have a comparable 
outcome to patients presenting with the atypical type even after adjustment for con-
founders, suggesting that both patient groups should be equally monitored in the 
long-term [38]. On the other hand, 1-year mortality differs between the two groups, 
as it is driven by clinical factors including atrial fibrillation, LVEF on admission 
<45%, and neurologic disorders, rather than by TTS type [38]. In a smaller study, 
predictive factors of long-term mortality in TTS were male sex, Killip class III/IV, 
and diabetes mellitus [54].

The prognostic role of diabetes mellitus is controversial, as it is postulated that it 
may exert a protective effect in TTS, given that the prevalence of diabetes mellitus 
in TTS is lower than expected for an age and sex-matched population.

Patients who survive the initial event have a second event in approximately 5% 
of cases, mostly occurring 3 weeks to 3.8 years after the first event. Recurrent TTS 
afflicts men and women and may occur at any age including in childhood [36].

Some have postulated that an index TTS event may protect the affected LV 
regions from recurrent involvement through a mechanism akin to ischaemic ‘pre- 
conditioning’ [38]. However, detailed review of published cases and clinical experi-
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ence suggest that there are frequent examples of recurrence in which the ballooning 
pattern is similar between episodes, thereby making this hypothesis unlikely.

Guidelines regarding TTS management are lacking as no prospective random-
ized clinical trials have been performed in this patient population. Therapeutic strat-
egies are therefore based on clinical experience and expert consensus (evidence 
level C).

As TTS is clinically difficult to distinguish from ACS, upon first presentation 
patients should be transferred to a cardiology unit with imaging capabilities and a 
cardiac catheterization laboratory and receive guideline based treatment of ACS [38] 
in particular aspirin, heparin, and if required morphine and oxygen. Patients with 
cardiogenic shock or post cardiac arrest require intensive care. Electrocardiogram 
monitoring is essential as a prolonged QT-interval may trigger malignant ventricu-
lar arrhythmias (torsades de pointes) and AV-block may occur.

Takotsubo syndrome patients with cardiogenic shock, in particular those with 
apical ballooning should be promptly evaluated for the presence of LVOTO, which 
occurs in about 20% of cases. This should be performed during angiography with LV 
pressure recording during careful retraction of the pigtail catheter from the LV apex 
beyond the aortic valve. Similarly, a pressure gradient can be detected and quanti-
fied using Doppler echocardiography using continuous wave Doppler. Particularly, 
when using catecholamines serial Doppler studies should be considered to detect 
an evolving pressure gradient. In TTS patients treated with catecholamine drugs a 
20% mortality has been reported; although this may represent a selection bias due 
to the initial presentation of the patients. Recently, it has been suggested that the 
Ca2þ-sensitizer levosimendan could be used safely and effectively in TTS as an 
alternative inotrope to catecholamine agents [38]. Furthermore, beta-blockers may 
improve LVOTO, but are contraindicated in acute and severe heart failure with low 
LVEF, hypotension, and in those with bradycardia. Although evidence is unproven, 
TTS patients with LVOTO may benefit from the If channel inhibitor ivabradine. As 
catecholamine levels are elevated in TTS, beta-blockers seem to be reasonable until 
full recovery of LVEF, but trials supporting this hypothesis are lacking. Animal 
experiments have shown that apical ballooning is attenuated after administration 
of drugs with both alpha and beta-adrenoceptor blocking properties. In an animal 
model, intravenous metoprolol improved epinephrine- induced apical ballooning 
[55]. However, due to the potential risk of pause- dependent torsades de pointes, 
beta-blockers should be used cautiously, especially in patients with bradycardia and 
QTc >500 ms. Angiotensinconverting-enzyme inhibitors (ACEi) or angiotensin II 
receptor blockers (ARB) may potentially facilitate LV recovery. Diuretics are rec-
ommended in patients with pulmonary oedema. In addition, nitroglycerin is useful 
to reduce LV and right ventricular filling pressures and afterload in the case of 
acute heart failure; however, the administration of nitroglycerin in the presence of 
LVOTO has been found to worsen the pressure gradient and therefore should be 
avoided in this scenario.

QT-interval prolonging drugs should be used cautiously in the acute phase 
because of the risk to induce torsades de pointes or ventricular tachycardia and 
fibrillation. Severe LV dysfunction with extended apical ballooning entails the risk 
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of an LV thrombus and subsequent systemic embolism. Although evidence is lack-
ing, anticoagulation with intravenous/subcutaneous heparin would appear to be 
appropriate in such patients and post-discharge oral anticoagulation or antiplatelet 
therapy may be considered on an individual, per-patient basis. As LV dysfunction 
and ECG abnormalities are reversible, an implantable cardioverter defibrillator for 
primary or secondary prevention is of uncertain value in TTS patients experiencing 
malignant ventricular arrhythmias.

In case of excessive prolongation of the QT interval or life-threatening ventricu-
lar arrhythmias a wearable defibrillator could be considered [38]. The residual risk 
of malignant arrhythmic events after recovery from TTS is unknown. A temporary 
trans-venous pacemaker is appropriate for those with haemodynamically significant 
bradycardia.

The use of ACEi or ARB was associated with improved survival at 1-year follow-
 up even after propensity matching. In contrast, there was no evidence of any sur-
vival benefit for the use of beta-blockers.

Moreover, one-third of patients experienced a TTS recurrence during beta- 
blockade suggesting that other receptors such as alpha-receptors, that are more 
prevalent in the coronary microcirculation, might be involved.

The prevalence of recurrent TTS is relatively low, consequently conducting ran-
domised trials of pharmacological agents to prevent recurrence is challenging. Beta- 
blocker therapy after hospital discharge does not appear to prevent recurrence [31], 
whereas ACEi or ARB are associated with a lower prevalence of recurrence. The 
significance of this observation remains uncertain and requires validation in other 
cohorts.

If concomitant coronary atherosclerosis is present, aspirin and statins are appro-
priate. As TTS mainly occurs in postmenopausal women, oestrogen supplementa-
tion in those with recurrence is questionable.

 Myocarditis

Myocarditis has a variable presentation including an ACS-like presentation in 
the presence/absence of ventricular dysfunction and without obstructive CAD. In 
patients with a classical myocarditis presentation, the specific diagnosis of myo-
carditis should be made before or at coronary angiography, but in many cases the 
diagnosis will not be clinically apparent and the working diagnosis of MINOCA 
should be made until specific testing is performed.

The prevalence of myocarditis among patients with a clinical diagnosis of 
MINOCA varies based on the populations studied, with a prevalence of 33% in a 
recent meta-analysis [56]. The most common cause of biopsy-proven myocarditis 
is viral infection, confirmed with polymerase chain reaction (PCR) assay of the 
pathogen DNA/RNA on endomyocardial biopsy (EMB). Adenoviruses, parvovirus 
B19 (PVB19), human herpesvirus 6 and Coxsackie virus are considered the most 
common causes of viral myocarditis [57]. Previous studies suggested that the clini-
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cal presentation is related to the type of virus [57]. In particular, PVB19 myocarditis 
may mimick MINOCA.

Endothelial cells represent PVB19-specific targets in PVB19-associated myo-
carditis, probably through blood group P antigen [58]. Thus, symptoms of chest 
pain and ST segment elevation at ECG in patients with viral myocarditis but no 
obstructive CAD, may be caused by intense coronary microvascular constriction, 
as a result of myocardial inflammation and/or PVB19 infection of vascular endo-
thelial cells and microvascular dysfunction. Accordingly, Yilmaz et al. [58] dem-
onstrated that, after administration of Ach, patients with myocarditis mimicking 
MINOCA showed a CAS at the distal segment of epicardial vessel, with probable 
extension at the microvascular level. In conclusion, the infection of coronary endo-
thelial cells with PVB19 may cause a kind of “coronary vasculitis” which may 
constitute a major determinant of the clinical course and the myocardial spread of 
inflammation.

Other causes of myocarditis are immunomediated diseases, endocrine diseases, 
drugs and toxins [59].

Autoimmune myocarditis may occur with exclusive cardiac involvement or in 
the context of systemic autoimmune disorders, e.g. systemic lupus erythematosus 
and is infection-negative by PCR on EMB [59].

The initial investigation of suspected myocarditis should include CMR imag-
ing. Although this non-invasive investigation compares favourably with the gold- 
standard technique of EMB [60], only EMB provides the opportunity of identifying 
the underlying cause for the myocarditis. CMR has been reported to detect 79% 
of EMB-confirmed myocarditis [61]. Furthermore, in the new ESC guidelines 
on Pericardial disease CMR is recommended for the confirmation of myocardial 
involvement (myocarditis) as a Class I recommendation [61].

The importance of diagnosing myocarditis in patients with MINOCA relates to 
its prognosis and treatment. Myocarditis resolve over a 2–4 weeks period in 50% 
of patients, but 12–25% may acutely deteriorate and either succumb to fulminant 
heart failure or progress onto end-stage dilated cardiomyopathy requiring heart 
transplantation [62]. Giant cell myocarditis is particularly associated with a poor 
prognosis [62]. Thus patients with myocarditis may require intravenous inotropic 
agents and/or mechanical circulatory support as a bridge to recovery or trans-
plantation, and do not require anti-ischaemic therapies utilized in other causes of 
MINOCA.

The diagnosis of biopsy-proven infection-negative myocarditis is the basis for 
safe immunosuppression, that is indicated in specific autoimmune forms, such as 
in giant cell myocarditis, which is associated with a poor prognosis, cardiac sar-
coidosis, eosinophilic myocarditis, as well as in lymphocitic forms refractory to 
standard therapy [62]. EMB also provides differential diagnosis with other causes 
of MINOCA, including Takotsubo cardiomyopathy.

Treatment of myocarditis mimicking MI and characterized by LV dysfunction is 
based on the use of beta-blockers and ACEI. In the last years, many trials have been 
designed in order to detect further therapeutic approach, with controversial results. 
A recent study demonstrated that, in the enteroviral and adenoviral myocarditis 
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characterized by LV dysfunction, virus clearance obtained with the interferon-beta 
administration, seems be associated with a more favourable prognosis compared 
to those with virus persistence [63]. Actually, there are no effective treatments for 
PVB19 myocarditis.

 Coronary Thromboembolism

Coronary embolism is included in microvascular causes of MINOCA as it usu-
ally involves microcirculation, although an angiographically visible emboliza-
tion of epicardial coronary artery branches may occur. Of note, in this latter 
case, the coronary arteries are obviously not normal due to the evidence of 
either an abrupt vessel stump or thrombotic material inside epicardial coronary 
artery. Coronary thrombosis may arise from hereditary or acquired thrombotic 
disorders and coronary emboli may occur from coronary or systemic arterial 
thrombi.

Hereditary thrombophilia disorders include Factor V Leiden thrombophilia, 
Protein S and C deficiencies. Thrombophilia screening studies in patients with 
MINOCA have reported a 14% prevalence of these inherited disorders [64]. 
Acquired thrombophilia disorders should also be considered such as the antiphos-
pholipid syndrome and myeloproliferative disorders, although these have not been 
systematically investigated in MINOCA.

Paradoxical embolism due to right-left shunts might be a rare cause of 
MINOCA.  It can be related to a patent foramen ovale (PFO), a large atrial sep-
tal defect or a coronary arteriovenous fistula [65]. Of note, paradoxical embolism 
has been described relatively often as cause of systemic embolization, especially 
for cryptogenic stroke [65]. Coronary emboli may also occur in the context of the 
above thrombophilia disorders or other predisposing hypercoagulable states such as 
atrial fibrillation and valvular heart disease. Emboli may arise from non-thrombotic 
sources also including valvular vegetations, cardiac tumours (e.g. myxoma and pap-
illary fibroelastoma), calcified valves, and iatrogenic air emboli.

The criteria for paradoxical embolism diagnosis include: evidence of arte-
rial embolism in absence of a source in the left heart, source of embolism in the 
venous system, and communication between venous and arterial circulation [65]. 
Transthoracic, transesophageal, and bubble contrast- echocardiography are the 
cornerstone methods for detection of cardiac sources of embolism as causes of 
MINOCA.  Moreover, Wöhrle et  al. [66] demonstrated subclinical MI in 10.8% 
of patients with PFO undergoing CMR after a first cryptogenic cerebral ischemic 
event. Importantly, in patients in whom paradoxical embolism is suspected, coro-
nary angiography needs to be carefully analyzed for the identification of amputation 
of distal coronary branches. Finally, left-side origin of coronary embolism should 
be also excluded.

Prognostic data of patients with paroxysmal embolism and MINOCA derive 
mostly from case reports and is mainly determined by the underlying cause which 
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needs to be carefully identified as well as for cases caused by thrombus formation 
on left-side structures.

The standard treatment remains individualized and mostly focused on multi-
ple factors including patient characteristics, time of presentation, and presence 
or absence of other embolic sites. Regarding atrial septal defect, paroxysmal 
embolism requires trans-catheter device closure or surgical repair [67, 68]. 
The options for secondary prevention of PFO induced cryptogenic embolism 
consist in the administration of antithrombotic medications or in percutaneous 
closure [67, 68]. Of note, the last studies showed that, among patients who had 
had a recent cryptogenic stroke attributed to PFO, the rate of stroke recurrence 
was lower among those assigned to PFO closure combined with antiplatelet 
therapy than among those assigned to antiplatelet therapy alone. However, PFO 
closure was associated with higher rates of device complications and atrial 
fibrillation [68].

Anticoagulant therapy may finally be appropriate for the prevention of embolic 
events in left-side origin coronary embolism.

 Miscellanea

 Other Forms of Type-2 MI

Type 2 AMI is defined as myocardial cell necrosis due to supply–demand mismatch, 
characterized by significant increase and/or decrease in troponins with at least one 
value above the 99th percentile of a normal reference population in the absence 
of evidence for coronary plaque rupture in addition to at least one of the other 
criteria for AMI [8]. Among patients with non-obstructive CAD, a profound sup-
ply–demand mismatch should be present to consider type-2 AMI. Therapeutically, 
the condition underlying the oxygen supply–demand mismatch is to be reversed 
if possible. Furthermore, aspirin and b-blockers may be useful and application of 
specific secondary prevention measures must be considered in the context of the 
specific insult.

 MINOCA with Uncertain Aetiology

CMR imaging is a useful tool in MINOCA patients because it provides insights into 
potential causes and confirmation of the diagnosis of AMI. In particular, the pres-
ence and pattern of any LGE may point towards a vascular or non-vascular cause. 
However, 8–67% of patients with MINOCA have no evidence of LGE, myocardial 
oedema, or wall motion abnormalities on CMR [69].

A possible explanation could be that some patients with normal CMR may have 
too little myonecrosis to be detected. Alternatively, the normal CMR appearance 
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might be the result of a broader spatial distribution of myonecrosis. That is, necrotic 
myocytes may be distributed over a larger area with no contiguous island of cell 
death of sufficient size to be detected by LGE imaging.

When CMR is normal and diagnostic evaluation as recommended herein does not 
reveal the mechanism of AMI, there is a diagnostic and therapeutic dilemma for clini-
cians. From first principles, vasospastic angina, coronary plaque disease, or throm-
boembolism may all potentially cause MINOCA with normal CMR imaging. In a 
series of patients with MINOCA who underwent both CMR and IVUS imaging, a 
subset of those with plaque disruption had a normal CMR (25%). If intracoronary 
imaging had not been performed during cardiac catheterization, this diagnosis would 
have been missed. Furthermore, MINOCA studies undertaking provocative spasm 
testing or assessing microvascular dysfunction have not routinely performed before 
CMR. However, epicardial CAS may produce transient trans-mural myocardial isch-
aemia that is associated with a small troponin rise [70]. An alternative consideration is 
that the troponin rise is due to other causes such as pulmonary embolism or myocarditis.

Regarding the treatment, aspirin, statins and, in cases of vasospasm, calcium 
channel blockers as routine treatments could be proposed, since these would be of 
benefit for the potential underlying mechanisms of coronary plaque disease, coro-
nary spasm, and thromboembolism.

 Conclusions

MINOCA patients represent a conundrum given the very many possible aetiologies 
and pathogenic mechanisms associated with this syndrome. Clarify the underlying 
individual mechanisms is crucial to achieve patient-specific treatments.
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Chapter 8
Role of Coronary Microcirculation 
in No-Reflow Phenomenon in Myocardial 
Infarction with ST Segment Elevation

Z. Vasiljevic-Pokrajcic, D. Trifunovic, G. Krljanac, and M. Zdravkovic

 Case Presentation

A 45 years old male, heavy smoker, with BMI 24.2 kg/m2, mild untreated hyperten-
sion, presented to the emergency department 4 h after initial chest pain, with signifi-
cant ST segment elevation in anterior (anterolateral) leads consistent with acute 
myocardial infarction with ST segment elevation (STEMI) (Fig. 8.1). The greatest 
elevation of 11 mm was in V3 lead. He was given aspirin 300 mg po, clopidogrel 
600 mg po and immediately referred to cath lab. Angiography revealed thrombotic 
occlusion of the proximal LAD and TIMI flow 0 (Fig. 8.2) with 70–90% stenosis of 
the right posterolateral branch and stenosis <50% in OM2.

Balloon predilatation of the culprit infarct lesion in the proximal LAD was done 
with 3.5 × 15 mm balloon at 8 ATM for 30 s, no indentation of the balloon was noted 
during the balloon inflation, and one bare metal stent (4.5 × 24 mm) was implanted 
on 18 ATM. However, a significant thrombus occurred on the distal edge of the 
stent. Accordingly, thrombus aspiration was done, 2 i.c. boluses of Tirofiban were 
given and the final result was optimized with in-stent postdilatation using 
4.5 × 24 mm balloon, inflated on 14 ATM for 40  s. The final TIMI flow was 2 
(Fig. 8.3). Immediately after pPCI transthoracic Doppler echocardiography revealed 
altered pattern of coronary flow through distal LAD: early systolic retrograde flow 
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Fig. 8.1 ECG on admission: significant ST segment elevation in V1–V5, the greatest in V3
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(A) followed by low velocity anterograde systolic flow (B) and in diastole initial 
very short high velocity flow with steep deceleration (C) followed by the low flow 
velocity through the rest of diastole (D) (Fig. 8.4). This pattern was consistent with 
low flow/no-reflow. Echocardiography also revealed reduced left ventricular ejec-
tion fraction (LV EF) of 40% with akinesia of the medial and apical segments of 
septum, anterior wall and LV apex (Fig. 8.4). Patient was hemodynamically stable, 
tirofiban infusion was continued and he was back to the CCU. Control ECG after 
primary PCI revealed persistence of ST segment elevation with 36% reduction of 
ST segment elevation in V3 lead (from 11 mm to 4 mm) (Fig. 8.5).

Fig. 8.2 Angiography 
revealed thrombotic 
occlusion of the proximal 
LAD and TIMI flow 0

Fig. 8.3 Final angiography with stented LAD, slow-flow in LAD (TIMI flow 2)
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SystoleDiastole

Fig. 8.4 Coronary flow and LV kinetics immediately after pPCI
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On the second day after pPCI coronary flow reserve (CFR) assessed by transtho-
racic Doppler echocardiography and adenosine as a stressor, was impaired (1.60), 
as well as LV EF (38%) with extensive akinesia encompassing LV apex, medial and 
apical segments of the septum and anterior wall, and apical segment of the lateral 
wall (Fig. 8.6). One-month after the pPCI mild LV enlargement with EF of 38% was 
noted by echo. By that time LAD CFR was 1.55. SPECT viability study confirmed 
enlarged LV (EDV 223 mL, ESV 148 mL) with impaired EF of 34%, large perfu-
sion defect of 60% of the LV myocardium and Summed Rest Score of 42. Nonviable 
were LV apex, apical segments of anterior wall and septum, medial segments of 
septum had borderline viability, as well as basal segment of anterior wall (Fig. 8.7). 
By that time, patient was NYHA functional class II.

Five months after initial STEMI, patient suffered re-infarction due to in-stent 
thrombosis, and POBA for LAD in-stent thrombosis was done. However, 1 year 

Fig. 8.5 ECG after the pPCI revealed persistence of ST segment elevation and resolution of the 
greatest ST segment elevation <50%
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Fig. 8.6 Coronary flow reserve 2 days after pPCI
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after initial pPCI patient developed signs and symptoms of heart failure with over 
decompensation. By that time echocardiography revealed significantly enlarged and 
spherically remodelled LV with EF of 22%, and CFR 1.4. SPECT confirmed 
enlarged LV (EDV 260 mL, ESV 190), with very poor systolic function (EF 27%), 
and extensive non-viable zone (SRS 48, perfusion defect of 80%).

 Definition of No-Reflow

Myocardial infarction with ST segment elevation (STEMI) still has significant mor-
bidity and mortality, despite achievements in contemporary therapy including pri-
mary percutaneous coronary intervention [pPCI) and modern antiplatelet regimes 
[1]. The principal cause of STEMI is thrombotic occlusion of the (epicardial) coro-
nary artery, leading to the ischaemic myocardial necrosis that is proportional to the 

Fig. 8.7 SPECT viability study 2 months after pPCI
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ischaemic time. Accordingly, the main therapeutic target in STEMI patients is to 
open infarct related artery (IRA) as soon as possible (strategy ‘time is the muscle’), 
to obtain full reperfusion and consequently to reduce infarct size (IS). The concept 
of “full reperfusion” encompasses not only sufficient blood flow through epicardial 
coronary arteries, but also through coronary microcirculation [2]. However, despite 
timely and technically correct pPCI, full tissue reperfusion is not achieved in certain 
number of patients.

This insufficiency of distal flow through epicardial coronary artery and coronary 
microcirculation despite removal of epicardial occlusion, is defined as low-, slow- 
or no-reflow phenomena. It significantly impairs myocardial salvage, increases IS, 
promotes LV remodelling that leads to heart failure and finally translates into over-
all poor clinical outcomes. The problem of no-reflow may, at least partly, explain 
disparity between substantial reduction of door-to-balloon times for patients under-
going pPCI, that is achieved in the last few decades and virtually unchanged in- 
hospital mortality [3, 4].

The common pathophysiological background of no-reflow is functional and ana-
tomical microvascular obstruction (MVO). MVO and final IS are the major inde-
pendent predictors of long-term mortality and heart failure development in STEMI 
patients [5, 6].

 Mechanism of Microvascular Obstruction and Dysfunction 
in No-Reflow

Five associated mechanisms are proposed to be involved in the pathogenesis of 
coronary MVO: pre-existing coronary microvascular dysfunction, ischaemia- 
related injury, reperfusion-related injury, distal embolization, and individual sus-
ceptibility (both genetic and due to pre-existing coronary microvascular 
dysfunction) [7, 8].

The important factors associated with ischemia-related injury are duration of 
ischemia and ischaemia extension. Ischemia-related injury manifests as severe 
capillary damage, endothelial protrusions, capillary lumen blebs block, endothe-
lial gaps with extravascular erythrocytes, interstitial myocardial oedema and cell 
swelling [9].

The reperfusion-related injury is a result of coronary microvascular dysfunction 
and obstruction caused by further obliteration of vessel lumen by neutrophil-plate-
let aggregates, which can produce a large amount of vasoconstrictors, inflamma-
tory mediators and reactive oxygen species [10]. It depends on the duration of 
ischemia and if it is more than 3  h, reperfusion injury is potentiated [11]. The 
reperfusion can increase infarct size due to mitochondria swelling and cell rupture 
as a consequence of enhanced mitochondrial membrane permeability. Ischaemia 
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followed by reperfusion may also favour intramyocardial haemorrhage (IMH) 
[12]. Hypoxia can disrupt the endothelial barrier and damage the microvasculature 
and therefore facilitate blood cell extravasation upon reperfusion. Endothelial acti-
vation during reperfusion may also lead to consumption of coagulation factors 
aggravating the IMH.

Distal embolization by material from plaque and thrombotic occlusion causing 
STEMI, further mechanically obstruct the microcirculation. Both plaque and throm-
bus features are associated with the risk of distal embolization. However, above this 
mechanical athero-embolism, this material is biologically active representing a rich 
sources of vasoconstrictors and proinflamatory and procoagulant substances. 
Although the small size emboli during primary pPCI usually do not affect distal 
perfusion in microcirculation (because myocardial perfusion starts falling when 
microspheres obstruct >50% of coronary capillaries [13]), they may create a local 
reacting milieu including so call neutrophil extracellular traps that promote inflam-
mation, thrombosis and vasoconstriction [13].

Genetic variability factors, as well as pre-existing coronary microvascular dys-
function in patients with traditional risk factor such as diabetes, acute hyperglycae-
mia, hypercholesterolaemia, modulate individual susceptibility and increase 
prevalence to coronary microvascular obstruction [7]. The ischaemic precondition-
ing (IPC), which may be present in the form of pre-infarction angina seems to pro-
tect both the myocardium and the coronary microcirculation [14].

 The Incidence of No-Reflow

Since the definition of no-reflow is grounded on the impaired or absent of the flow 
distal to the site of (removed) epicardial obstruction, its incidence strongly depends on 
the technique used to estimate this flow. Incidence of MVO is variable, ranging from 
10% by angiographic assessment of thrombolysis in myocardial infarction (TIMI) 
flow to 60% by CMR or myocardial contrast echocardiography (MCE) [15]. It is 
estimated, based on cumulative data from angiographic and ECG studies that ~35% 
of STEMI patients and ~86% of NSTEMI patients get full tissue reperfusion [7, 16].

 How to Diagnose No-Reflow?

There are several invasive and non-invasive techniques used in clinical practice to 
detect no-reflow. Basically they can either directly measure coronary flow and myo-
cardial perfusion or indirectly estimates consequence of inadequate myocardial 
reperfusion. They can be divided into invasive and non-invasive (Table 8.1).
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 Angiographic Detection of No-Relfow

Thrombolysis in myocardial infarction (TIMI) score grading system describes the 
rate of blood flow through the epicardial vessels. The values of TIMI are between 
no flow at all (Grade 0) to a normal flow rate (Grade 3). Microvascular obstruction 
is associated with angiographic TIMI flow ≤2, or TIMI=3 and myocardial blush 
grade = 0 or 1 [2]. However, the MVO may occur in nearly 50% of patients with 
TIMI flow 3 [7]. In order to improve stratification in prognosis of patients exhibiting 
TIMI flow 3, TIMI frame count (TFC) was developed. This index, defined as the 
number of frames required for contrast medium to reach standardized distal land-
marks, correlated well with invasively assessed CFR [17].

With the intention to shift assessment of reperfusion from the epicardial to myo-
cardial level, two angiographic methods based on the kinetics of dye penetration 
within the myocardium were proposed—the myocardial blush grade (MBG), and 
TIMI myocardial perfusion grade (TMPG) [17, 18]. Myocardial blush grade is a 
densitometric method assessing maximum intensity of contrast medium in the 

Table 8.1 The diagnostic indices and criteria for no-reflow detection

Method Diagnostic criteria for MVO or non-reflow

Invasive
  Angiographic parameters
 –  Thrombolysis in myocardial 

infarction (TIMI) flow score
–  Final TIMI flow <3 or final TIMI flow 3 with MBG 

or TIMI MPG 0–1
 –  Myocardial blush grade (MBG) –  MBG < 2
 –  Thrombolysis in myocardial 

infarction myocardial perfusion 
grade (TIMI MPG)

–  TIMI MPG < 2

  Intracoronary Doppler measurement
 –  Pattern of epicardial coronary 

flow
–  Systolic retrograde flow, diminished systolic 

anterograde flow, and rapid deceleration of diastolic 
flow

 –  Coronary flow reserve (CFR) –  CFR < 2
 –  Index of microvascular resistance 

(IMR)
–  IMR> 40 U

 –  Doppler-derived hyperemic 
microvascular resistance (hMR)

–  hMR ≥ 3.25 mmHg∗cm−1

Non-invasive
 –  ST-segment resolution (STR) –  <50% or <70% 60/90 min after pPCI
 –  Myocardial contrast 

echocardiography (MCE)
–  Lack of intra-myocardial contrast opacification

 –  Cardiac magnetic resonance 
(CMR)

–  Lack of gadolinium enhancement during first pass 
and lack of late gadolinium enhancement within a 
necrotic region

 –  Hybrid positron emission 
tomography/cardiac computed 
tomography (PET/CT)
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microcirculation and grade on a scale scored from 0–3. The TMPG assesses micro-
vascular clearance of contrast medium on a scale of 0–3. The higher scores indicate 
better perfusion. Both MBG and TMPG are able to stratify the risk of patients who 
have TIMI flow 3 at the end of pPCI. In contemporary clinical practice it is common 
to define angiographic MVO, as follows: TIMI flow grade ≤3, but with MBG or 
TMPG 0–1 [15]. All above mentioned angiographic methods for perfusion assess-
ment are qualitative metrics potentially with significant interobserver variability. 
Because of that, a more quantitative, invasive assessment of microcirculation during 
pPCI emerged. It includes usage of intracoronary pressure and Doppler flow wires 
or their combination to detect the presence of MVO [15].

 Invasive Indices of Non-reflow

The most reliable assessment of coronary microvascular function is to measure 
directly coronary blood flow velocity using an intracoronary (IC) Doppler wire. 
The typical flow pattern associated with MVO is characterized by systolic retro-
grade flow, diminished systolic anterograde flow, and rapid deceleration of dia-
stolic flow [19].

In the state of maximal coronary vasodilatation induced by i.c. administration 
of adenosine, an endothelium independent vasodilatator, increment in flow veloc-
ity, depends predominately on the functional integrity of microcirculation (in the 
absence of flow limiting epicardial stenosis). This ratio between hyperemic to 
resting flow velocity represents Coronary Flow Reserve (CFR). In case of coro-
nary microvascular dysfunction, including MVO after pPCI, CFR is impaired. 
The post- PCI attenuated CFR response is associated with future cardiovascular 
events [20]. However, CFR is not microvascular specific and is significantly 
affected by resting hemodynamics.

The index of microvascular resistance (IMR) is calculated as the product of the 
distal pressure and mean transit time of a saline bolus during maximum hyperemia 
using a dual temperature and pressure wire. This technique is based upon thermodi-
lution and uses a continuous infusion of a low amount of saline through a micro-
catheter positioned selectively in a coronary artery. Maximal hyperemia is usually 
induced using either a single bolus of 10–15 g of intracoronary papaverine or (more 
frequently) 140 g/kg/min of intravenous adenosine via a central venous catheter. 
IMR has been introduced as a method for evaluating the coronary microvascular 
circulation at the time of pPCI [21], potentially allowing the implementation of 
treatment to minimize MVO. IMR is more specific metric for microcirculation than 
CFR and is less dependent of haemodynamic parameters. Generally, an IMR <25 is 
accepted as a cut-off for normal microvascular function [22]. However, in STEMI, 
a post-stenting IMR >40 reflects severe microvascular impairment and is associated 
with poorer left ventricular functional recovery, higher incidence of death, myocar-
dial infarction and readmission for heart failure [23, 24].
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Despite the fact that IMR has been validated against CMR, not all studies shown a 
perfect concordance between increased post-procedural termodilution-derived IMR 
and MVO detected by CMR [25, 26]. The discordance between these two parameters 
was present in even 36.7% of STEMI patients, when a threshold of 40 was adopted for 
IMR [26]. However, in patients with MVO and higher IMR, a larger IS was observed 
than in those in whom MVO was associated with IMR ≤40. Those with MVO but 
IMR <40 experienced significant regressions of the IS at 6 months, whereas no signifi-
cant change in IS was observed in patients with MVO and higher IMR [26].

The Doppler-derived hyperemic microvascular resistance (hMR) was recently 
introduced and compared vs conventional termodilution-derived IMR. The correla-
tion was only modest. However, in STEMI population hMR had a clinically supe-
rior sensitivity over IMR to predict MVD determined by CMR, but not statistically 
significant [27].

Distal embolisation is not detectable by angiography and other methods of coro-
nary imaging, like angioscopy and optical coherence tomography (OCT) could be 
useful. In this context, as suggested by a recent OCT study, the persistence of throm-
bus after stenting may lead to distal embolization even after stent deployment [7].

 Electrocardiography

Electrocardiography is useful and long standing non-invasive, indirect method to 
diagnose inadequate myocardial reperfusion in STEMI patients, measuring ST seg-
ment resolution (STR) after reperfusion therapy. Different methods have been used 
in terms of optimal timing when to analyze STR, which lead to use as a reference 
(one lead with the maximal ST segment elevation or the sum of residual STR) and 
whether to use continuous or standard ECG [28]. Although the consensus is still 
lacking, it turns that the assessment of single lead STR showing maximum ST ele-
vation at baseline is as accurate as the sum of STR measurements [17]. The only 
criteria indicating lack of successful reperfusion that is officially endorsed by guide-
lines is ST-segment regression <50% observed 60 min after pPCI [2]. It is reliable 
sign of either epicardial artery occlusion or microvascular obstruction [2]. Other 
studies, however, showed a correlation between STR <70% observed 90 min after 
pPCI and persistent MVO and infarct size, as assessed by CMR [28].

 Myocardial Contrast Echocardiography

Myocardial contrast echocardiography (MCE) is a non-invasive imaging technique 
that uses intravenous contrast agents (i.e. ultrasonic enhancing agents) in the form 
of microbubbles that enhance ultrasound signals MCE enables assessment of the 
anatomic and functional integrity of cardiac microcirculation, because the path of 
contrast microbubbles injected into circulation is the same as the path of red blood 
cells, i.e. microbubbles freely flow within patent microcirculation while lack of 
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intra-myocardial contrast opacification is due to microvascular obstruction MCE 
has solid temporal and spatial resolution and permits evaluation of the effectiveness 
of myocardial reperfusion, residual myocardial viability and infarct size after pPCI.

The first contrast study of no-reflow had been done by Ito et al. [29] applying 
intracoronary microbubbles immediately after restoration of anterograde flow in the 
infarcted artery. After that no-reflow phenomenon was successfully detected also by 
intravenous administration of microbubbles [30]. In the following years, several 
studies strongly confirmed the importance of myocardial viability detected by dif-
ferent modalities of MCE early after acute MI to predict functional LV recovery [31, 
32]. Compared to cardiac MRI the ability of MCE to predict functional recovery of 
the LV reported to be similar [33].

The large multicentre study demonstrated that the extent of microvascular dam-
age, assessed by MCE 1 day after reperfusion therapy in patients with myocardial 
infarction, is the most powerful independent predictor for LV remodeling compared 
to other indexes of post-MI reperfusion [34]. The transmurality of an infarction 
verified by late gadolinium enhancement on CMR, can be predicted by MCE based 
contrast defect intensity and reduction of resting MBF [35]. Advantage of MCE is 
also its suitability as a bedside tool to be the first line of investigation focus on re- 
perfusion in post-MI patients.

 Transthoracic Doppler Derived Coronary Flow Reserve

Coronary flow reserve (CFR) defined as the ratio of maximal (i.e. hyperemic) to 
baseline coronary blood flow velocities can be measured also noninvasively by 
transthoracic Doppler echocardiography (TTD). Normal values for CFR are ≥2.0, 
or by some authors ≥2.5.

Non-invasive CFR assessed by TTD was used to estimate coronary microcircula-
tion of the infarct related artery after pPCI in STEMI patients in several studies. It 
was proved as clinically useful tool to detect no-reflow [36], to assess myocardial 
viability of the infarct region [37], to predict functional recovery of the infarct area 
[38], final infarct size [39] and left ventricular remodeling [40, 41]. Furthermore, 
CFR of the non IRA artery stratifies prognosis in acute coronary syndrome. These 
data point that coronary microvascular dysfunction is a diffuse process, not limited 
exclusively to infarct region, and that global atherosclerotic burden is even more 
important than focal epicardial disease [42]. Similar data were obtained from paral-
lel invasive study [43].

 Cardiac Magnetic Resonance

Advances in CMR have enabled comprehensive assessment including tissue charac-
terization with imaging myocardial perfusion at rest and stress, detection of micro-
vascular obstruction (MVO) and intramyocardial haemorrhage (IMH). CMR 
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significantly contributes to the detection and understanding of the “no-reflow” phe-
nomenon. Of the available modalities, CMR provides the most comprehensive 
assessment of MVO and IMH and numerous studies provided evidence that those 
CMR stigmata of no-reflow carry ominous prognosis.

On gadolinium-enhanced CMR, MVO is detected as delayed or absent wash-in 
of contrast agent into the infarct zone, “early” or “late” in reference to the timing of 
imaging relative to gadolinium administration. Early MVO is recognized as a pro-
longed perfusion defect on resting first-pass perfusion (FPP) imaging or as a hypoin-
tense region in the core of the infarction on T1-weighted images made 2–5 min after 
contrast administration [44]. Depending on the severity of MVO, the absence of 
wash-in of gadolinium may persist for >10 min, resulting in a region of persistent 
hypo enhancement within the core of the infarct on conventional late gadolinium 
enhancement images, referred to as “late MVO” [45]. Late gadolinium enhance-
ment imaging used for late MVO assessment has high spatial and contrast resolu-
tion with full coverage of the LV myocardium. Currently, it is unidentified whether 
the rate of fill-in of the MVO area has prognostic importance and whether early or 
late MVO is a better predictor of LV remodeling or MACE. In overall pooled analy-
sis, both early and late MVO are associated with lower EF [46], larger ventricular 
volumes [46] and infarct at baseline [47], and worse LV remodeling during follow-
 up [48]. Late MVO was demonstrated to have a stronger relationship with MACE 
and the individual outcomes of cardiac mortality, recurrent MI, and CHF/CHF hos-
pitalization compared with early MVO [49].

IMH is a severe form of MVO and develops in the core of the infarct with a ten-
dency to expand for several hours after PCI [50]. Ir order to assess for IMH most 
centers use T2-weighted short-tau inversion recovery (STIR) or T2∗-weighted gra-
dient echo pulse sequences. IMH appears as a hypointense region within the infarct 
on T2-weighted sequences. Since the paramagnetic effects of hemoglobin break-
down products more strongly affect T2∗ relaxation, T2∗-weighted imaging is 
thought to be more sensitive for the detection of IMH. IMH detected by both T2 and 
T2∗ images has been correlated with the presence of hemorrhage on histopathologic 
analysis [51, 52]. Although intramyocardial haemorrhage is observed less fre-
quently in patients with acute myocardial infarction than in animal models, its pres-
ence is correlated with the duration of ischaemia and infarct size, and is a predictor 
of adverse remodeling and outcome [53, 54] IMH also predicted MACE; however, 
there is a currently smaller body of literature for IMH and limited direct compari-
sons of IMH and MVO. Larger studies are needed.

 Risk Factors to Develop No-Reflow

Delayed reperfusion, high thrombus burden on baseline angiography, and increased 
blood glucose level on admission can be used to stratify AMI patients into a lower 
or higher risk for angiographic slow/no-reflow during PCI in order to predict non- 
reflow [55]. Acute hyperglycemia specifically has been associated with higher 
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incidence of coronary no-reflow, whereas glycosylated hemoglobin levels or diabe-
tes are not, suggesting that acute hyperglycemia regardless of presence or severity 
of diabetes mellitus is a predictive and prognostic factor for non-reflow.

There is some evidence that the female gender is at higher risk of developing 
NRP [56]. Of note is that contrast agent dose shown as independent predictor of 
no-reflow and when the dose was >160 mL, the risk of slow/no-reflow increased 
significantly [57].

Recent studies have shown that some of widely used scores such as CHA2DS2- 
VaSc score (predict thromboembolic events in patients with atrial fibrillation 
rhythm) and SYNTAX score II can be used for prediction of no-reflow. CHA2DS2- 
VaSc and SYNTAX SCORE II consists of similar risk factors important for micro-
vascular dysfunction [58, 59].

 Clinical Importance of Non-reflow

Patients with non-reflow have poorer prognosis and higher likelihood of major 
adverse cardiac events (MACE). In the catheterization laboratory, the clinical pre-
sentation of no reflow during pPCI can be dramatic often with sudden hemody-
namic deterioration. This can be also related to atheroembolism and slowing of 
blood flow in the non-culprit arteries. In the coronary care unit, the presentation is 
usually less dramatic. New Q waves may appear and some of those patients may be 
diagnosed as having infarct extensions.

The no-reflow phenomenon is linked to ventricular arrhythmias, early congestive 
heart failure, and even cardiac rupture [60]. Those patients also had more advanced 
LV remodeling, during follow-up, as detected by echocardiography. Angiographic 
no-reflow phenomenon strongly predicts cardiac complications independent of 
other well-known early predictors of long-term outcome after STMEI, such as age, 
Killip class and LVEF. In patients with STEMI treated by primary PCI, no-reflow 
phenomenon is also a strong predictor of the long term mortality, independently 
even from infarct size [61].

 Basic Principles of Management of No-Reflow

Successful therapy of no-reflow still does not exist. Several preventive strategies 
were proposed, including short door to balloon time, optimization of blood pressure 
and blood glucose level, statin therapy, prophylactic intra-coronary administration 
of dilatators such as adenosine and nitroprusside and thrombus aspiration. 
Furthermore, few non-pharmacological therapies, including induced hypothermia 
were tested to improve coronary blood flow. Although some of those strategies are 
successful in animal studies, their effectiveness in reducing no-reflow in humans 
remains to be determined.
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Treating no reflow may not necessarily reduce the size of myocardial infarction, 
because the microvascular damage is usually restrained within the area of myocar-
dial necrosis. However, treating no reflow may enhance the delivery of blood and 
blood-borne elements to the necrotic area, thus speeding healing. This could reduce 
the presence of infarct expansion and left ventricular remodeling. Salvage of flow 
will ensure also drug delivery to the necrotic zone. Likewise, salvage of the small 
vessels may promote collateral circulation and perhaps serves as a site for 
neovascularization.

NO-reflow still represent a challenge in contemporary cardiology. Taking into a 
count importance and complexity of no re-flow as well as lack of proper and effec-
tive therapy, more studies in this field are needed.
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Chapter 9
Coronary Microcirculatory Dysfunction 
Evaluation in Chronic Angina

Maria Dorobantu and Lucian Calmac

 Introduction

Chest pain is a very common complaint, and many patients with angina-like chest 
pain are finally evaluated with invasive coronary angiography as it is considered the 
golden standard in evaluation of ischemic heart disease. In a contemporary cohort 
of almost 400,000 patients evaluated with elective invasive coronary angiogra-
phy (ICA) for suspected obstructive epicardial coronary artery disease (excluding 
patients with previous documented coronary disease, ACS or other indication than 
coronary disease), 59% of the patients were found to have stenosis <50%, while 
39% had almost normal arteries (stenosis <20%) [1]. The rate of obstructive dis-
ease (defined as >50% stenosis on left main or >70% on other vessels) was only 
41.3% in patients with positive noninvasive study, so it becomes obvious that there 
are a lot of patients in whom even in the presence of inducible ischemia the epicar-
dial disease does not account for ischemia/symptoms. Accordingly, these patients 
should be labeled and managed as Ischemia and No Obstructive Coronary Artery 
disease (INOCA) and in this subset of patients coronary microvascular dysfunc-
tion (CMD) and/or vasospasm are considered potential causes of ischemia [2]. We 
present a case illustrative for the utility of both functional vasomotor testing and 
microcirculatory evaluation for a precise diagnosis in a patient with ischemia and 
normal coronary arteries.
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 Case Report

Female patient 44 years old, active, smoker (10 pack-years), BMI 23.5; she was 
admitted due to 2 months onset of exertion chest pain with worsening pattern. Initial 
evaluation was unremarkable, with normal ECG (Fig. 9.1). Initial blood tests were 
also unremarkable with negative troponin and myoglobin, no dyslipidemia (LDL 
cholesterol 130  mg/dL, triglycerides 120  mg/dL, HDL cholesterol 48  mg/dL). 
Transthoracic echocardiography showed normal left and right ventricular function 
without hypertrophy or dilatation and no valvular abnormalities. Despite low pre-
test probability of angina (young female patient with typical symptoms) the patient 
underwent an ECG stress test which was positive for inducible ischemia (Fig. 9.2). 
Invasive evaluation was scheduled. Coronary angiography revealed normal coro-
nary arteries without any parietal irregularities and TIMI 3 flow (Fig. 9.3).

Considering the “normal” aspect on angiography we decided to continue exami-
nation with evaluation of vasomotor response to acetylcholine in order to test for 
endothelial dependent vasomotor function. We used progressive dilutions 2–20–
100 μg/5 mL saline which were slowly injected through the guiding catheter in the 
left coronary artery over 20 s with repeated angiography of the LAD and 12 leads 
ECG recording performed after each dose. There were no significant changes after 
the first two doses. After the 100 μg dose the patient experienced chest pain and 
the ECG showed significant diffuse ST segment depression with negative T waves 
and ST segment elevation in lead aVR suggestive for extensive ischemia. Repeated 
angiography (Fig.  9.4) showed moderate diffuse spasm in mid and distal LAD 
(maximum diameter stenosis 45%) with reduced TIMI flow (adjusted TIMI frame 
count 29). After 200 μg of Nitroglycerine injected through the guiding catheter the 
chest pain subsided as did the spastic aspect of LAD and the ECG changes, with a 
normal repolarization at the end.

After resolution of ECG changes we tested endothelial independent microcircu-
latory function using RadiAnalyzer (Abbot Vascular). A 0.014”Certus wire(Abbot 
Vascular) with distal sensor for both temperature and pressure was advanced 
through the guiding catheter in distal LAD. Three boluses of 3 mL room tempera-
ture saline were briskly injected through the guiding catheter and the procedure was 
repeated after induction of hyperemia using intravenous adenosine 140 μg/kgc/min 
(Fig. 9.5). The results demonstrated a preserved endothelial independent vasomotor 
function with a CFR of 2.8 and a normal resistance in the microcirculation with an 
IMR value of 11.

Because we succeeded to demonstrate a vasospastic microcirculatory component 
as responsible for our patient symptoms we recommended treatment with a calcium 
channel blocker (Diltiazem using a 180 mg slow release formula once daily), add-
ing a statin (atorvastatin 80 mg in considering the endothelial dysfunction proven 
by the acetylcholine testing) and one antiplatelet (low dose aspirin −75 mg/day). 
The patient was also instructed to quit smoking, to perform physical training on 
regular basis and to use short acting nitrates should the chest pain recur. After ini-
tiating therapy the frequency and severity of chest pain subsided, with preserved 
exercise capacity.
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Fig. 9.1 Initial ECG—no abnormities
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As mentioned previously, INOCA patients are frequently encountered in clini-
cal practice, both in men and women; however it is considered to have a higher 
prevalence in women [3]. It is important to mention that in these patients the risk 
for recurrence of symptoms in high resulting in repeated hospitalization and even 
repeated invasive evaluation. In WISE study the 5-year rate of repeated hospitaliza-
tion for angina in women with non-obstructive coronary artery was 20%, with a 1.8 
times higher rate of repeated invasive evaluation compared to those with 1 vessel 
disease [4] and this was associated with significant costs.

Fig. 9.2 Treadmill stress test using Bruce protocol. The test was maximal at stage 4, reaching 97% 
of the predicted heart rate with repolarization abnormalities (horizontal ST segment depression) 
mostly V3V6 which recovered after cessation of exercise, indicative for exercise induced 
ischemia

Fig. 9.3 Coronary angiography showing almost normal coronary arteries
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According to the 2013 ESC Guideline for stable angina, in patients with chest 
pain and “normal” coronary arteries the chest pain might be caused by non-cardiac 
causes, by coronary spasm or by anomalies in the microvascular function [5]. In our 
patient the chest pain was absolutely typical for angina, making an extra-cardiac 
etiology improbable and this was the reason for continuing investigation. Coronary 

Fig. 9.4 Left: LAD angiography after nitrate. Middle: LAD angiography after 100  mcg 
Acetylcholine infused over 1 min. There is a diffuse spasm in the mid and distal segment of LAD 
of 40–45% compared to resting state with the maximum degree of spasm indicated by arrow. 
Right: ECG after 100 mcg Acetylcholine with diffuse ST segment depression and T wave inversion 
accompanied by typical angina. During Ach infusion at 100 mcg/1 min there was a slight decrease 
in heart rate (52/min) with normal blood pressure

Fig. 9.5 Physiological evaluation with calculation of CFR and IMR using RadiAnalyzer and 
Certus Wire (Abbot Vascular). The CFR calculation was done after exclusion of one outlier value 
from basal evaluation (average Tmn value 0.42) with a final CFR of 2.8 and an IMR value of 11 
demonstrating a normal endothelial independent response. CFR coronary flow reserve, IMR index 
of microcirculatory resistance, Tmn mean transit time
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epicardial spasm may be responsible for the symptoms in a minority of cases, and 
there are certain clinical characteristics and established criteria [6] for diagnosis of 
vasospastic angina.

In order to have a better and more uniform characterization of microvascular 
function, the COVADIS group [7] published in 2018 a report on standardization of 
criteria for diagnosis and evaluation of coronary microvascular dysfunction (CMD) 
and microvascular angina (MVA) (Table 9.1). Accordingly, definitive diagnosis of 
MVA, requires beside symptoms of ischemia and absence of obstructive coronary 
lesions, the presence of both noninvasive signs of ischemia (spontaneous or during 
stress testing) and microvascular dysfunction (decreased coronary flow reserve—
CFR, microvascular spasm during acetylcholine testing, increased microvascular 
resistance or coronary slow flow). In patients without either noninvasive proof of 
ischemia or evidence of microvascular dysfunction the diagnosis of suspected MVA 
should be established. As we can understand from these criteria, there are several 
noninvasive and invasive functional testing which should be performed in order 
to admit or reject the diagnosis of MVA. However, aside from research purposes, 
functional testing the presence of MVD is rarely used in evaluation of patients with 
non-obstructive coronary disease.

Cardiac syndrome X is a widespread clinical entity covering cardiac chest 
pain in the absence of significant epicardial disease. It has some clinical fea-
tures (the patients are most often women with angina-like chest pain, normal 
coronary  arteries, and often present some evidence of ischemia, such as abnor-
mal resting ECG or a positive stress test). However it is not well defined and is 
considered that includes also non-ischemic cardiac conditions like pericardial 

Table 9.1 Criteria for microvascular angina [7]

1.  Symptoms of myocardial ischemia
   a.  Effort and/or rest angina
   b.  Angina equivalents (i.e. shortness of breath)
2.  Absence of obstructive CAD—no stenosis with >50% diameter reduction or FFR < 0.80 

(ICA or CTA)
3.  Objective evidence of myocardial ischemia
   a.  Ischemic ECG changes during an episode of spontaneous chest pain
   b.  Stress testing with chest pain and/or ischemic ECG changes with or without transient/

reversible abnormal myocardial perfusion and/or wall motion abnormality
4.  Evidence of coronary microvascular dysfunction (CMD)
   a.  Reduced  coronary flow reserve (cut-off values depends on methodology used ≤2.0 to 2.5)
   b.  Coronary microvascular spasm, defined as reproduction of symptoms, ischemic ECG 

changes, but no significant epicardial spasm during acetylcholine testing
   c.  Increased coronary microvascular resistance indices (e.g. IMR >25)
   d.  Coronary slow flow phenomenon (TIMI frame count >25)

IMR index of microvascular resistance, ICA invasive coronary angiography, CTA computer tomog-
raphy angiography
Definitive MVA—all four criteria are fulfilled
Suspected MVA—criteria 1 and 2 + either 3 or 4
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pain, abnormalities in pain perception, psychiatric conditions [8]. Accordingly, 
the patient fulfilling the diagnostic criteria should be labeled as MVA.

 Presence of Angina

Presence of angina (especially typical angina like our patient described) despite 
absence of angiographic significant coronary stenosis is associated with worse 
prognosis even after adjusting for risk factors, as it was proven in WISE study [9]. 
Compared to women with risk factors only, those with angina and normal coronary 
arteries had a threefold increase in risk of primary endpoint (cardiovascular death, 
myocardial infarction, stroke or hospitalization for heart failure), while in those 
with non-obstructive coronary arteries (they had some coronary stenosis less than 
50%) the risk was sixfold higher. Similar results were found in another cohort of 
almost 3500 patients (both men and women) with normal or diffuse non-obstructive 
coronary artery disease. In this report the presence of symptoms (angina) was asso-
ciated with an increased HR for MACE even after adjusting for age, BMI, diabetes, 
smoking status and use of lipid-lowering and antihypertensive medication [3].

 Coronary Microvascular Dysfunction (CMD)

CMD remains a challenging diagnosis as this coronary compartment cannot be 
imaged directly, and only functional testing may help in establishing the diagnosis. 
According to Camici and Crea [10] there are 4 types of CMD, with certain patho-
genic mechanisms:

 – type 1—in the absence of myocardial disease or obstructive coronary artery dis-
ease and this type may be related to risk factors and represent the substrate of 
microvascular angina

 – Type 2—associated to different myocardial diseases
 – Type 3—associated to obstructive epicardial disease
 – Type 4—iatrogenic after percutaneous intervention or surgical revascularization

According to COVADIS criteria for CMD [7] there are 4 possibilities to prove an 
abnormal microcirculatory function and more data may be found in another chapter:

 – Reduced coronary flow reserve (CFR) after adenosine administration; this may 
be done either by invasive measures at the time of diagnostic coronary angiogra-
phy or noninvasively [11] using positron emission tomography [12], Doppler 
echocardiography and as more recently proven, magnetic resonance (either with 
or without contrast [13]), and cardiac CT. Invasive measures of MVD are dis-
cussed in detail in Chap. 3 and have the advantage of a better discrimination 
between epicardial end microcirculatory causes of reduced CFR and also the 
ability to study endothelial dependent variation of flow.
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 – Increased flow resistance—evaluated mainly with the index of microcirculatory 
resistance (IMR) and hyperemic microcirculatory resistance index (HMR);

 – Microvascular pattern of spasm during vasomotor testing
 – Decreased basal flow on angiography—also known as slow-flow phenomenon 

(SFP) or cardiac syndrome Y which will be discussed later

 Correlation Between CMD Testing and Prognosis

Older studies indicated that chest pain with a normal CAG is associated with 
a good prognosis [14, 15] especially when compared to patient with significant 
epicardial disease. We will discuss further implications of different types MVD 
evaluation.

 Role of Acetylcholine Vasomotor Testing (for Protocols Please 
Refer to Chap. 3)

In one of the largest cohort of INOCA patients (1379 patients) in Europe with Ach 
testing [16], one third were positive with a microvascular pattern, one quarter were 
positive with epicardial pattern, another third were ambiguous and less than one 
eights were normal. However, acetylcholine testing may be interpreted in two dif-
ferent ways. It might be used as a tool for coronary spasm diagnosis (especially 
when variant angina is suspected) or to evaluate endothelial (epicardial and micro-
circulatory) function in different clinical settings. When the diagnosis of coronary 
spasm is challenged there are certain thresholds used (>90% reduction in luminal 
diameter together with ECG changes and reproduction of symptoms) [6]. However, 
when endothelial dysfunction is tested [17] the threshold for a positive result is 
either a diameter reduction of >20% (for epicardial endothelial dysfunction) or a 
flow increase of <50% (for microcirculatory dysfunction). These are based on the 
fact that in coronary arteries with normal endothelial function acetylcholine infu-
sion induces an increase in epicardial artery diameter and flow, and this finding are 
associated with good prognosis. Several outcome studies showed significant dif-
ferences in parameters of endothelial function between patients with and without 
events during follow-up, especially for epicardial endothelial function, and these 
differences remained predictive even after adjusting for the presence of cardiovas-
cular risk factors [18, 19]. Consequently, it is difficult to determine based on avail-
able prognostic data which is the significance of epicardial narrowing between 20% 
and 75% (90)% and this might be important especially in patients with inconclusive 
results (one third of cases in the study mentioned earlier). Moreover, the doses of 
acetylcholine might be a matter of debate. In previous prognostic trials testing for 
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endothelial dysfunction [20, 21] the doses were generally 18 μg/min (1 mL/min 
from solution 10−4 M) much smaller than those used for coronary spasm testing 
trials [16] in (up to 200 μg in 3  min) and also from those recommended in the 
last consensus from Japanese Circulation Society guidelines (doses up to 100 μg 
injected over 20 s) [22].

 Does Adenosine and Acetylcholine Testing Provide Additional Value?

In study of Reriani et  al. [20] it was proven that endothelium dependent and 
endothelium- independent function differs. In patients considered to have 
EDMVD (endothelium dependent MVD) based on an increase in blood flow 
<50% after Ach infusion, with an average actual reduction of CBF of 11%, there 
was a significant increase in flow after adenosine (endothelium independent 
vasodilator) indicated by an average CFR of 2.78. This findings support the fact 
that both type of testing should be performed. The prevalence of MVD based on 
invasive evaluation of endothelial dependent and independent vasodilatation was 
found to be 67% (from 1500 non-obstructive coronary arteries patients which 
were evaluated) [23].

 Prognostic Significance of Invasive Vasomotor Testing

An Asian study investigating 4644 patients with angina and non-obstructive 
coronary arteries (<50%) [17] found that although only 36% of the subjects 
had a definite normal response to vasoactive testing, a positive response did 
not predict hard outcomes (MACE). In this study the overall rate of MACE was 
low (1.6%) and did not differ according to the type of response to acetylcho-
line. However recurrent chest pain requiring repeated invasive evaluation was 
more frequent in patients with positive vasomotor test (compared to negative) 
in patients with fixed (non- obstructive) stenosis compared to normal arteries. In 
another analysis multi-vessel spastic response (with or without ECG changes or 
chest pain) was predictive for recurrence [24] with a HR 1.96 (CI 1.27–3.02) 
(vs negative result).

In a meta-analysis [25] of studies using both invasive (Ach) and noninvasive 
evaluation, dysfunction in the epicardial segment was associated with worse prog-
nosis (RR 2.49 respectively 2.28 for fatal or non-fatal cardiovascular events). It 
was also demonstrated that vasomotor testing had additive value to classical risk 
factors (this study used Framingham score) in predicting cardiovascular outcomes 
in Caucasian patients [20].

It worth mentioning that study by Lee included Asian population while the 
above mentioned meta-analysis included studies performed on non-Asian popula-
tion. The results of vasomotor studies should be interpreted with caution as it was 
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observed that there are racial differences between Asian and Caucasian patients 
in terms of pathophysiology and prognosis [26]. Caucasian patients with positive 
testing were proved to have a worse prognosis (freedom of death or MI) compared 
to their Japanese counterparts (and this was related mostly to the presence of non- 
obstructive atheroma).

Vasomotor testing was studied also in patients after ACS in whom coronary 
angiography does not identify a culprit lesion. It was proven that vasomotor test-
ing in this setting is safe [27, 28]. The prognostic significance appears to be more 
important in patients with recent myocardial infarction [28] compared to general 
acute coronary syndrome without a culprit lesion on angiography [29]. In study 
of Montone [28] there were a significantly more death from any cause (32.4% vs. 
4.7%; P = 0.002], cardiac death (18.9% vs. 0; P = 0.005), and readmission for ACS 
[27.0% vs. 7.0%; P = 0.015), as well as a worse angina status in patients with posi-
tive testing. In the positive results group the prognosis was worse in patients with 
epicardial spasm pattern compared to those with a microvascular of spasm (death 
from any cause 45.8% vs. 7.7%; P = 0.027).

 Increased Resistance in Microcirculation

The most extensive studied parameter for microcirculatory resistance is the Index 
of Microcirculatory Resistance (IMR). It should be mentioned it is evaluating 
the minimal resistance in microcirculation measured during adenosine infusion 
which abolishes microvascular tone in a endothelial independent fashion. For 
technical details please refer to Chap. 3. Generally an IMR value >25 is consid-
ered to indicate high resistance in microcirculation and this threshold is advocated 
in the COVADIS criteria for CMVD [7]. IMR values are also dependent on the 
mass of myocardium subtended to the segment of artery which is evaluated [30]. 
Accordingly, Lee et al. [31] identified distinct cutoff values in different coronary 
territories based on the 75th percentile values of IMR (using corrected values with 
Yong’s formula [32] to account for collateral flow without measurement of wedge 
pressure) in a >1000 patients population with intermediate lesions. LAD had the 
lowest value 21.3 U, RCA had the highest value 27.1 U, while LCX had an inter-
mediate value 23.0 U. Using these criteria Kobayashi et al. [33] found a prevalence 
of increased IMR in at least 1 vessel of 41% (38/93 patients) in patients with clini-
cal suspicion of ischemic heart disease. Similar results were found in a recent pub-
lication with complex invasive and noninvasive evaluation (CRM) of patients with 
stable angina and indication for invasive evaluation [34], with almost half (60/125) 
of the vessels evaluated showing increased microvascular resistance (IMR>25), 
either with or without ischemic FFR.

Value of high IMR in explaining myocardial ischemia in patients with positive 
stress test and normal (without minor irregularities) epicardial arteries was proven 
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by Luo et al. [35]. They identified an IMR value measured in LAD of 33.3 ± 7.6 in 
patients with positive stress test compared to 18.9 ± 5.6  in controls (p < 0.001). 
Moreover all IMR values in patients with ischemia were >20 and the value of IMR 
had a good correlation with the severity of ischemia (evaluated by Duke Treadmill 
Score).

 Coronary Flow Reserve (CFR)

Coronary flow reserve is a measure of the capacity of increase in flood flow com-
pared to basal conditions when both microcirculatory and epicardial resistances are 
as low as achievable. The stimulus used is most frequently is adenosine coupled 
with nitroglycerine infusion (please refer also to Chap. 3 for more details). Based on 
older studies is considered that the hyperemic flow is not altered by the presence of 
an epicardial stenosis <50% [36]. As a consequence in patients with non-obstructive 
coronary arteries the increase in flow is dependent only on the capacity of microcir-
culation to decrease resistance. It was proven that only angiographic appearance is 
not enough for functional characterization of epicardial disease especially in inter-
mediate stenosis, and functional evaluation (with fractional flow reserve—FFR or 
instantaneous wave free ratio—iFR) is preferred. The importance of invasive func-
tional evaluation of epicardial disease is demonstrated especially in the setting of 
diffuse epicardial disease where it is sometimes impossible to define a reference 
zone without disease which makes unreliable evaluation of angiographic degree of 
stenosis.

Different studies in patient with intermediate stenosis identified impaired CFR 
in 10–30% of the lesions with non-ischemic FFR [37–39]. Impaired CFR has been 
shown to predict major adverse outcomes among women evaluated for suspected 
ischemia [40] and also in patients with non-obstructive lesions [37]. However one 
potential drawback of CFR might be its dependence on resting state and it was 
proven that impaired CFR was associated more probably to markers of increased 
basal flow—increased APV at Doppler evaluation [38], or decreased transit time 
during thermo evaluation [37]. Considering the fact that CFR values are influenced 
both on extension of epicardial disease and on the basal hemodynamic conditions 
(and it is known that is almost impossible to maintain true resting conditions dur-
ing evaluation in the cath lab), it becomes obvious that this is not the parameter of 
choice for evaluation of MVD [41].

CFR may also be measured noninvasively (using transthoracic Doppler, positron 
emission scintigraphy) and there are solid data about the prognostic value of nonin-
vasive CFR but in this situation the relation to MVD is more difficult to be appreci-
ated as precise information about epicardial component is missing.
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 Coronary Slow Flow Phenomenon–(CSFP)

This condition (known also as cardiac Syndrome Y), was first described in 1972 by 
Tambe et al. [42] in 6 patients evaluated invasively, 4 of them with typical angina. 
The diagnosis is based on angiographic demonstration of spontaneous slow flow as 
evidenced by slow progression of contrast dye in the coronary artery without signif-
icant coronary stenosis, coronary ectasia, in the absence of prior coronary interven-
tion, air embolism and in the setting of a normal arterial pressure. The cut-off values 
used by different authors for CSFP definitions were: at least 3 cardiac cycles for the 
contrast media to fill entire vessel [43] or a corrected TIMI frame count >27 [44] (at 
30 fps. rate, with a 1.7 correction coefficient for LAD to account for its length) [45]. 
This should be differentiated from secondary CSFS which may occur for example 
after coronary intervention due to distal debris embolization from epicardial plaque 
manipulation. Different reports included in this category either patients without 
significant coronary stenosis (<40% stenosis) or only patients without evidence of 
coronary atherosclerosis.

There are also transient conditions such as myocarditis in which coronary angi-
ography may reveal slow flow in the absence of coronary stenosis [46]. Taking 
into consideration that this condition may mimic ACS, as generally considered for 
CSFP, it becomes obvious that the diagnostic workup in this situation may become 
more complex as final diagnosis is established after magnetic resonance imaging.

When present, the slow flow phenomenon may involve one or more coronary 
territories, most often LAD (up to 90 %) followed by RCA (30–45%) and left cir-
cumflex (20%) [45]. In a trial evaluating 80 patients with SCFP [47] almost three 
quarters were male and almost half of them were smokers. There is also an associa-
tion with obesity while there are conflicting results about the association with meta-
bolic syndrome [48]. Other clinical features of CSFP patients were described by 
Beltrame and col [43] in a series of 64 CSFP patients (extracted from 6000 angiog-
raphies). Seventy percent of the patients with CSFP were males, with acute presenta-
tion (rest chest pain). However, in another report [45] all the patients with CSFP had 
a positive non-invasive stress testing (nuclear, echo or ECG), which actually may 
reflect different local protocols for invasive coronary angiography prescription. In 
this report it is mentioned that 11 out of 15 patients had had previous invasive evalu-
ation with documentation of CSFP pain) in 67%, myocardial infarction in another 
8%, and one third were smokers. It is important to note that 84% of the patients had 
recurrent chest pain during follow-up and 19% were re-admitted to CCU. Based on 
a case control analysis in the same publication which included patients investigated 
for angina without slow flow as controls, male gender, acute presentation, smoking, 
ST/T wave abnormalities at rest were significantly more frequent present in patients 
with SCFP. However, stress test was positive in only 19% of CSFP patients com-
pared to 39% in controls (difference reported as non-significant.

CSFP appears to be associated with signs of endothelial dysfunction in other 
vascular beds. In a previous report presence of SCFP was associated with worse 
flow mediated vasodilatation compared to control [49]. In that report peripheral 
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endothelial dysfunction was improved after administration of nebivolol, together 
with improved exercise duration and a better control of chest pain [50].

However CSFP does not appear to be related to the other cardiovascular risk fac-
tors such as diabetes, dyslipidemia and hypertension as it was proved by Beltrame 
et  al. [43]. In their case control study in patients with normal coronary arteries 
(no minor stenosis) on angiography, presence of slow flow was not associated with 
hypertension, dyslipidemia or a positive family history. Same results were obtained 
also by Hawkins et al. [44]

In a small group of patients considered to have CSFP it was proven an abnor-
mally elevated resistance in the microcirculation (evaluated as transit time × Distal 
pressure) at rest but with a significant reduction during hyperemia [51] resulting in 
a normal CFR. An estimation of the CFR may be deduced from the ratio of TIMI 
frame count in the basal and hyperemic state [52]. Generally in patients with CSFP 
intracoronary delivery of microcirculatory active agents results in acute improve-
ment of coronary flow (dipyridamole, adenosine, papaverine, calcium channel 
blockers), while nitroglycerine does not have the same effect [53, 54]. These find-
ings support the hypothesis of a functionally increased resting microcirculatory 
resistance in the pathogenesis of CSFP.  Moreover, short-term dipyridamole oral 
administration results in improved coronary flow [55].

Mangieri et al. [53] proved that there were also structural abnormalities on myo-
cardial biopsy specimens in patient with CSFP, affecting both small vessels (thick-
ening of the vessel wall with reduced lumen) and myocites.

 MVD Associated with Epicardial Disease

When we analyze the relation between MVD and epicardial disease there are sev-
eral situations regarding the epicardial compartment:

 – Epicardial arteries are “normal”—no parietal irregularities. There is no (identifi-
able) epicardial atherosclerosis.

 – There is epicardial disease which is considered “non-obstructive” and in this 
category most of the studies used a threshold of <50% diameter stenosis. 
However, another possible definition might be based on functional evaluation 
(FFR or iFR).

 – The epicardial disease is considered as “obstructive”—i.e. with stenosis >50% 
(or with positive functional evaluation).

MVD might be involved in the pathogenesis of ischemia also in patients with 
angiographic evidence of epicardial disease when a decreased CFR is found 
despite a non-ischemic FFR (FFR-CFR discordance) which was already pre-
sented earlier.

In a recently published report on a small cohort of 60 patients with stable angina 
evaluated invasively with FFR and IMR [34] abnormal IMR (>25, as an evidence of 
MVD) was present in 49% of the segments that were evaluated and 20% had also 
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ischemic FFR (<0.8). In another study evaluating intermediate stenosis (40–70% 
diameter stenosis) Lee et al. [37] identified high IMR in 11/147 patients with isch-
emic FFR (7.5%) and 58/230 in patients with non-ischemic FFR (25%).

 Clinical Significance

There are 2 clinical scenario for patients with ischemia and intermediate lesion:

 – MVD is severe and is responsible of ischemia. Epicardial disease is just “an 
innocent by-stander“ In this situation proceeding to revascularization may not 
actually alleviate ischemia and this may be responsible for post-revascularization 
angina [56]. In such situation proper documentation of MVD prior to revascular-
ization, especially when documentation of ischemia is not able to indicate a spe-
cific territory (like ECG stress testing), may actually prevent unnecessary 
procedures with possible risks.

 – MVD is borderline and the presence of epicardial lesion is further limiting the 
ability to increase flow during stress. However FFR is negative due to presence of 
MVD. Some authors suggest that in specific clinical scenario of elevated micro-
circulatory resistance, even negative FFR lesions revascularization may alleviate 
ischemia and improve symptoms [57, 58]. The predictive value of negative FFR 
for the ischemic potential of an epicardial lesion (evaluated with myocardial scin-
tigraphy) was proved to be modulated by the amplitude of microcirculatory resis-
tance (evaluated with hyperemic microcirculatory resistance index) [59].

Unfortunately we do not have enough data to establish certain cut-off values for 
different parameters in guiding clinical decisions regarding the need for revascular-
ization in such special situations.

 Benefits of Standardized Definition of MVA and CMD

Angina despite normal or non-obstructive coronary arteries remains a challenging 
diagnosis. It is frequently found in clinical practice; may be related to the local 
practice algorithms for indicating invasive evaluation. It is known that it has a much 
better prognosis compared to obstructive disease. Do we have to continue the diag-
nostic workup or it is enough to stop at this point to reassure the patient that his/her 
condition is benign and we have to control the possible risk factors?

In our patient we used acetylcholine testing to evaluate endothelium dependent 
vascular reactivity and also the possible involvement of vascular spasm in genera-
tion of symptoms. Another way to test endothelial dependent function would have 
been the cold pressor testing. We demonstrated a typical microvascular response 
at 100 μg with reproduction of symptoms, significant ischemic ECG changes and 
with moderate reduction in lumen size (less than 50%). This type of response was 
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 previously described by Ong et al. [60]. In this report different degrees of epicar-
dial luminal reduction accompanied microvascular type of spasm: <25% in 52%, 
25–50% in 36% and 50–75% in rest of the cases. Further testing for endothelium 
independent MVD (IMR) showed normal result.

Detection of abnormalities of coronary epicardial or microvascular compartment 
in patients with angina and non-obstructive unobstructed coronary arteries may 
reassure the patient because actually we identified a condition responsible for the 
symptoms which may modify the therapeutic approach (in our case calcium channel 
blockers were used with good control of symptoms). Other advantage for a precise 
diagnosis might be in evaluating other diagnostic strategies (possibly noninvasive). 
It is of utmost importance in this field identification of gadolinium independent 
magnetic resonance parameters (based on T1 map in basal conditions and during 
adenosine infusion) for defining microvascular dysfunction and to differentiate from 
epicardial involvement [13]. Standardization of diagnosis of MVA (with evidence 
of MVD) may help to characterize better this type of disease in terms of natural evo-
lution, and the possibilities to influence it with different interventions. Moreover we 
may evaluate the efficacy of the treatment not only in terms of symptomatic recur-
rences, but also on certain objective measures of coronary dysfunction (extension 
or degree of spasm or CMVD) and even compare different therapeutic strategies 
which may help in developing new drugs for treatment of vasospastic conditions as 
it is demonstrated that currently available drugs (CCB and nitrates) are not always 
optimal in controlling recurrences [8, 61]. Another important issue is that during 
extensive testing (especially invasive) occult significant epicardial stenosis might be 
identified with significant therapeutic and prognostic consequences. Alternatively, 
in patients with negative testing (for spasm, CMVD) extra cardiac conditions should 
be investigated more aggressively.

In our patient due to the fact that we demonstrated presence of MVD we pre-
scribed statin at high dose (atorvastatin 80 mg/day) as there are reports [8] on ben-
efits of statin therapy in treating patients with MVD. We also prescribed low dose 
aspirin according to European guidelines recommendations [5], although the role 
of this therapy in the setting of MVD should be rather an interesting topic for future 
research. However, more attention received life style modification with smoking 
cessation and regular aerobic exercise training as these are considered the most 
important modifiers of microvascular and endothelial dysfunction [62].
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Chapter 10
Vasospastic Angina

Edina Cenko and Raffaele Bugiardini

 Introduction

The hypothesis that some forms of ischemic heart disease may be caused by 
increased vasomotor tone of the coronary arteries is not a new, it having being pro-
posed by William Osler over 100 years ago as the cause of angina pectoris [1]. This 
hypothesis was supported by evidence in 1959 with Prinzmetal’ work in patients 
with what he first termed “variant angina” [2]. With the advent of coronary angiog-
raphy, it became apparent that not all patients with clinical suspicion of myocardial 
ischemia had fixed obstructive stenosis in the epicardial coronary arteries. Almost 
30-years later, Maseri et al. [3] concluded that the underlying pathogenetic factor 
of variant angina was a coronary artery spasm, which in turn was defined as, a 
“local segmental spasm that produce only mild constriction in nonspastic segments 
of the coronary arteries” 24 years ago, we considered whether diffused severe epi-
cardial coronary constriction by ≥50% of lumen diameter could limit blood flow 
supply to the myocardium, producing myocardial ischemia and angina, in patients 
with normal smooth coronary arteries at angiography [4]. We proposed the term 
“vasotonic angina” as a suitable descriptor for this syndrome, commenting that 
as a group” these patients show diffuse coronary epicardial vasoconstriction and 
the microcirculation is still the major culprit as assessed by coronary blood flow 
measurements in the coronary sinus. In some cases, the functional abnormalities 
may be exclusive to large or small arteries; in others, components of the entire 
coronary tree may be involved”.

The term “vasospastic angina” was officially coined by the Japanese Circulation 
Society in 2010 [5]. As the authors point out in their recommendations that it was, 
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perhaps, time to revise the paradigm of only one form of angina caused by coronary 
artery spasm and producing transient ST-segment elevation, namely variant angina. 
A coronary artery may be partially occluded or diffusely narrowed by spasm caus-
ing anginal attacks even with ST-segment depression.

 Controversy over Clinical Guidelines

The guidelines Japanese Circulation Society established that either focal or dif-
fuse of an epicardial coronary artery resulting in a high-grade obstruction should 
be collectively termed vasospastic angina [5]. However, we do not agree with this 
definition. Indeed, coronary spasm can be divided into 2 major categories that are 
distinct entities and likely should be managed differently. Focal coronary artery 
spasm can be treated effectively by calcium-channel blockers (CCB) and nitrates. 
In contrast, there have been no reports on the therapeutic management of diffuse 
coronary spasm. Diffuse spasm is a manifestation of endothelia dysfunction and, 
as so, strategies aimed at reducing cardiovascular risk factors, angiotensin-convert-
ing enzyme inhibitor therapy, supplementation with folic acid, and physical exer-
cise may translate into an improvement in endothelial health and revert abnormal 
vasoconstriction.

 The Mode of Presentation of Vasotonic Angina

The mode of presentation ranges from uncomplicated chest pain to severe ischemia 
and acute myocardial infarction (AMI). Chest pain presentation is often reported by 
clinicians to be more atypical. Although there is little empirical support for a differ-
ent symptom profile or vocabulary, the results of a prior study suggest that differ-
ences may indeed exist in angina pain location at least in a minority of these patients 
[6]. The chest discomfort is often similar in quality to that of classic angina although 
it is usually more intense. Patients usually describe it as “constricting pain,” rather 
than as an “oppressive feeling,” and the pain may persist 30 min or more. Vasotonic 
angina may present with symptoms of both stable and unstable angina. The majority 
of patients seem to be between these two extremes, with a variable prevalence of the 
two types of symptoms. Several clues in a patient’s history may suggest the pres-
ence of vasotonic angina; these include an extremely variable threshold of physical 
activity that provokes angina; radiation of the discomfort to the submammary areas; 
and features associated with pain, such as mental arousal, or palpitation [7]. In sum-
mary, patients with vasotonic angina are often indistinguishable from those with 
classic angina and obstructive coronary artery disease. Although clinical presenta-
tion and outcome of chest pain may provide some insights, it is too subjective to 
help with individual patient diagnosis and risk stratification.
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 The Mode of Presentation of Variant Angina

Myocardial infarction, cardiac arrest, and sudden death can occur, although 
infrequently, with variant angina in the absence of obstructive coronary steno-
sis. Unlike vasotonic angina—which is often triggered by exertion or emotional 
stress—variant angina almost always occurs when a person is at rest, usually 
between midnight and early morning. These attacks can be very painful and can 
be relieved by taking sublingual nitrates. The spasms tend to come in cycles—
appearing for a time, then going away. After 6–12 months of treatment, physicians 
may gradually reduce treatment.

 Mechanisms of Focal and Diffuse Coronary Artery Spams

Abnormal coronary vasoconstriction is one manifestation of a spectrum of coronary 
vasoconstrictor disorders involved in ischemic heart disease ranging from classic 
angina in patients with predominantly fixed atheromatous lesions, to unstable angina 
where both fixed and dynamic lesions often occur, to variant angina and vasotonic 
angina where little if any fixed stenosis may exist but spasm is pathognomonic [4, 
8–10]. The etiology appears non-homogenous and despite the considerable effort of 
research over the last four decades, there is no universally accepted understanding of 
the etiopathophysiology of any form of vasospastic angina. Suggested mechanisms 
and contributing factors of vasotonic include microvascular coronary dysfunction, 
altered regulation of coronary microcirculation through autonomic dysregulatory 
mechanisms and/or imbalance state between endothelial- derived vasodilator and 
vasoconstrictor factors, generalized vascular disorder, abnormal subendocardial 
perfusion, inflammation, hyperinsulinemia, enhanced sodium-hydrogen exchange, 
hormonal deficiency, abnormal pain perception and lastly inherent pathogenetic 
pathways. Furthermore, the notion that all forms of vasospaspic angina have “nor-
mal coronary arteries” should be reconsidered in light of some studies showing that 
most patients had definite coronary atherosclerosis which was concealed by positive 
remodeling [11].

 Impairment of Parasympathetic Activity

Autonomic nervous system influences may play a role in causing focal coronary 
spasm or abnormal coronary vasomotor tone. Data form ECG Holter Monitoring 
showed a marked circadian variation in the episodes of ischemia. In one study, isch-
emia occurred predominantly during waking hours, none during sleep; 25% dur-
ing effort; 35% during minimal physical activity; 28% during activities demanding 
routine mental work such as conversation, reading, or watching television; and 10% 
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during activities not well specified [7]. Notably, an increase in heart rate accom-
panied 95% of all ischemic episodes [7]. One intriguing investigation has shown 
that focal coronary spasm reflects inputs from the adjacent esophageal system [12]. 
Esophageal spasms were time-related to ischemia, from 1 to 5 min before ECG- 
recorded ischemia. Why? Denervation of hearts may give some insights to try to 
address this question. Indeed, two investigations have shown that sympathetic plex-
ectomy at the time of coronary bypass grafting for variant angina was more effective 
than by-pass surgery alone [13, 14]. Perhaps, the adrenergic activity may simply 
modulate the threshold for symptomatic manifestation of myocardial ischemia in 
the presence of an underlying vasomotor dysfunction. The association of coronary 
spasm with other peripheral vasospastic disorders such as migraine or Raynaud’s 
phenomenon may substantiate this hypothesis [15, 16].

 Endothelial Dysfunction and Coronary Microcirculation

Endothelial dysfunction could underlie a nonspecific enhancement of the response 
to all vasoconstrictor stimuli [4]. Some evidence indicates that endothelial dysfunc-
tion is significantly associated with diffuse epicardial vasoconstrictor response to 
acetylcholine and more adverse cardiovascular events over a 2, 4, 7 and 10-year 
follow-up [6, 17, 18]. Assessment of endothelial function may detect early changes 
in endothelial vasoactive function, which is important in the development of athero-
sclerosis rather than identifying atherosclerosis per se [6, 19]. Indeed, endothelial 
abnormalities, as in hypercholesterolemia, result in abnormal dilator responses all 
throughout the vascular tree [20]. Loss of endothelium-dependent vasodilatation 
in response to acetylcholine is regarded as a sign of early stage vascular injury 
and atherosclerosis [6, 21–24]. An impaired ability of the endothelium to release 
vasoactive substances can facilitate inflammation, platelet aggregation, coronary 
vasoconstriction, leukocyte adhesion, and oxidative modification of low-density 
lipoprotein cholesterol [21]. Endothelial dysfunction has been related to oxidative 
stress that may result from atherosclerotic risk factors, inflammation, and genetic 
conditions still poorly understood [25]. All these factors may facilitate development 
of atherosclerosis in the vessel wall and predispose to vascular events by prothrom-
botic mechanisms.

 Acetylcholine Testing and Endothelial Dysfunction

Techniques to detect coronary artery endothelial dysfunction are not widely used 
in the clinical setting. Intracoronary acetylcholine testing is considered the gold 
standard for detection of coronary endothelial function. Many patients diagnosed 
as having nonobstructive coronary artery disease exhibit a diffuse vasoconstrictor 
disorder of the epicardial coronary arterial tree during intracoronary acetylcholine 
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testing. Recent work has showed that approximately 40% of patients with typical 
exertional chest pain had normal or near normal coronary angiograms. Of them 
more than two-thirds showed a vasomotor response to intracoronary acetylcholine 
infusion accompanied by chest pain and ischemic ECG signs [26]. Acetylcholine 
(Ach) testing was defined as indicative of epicardial coronary spasm in the pres-
ence of ≥75% focal or diffuse coronary artery diameter reduction. Coronary spasm 
occurred in approximately half of this population. If the constrictor response to 
acetylcholine ranged till up 75%, it was assumed that symptoms and ischemic ECG 
signs were due to impairment of the microvascular circulation. All vessels dilated 
in response to intracoronary nitroglycerin, a direct smooth muscle dilator, sug-
gesting a disturbance of endothelial cell function in the constricting vessels. These 
data paralleled similar observations done by our group and others over 30 years 
ago during hyperventilation testing [4, 27]. There is one caveat: a constrictor 
response to intracoronary Ach does not necessarily indicate endothelial dysfunc-
tion. It could equally be due to the enhancement of the direct constrictor response 
of vascular smooth muscle [21].This can be exemplified by a shift from the normal, 
endothelium- dependent dilator response of human coronary artery to sympathetic 
stimulation to a constrictor response in association with atheroma [23]. Impairment 
of endothelium- dependent dilatation shifts a net dilator response to sympathetic 
stimulation to a net constrictor response [28].

 Diagnostic Criteria for Vasospastic Angina

Vasospastic angina in the absence of obstructive CAD may not consistently cause 
myocardial ischemia that can be detected non-invasively [18, 29]. This can be 
explained by the fact that the commonly applied nuclear-based techniques for isch-
emia depend upon regional differences in perfusion and/or function that identified 
by normalizing radiotracer uptake across the myocardium [30]. This will reduce 
detection of diffuse microvascular coronary flow abnormalities. Prior analyses dem-
onstrated that even in apparently normal scans, the majority of patients with vaso-
spastic angina showed reduced thallium-201 uptake and washout in comparison 
to their controls [30]. Given the fact that traditional nuclear imaging techniques 
rely on detection of abnormalities that are compared to a normalized myocardium, 
diffuse vasoconstriction will appear as normal [29]. Stress cardiac magnetic reso-
nance imaging (CMRI) is capable of defining epicardial as well as subendocardial 
hypoperfusion following administration of IV adenosine in women with signs and 
symptoms of ischemia but no obstructive CAD [31]. Adenosine may also induce 
global and regional left ventricular diastolic dysfunction as demonstrated by both 
radionuclide imaging and stress echocardiography in patients with microvascular 
coronary dysfunction. In prior studies, we and other have shown that ambulatory 
ECG monitoring have an important role in the diagnosis of patients with vasospastic 
angina as it can detect episode of silent ischemia. Interestingly, we have shown that 
during 48-h ambulatory ECG recording in patients with vasospastic angina only 
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9% of ischemic episodes were associated with angina [32]. Similar results were 
reported by another study using 24-h ambulatory ECG monitoring [33]. Ambulatory 
ECG monitoring may be useful also in detecting associated arrhythmias [34].

Exercise stress testing is normal in many patients with vasospastic angina. 
However, doing the hot phase, exercise induced coronary spasm associated with 
ST changes on the electrocardiogram occurs in approximately 50% of patients. 
Additionally, many patients with vasospastic angina have associated high-grade 
fixed coronary stenosis, and exercise testing can be useful in the follow-up and in 
selecting patients that may benefit from invasive investigation [35–37].

Coronary angiography is useful to detect the presence of fixed obstructive coro-
nary stenosis or in the absence of coronary obstruction to pursue provocative test-
ing. However, the expected cost of initial conventional diagnostic investigations 
including coronary angiography in patients with vasospastic angina approximately 
ranged from $3500 to 6000 [38]. Women have been found to present more often 
with vasospastic angina [10]. Shaw et  al. reported an expected consumption of 
nearly $750,000 of cardiovascular health care resources related to the burden of 
ongoing symptoms and medications throughout the lifespan of these women [39]. 
Hence, a better understanding of risk relative to morbidity, mortality and cost is 
needed for this population.

 Prognosis

The prognosis of “normal” coronary arteries in the setting of signs and symptoms 
of myocardial ischemia is not as benign as reported by preliminary cohort studies, 
and as commonly assumed by physicians. Short-term prognosis of patients with 
unstable angina and nonobstructive coronary artery disease includes a 2% risk of 
death or myocardial infarction at 30 days of follow-up [40]. Specifically, evidence 
of microvascular coronary dysfunction indicated by a lower coronary flow reserve 
determined invasively in a population of women and men or exclusively women 
predicts an adverse prognosis [6, 41]. Notably, among women with persistent signs 
and symptoms of ischemia, a relatively higher proportion of adverse events include 
heart failure rather than myocardial infarction suggesting possible links between 
microvascular coronary dysfunction and heart failure with preserved systolic func-
tion [42, 43].

 Therapeutic Strategies

No randomized trials comparing therapies for the reduction of adverse cardiac 
events in patients with coronary artery spasm have been conducted, and available 
adverse outcome data are limited to cohort studies.

Calcium-channel blockers have been shown to be highly effective for reduction 
of coronary artery spasm episodes during daily life and are the first line treatment 
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in patients with vasospastic angina [44, 45]. There are several potential mechanisms 
by which CCB may act in reducing coronary artery spasm recurrences. They pre-
vent vasoconstriction and promote vasodilation in most patients.

Long-acting nitrates maybe useful due to their vasodilatory effect [46]. However, 
the occurrence of nitrate tolerance, makes them a less attractive strategy and may be 
used as additive to CCB in patients with persistence of symptoms.

High doses of CCB/nitrates maybe used in patients with refractory coronary 
artery spasm, despite optimal vasodilator therapy.

Observational evidence does not support the use of nonselective beta-blockers, 
in patients with vasospastic angina because they may exacerbate vasospasm with 
detrimental effects [47]. However, in some patients with associated fixed coronary 
stenosis, a reduction in the frequency of exertional angina episodes is observed [48].

Magnesium deficiency has been shown to a possible factor contributing to coro-
nary artery spasm [49]. Magnesium supplementation may exert its benefit due to its 
calcium blocking effect in the vascular smooth muscle. Accordingly, in one small, 
study intravenous magnesium supplementation improved coronary vasodilation 
and symptoms in patients with vasospastic angina [50]. However, larger studies are 
needed before using magnesium as routine therapy for patients with vasospastic 
angina.

Statins improve endothelial function and may counteract oxidative stress reduc-
ing vasoconstrictor response to acetylcholine [20, 51, 52]. Another proposed mech-
anism is inhibition of the RhoA-associated kinase pathway [53]. Consequently, 
statins may prevent coronary artery spasm and symptoms in patients vasospastic 
angina.

Aspirin should be used with caution in patients with coronary artery spasm, as it 
is an inhibitor of prostacyclin production aggravating coronary vasospasm at high 
doses [54]. However, in patients with associated coronary atherosclerotic disease, 
low dose aspirin should be considered.

Percutaneous coronary intervention may be helpful in patients with associated 
high grade obstructive coronary lesions [55]. Results are variable in this setting 
and depend, in part, upon the severity of the coronary obstruction and the presence 
of multivessel spasm [56, 57]. Coronary stenting may be considered in selected 
patients with refractory coronary artery vasospasm, despite maximal optimal medi-
cal therapy, if associated with mild to moderate coronary disease [58].

In patients with a high risk of life- threatening ventricular arrhythmias and in 
those with aborted cardiac arrest automatic defibrillator placement is highly recom-
mended [59].

 Conclusions

Abnormality of coronary vasomotor tone can be divided into at least two major 
categories that are distinct entities and likely should be managed differently. Focal 
coronary artery spasm, characterizing variant angina, can be treated effectively by 
calcium-channel blockers and nitrates. Spontaneous remission may occur in these 
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patients and in some it is possible to reduce their therapy after symptom-free peri-
ods ranging from 3 to 4  months. Diffuse coronary artery spasm, characterizing 
vasotonic angina, is a manifestation of endothelial dysfunction and, as so, strategies 
aimed at reducing cardiovascular risk factors, may translate into an improvement of 
symptoms and a reduction of risk of morbidity and mortality. Depending on pre-
dominant pathophysiology, individualized therapeutic approaches to patients with 
ischemic heart disease can be made with improved results.
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Chapter 11
Brain Microcirculation and Silent Cerebral 
Damage

Cristina Sierra and Antonio Coca

 Introduction

Regardless of age, hypertension is undoubtedly the cardiovascular risk factor 
(CVRF) most closely related to cerebrovascular pathology [1]. In fact, hyperten-
sion is the most important risk factor for stroke, both ischemic and hemorrhagic, as 
well as other cerebral vascular diseases including lacunar infarction, cerebral white 
matter lesions (WML), microbleeds, cognitive impairment and vascular dementia 
[1, 2]. Hypertension seems to predispose to early cognitive deterioration, which 
evolves to dementia and stroke after a time period that may vary from a few years 
to several decades. During this time, in which the majority of hypertensives remain 
asymptomatic, elevated blood pressure (BP) predisposes to the development of sub-
tle alterations, based on arteriolar narrowing or microvascular changes that lead to 
chronic small vessel ischemia, focal or diffuse (lacunar or WML), as well as depos-
its of hemosiderin in the perivascular spaces, mainly of the deep perforating arteries 
(microbleeds). These lesions are detected mainly by means of brain magnetic reso-
nance imaging (MRI) and, for the most part, in asymptomatic patients.

These silent cerebrovascular lesions are associated with several CVRF (hyperten-
sion, dyslipidemia, diabetes mellitus, smoking), although hypertension is undoubt-
edly the most important [3]. It is widely accepted that cerebral small vessel disease 
(lacunar, WML, cerebral microbleeds) is part of the silent cerebrovascular injury in 
by high blood pressure in hypertensive patients [1, 4, 5]. Despite the undoubted epi-
demiological relationship, the etiopathogenic mechanisms through which hyperten-
sion leads to cerebral pathology are diverse, complex and not completely clarified.
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 Cerebral Blood Flow and Blood Pressure

The brain is an organ with high metabolic activity and, despite representing only 2% 
of body weight, consumes 20–30% of blood oxygen, for which it receives approxi-
mately 15–20% of cardiac output. The oxygen consumption in the different parts 
of the nervous system depends on the density of the neurons and the state of their 
functional activation. As a result of these high demands, the central nervous system 
is especially vulnerable to alterations in cerebral circulation. Under normal condi-
tions cerebral blood flow (CBF) is approximately 50–60 ml/100 g/min [6, 7]. CBF 
is determined by the following formula:

 CBF Cerebral perfusion pressure Cerebral vascular resistan= / cce  

Cerebral perfusion pressure (CPP) represents the difference between the pres-
sure in the artery when entering the cerebral circulation and the venous pressure of 
return. Under normal conditions, the return venous pressure is minimal and, there-
fore, CPP is similar to systemic BP. Thus, when CPP is normal, the changes in CBF 
are due to changes in cerebral vascular resistance (CVR). Several mechanisms regu-
late CBF, the most important being autoregulation, mediated by changes in CVR 
and through which the cerebral blood vessels dilate in response to a fall in BP and 
contract when BP increases (Fig. 11.1). This ensures that the CBF remains constant 
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Fig. 11.1 Diagram of the limits of autoregulation of cerebral blood flow according to variations in 
blood pressure. The displacement of the lower limit of pressure to the right, from the A1 to A2 
values, in hypertensive patients, means that, in this pressure range, the cerebral blood flow corre-
sponding to each pressure value is lower than that of normotensive subjects
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despite wide fluctuations in BP, which can range between 50 and 160 mmHg (lower 
and upper limit, respectively). Therefore, the autoregulation of cerebral circulation 
is the set of mechanisms that protect the brain from ischemia in situations of low 
cerebral perfusion and prevent the risk of cerebral edema in the face of elevations 
in BP. The mechanisms involved in brain autoregulation include endothelial, neuro-
genic, metabolic and myogenic factors. The sympathetic nervous system also plays 
a role in CBF regulation (its activation displaces the upper limit of autoregulation 
towards higher blood pressures) and in the renin-angiotensin system (its activation 
shifts the auto-regulation curve to the right). In experimental models, angiotensin- 
converting enzyme (ACE) inhibitors increase the interval of the autoregulating 
plateau, displacing both its upper and lower limits, at the expense of dilation and 
contraction of the large arteries, but not of the cerebral microcirculation [8]. Thus, 
some studies have shown that, during cerebral ischemia, renin-angiotensin system 
blockade reduces BP without modifying CBF [9]. Another factor that conditions 
CBF is plasma viscosity, which depends on the hematocrit, the situation of cellular 
aggregation and protein concentrations, especially fibrinogen.

 Cerebral Autoregulation and Hypertension

In hypertensive subjects, the absolute value of CBF is the same as in normotensives 
because the curve of cerebral autoregulation is displaced to the right with respect 
to both the lower and upper limits. Thus, although higher BP values are tolerated, 
tolerance to hypotension decreases, which may result in tissue hypoxia by decreas-
ing cerebral perfusion pressure. However, despite the physiological phenomenon 
of cerebral autoregulation, the sustained increase in BP levels characteristic of 
established hypertension, involves sustained vasoconstriction in the arterioles and 
small cerebral arteries that induces structural changes in the vessels and favors the 
appearance of various types of brain injuries. These changes are characterized by 
hypertrophy of the vascular wall and decreases in the internal and external diameter 
of the vessels, a phenomenon known as “vascular remodeling” [6].

Studies of cerebral hemodynamics performed in hypertensive patients have shown 
that young individuals with hypertension have a higher cerebral blood flow velocity 
than patients with “chronic” hypertension and a history of stroke [10]. Likewise, a 
reduction in cerebral blood flow velocity and an increase in distal vascular resistance 
have also been objectified in patients with hypertension of long evolution (>5 years), 
in comparison with patients with short-term hypertension (<5 years) [11]. In addi-
tion, middle-aged hypertensive patients with silent cerebral WML show an increase in 
cerebrovascular tone compared with hypertensive patients without these lesions [12].

 Hypertension and Arteriosclerosis

Hypertension is a risk factor for arteriosclerosis, and the incidence of arterioscle-
rosis in the arteries of hypertensive patients is higher than that observed in normo-
tensive patients of the same age and sex. In fact, arteriosclerosis occurs much more 
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frequently in the vascular areas that support greater pressure, and is more intense 
and progressive when other vascular risk factors are associated, such as diabetes, 
dyslipidemia or smoking. Table 11.1 show several physiopathological mechanisms 
which have been implicated in the genesis of hypertensive cerebral arterial dis-
ease. The hypertension-induced alterations related to early brain involvement may 
be classified as functional or structural (Table 11.2). Functional alterations, such as 
a decrease in the cerebral hemodynamic reserve or mild cognitive impairment, may 
be caused, in turn, by structural lesions associated with the cerebral atherosclerotic 
process caused by hypertension.

However, the chronopathology of these alterations and their interrelationships 
are not clear. The physiopathological mechanisms that trigger them include:

 – An increase in intraluminal pressure that would cause an alteration in endothelial 
function and the smooth muscle of the arterial wall. This would increase the 
permeability of the blood-brain barrier and cause focal or multifocal cerebral 
edema;

 – Endothelial lesions: which would also cause the local formation of thrombi and 
ischemic lesions;

 – Fibrinoid necrosis: which would cause lacunar infarcts through stenosis or focal 
occlusions;

Table 11.1 Pathophysiology 
of cerebrovascular changes 
associated with high blood 
pressure (Adapted from 
Sierra et al. [2])

Mechanical stress (endothelial lesion)—Endothelial 
dysfunction (loss of vasodilatory capacity)
↑ Vascular permeability
Opened ionic channels
Hypertrophy of smooth muscle vascular vessels (reduced 
lumen)
Contraction of smooth muscle vascular vessels (increased 
vascular resistance)
Synthesis of collagen fiber (vascular stiffness)
Transudation of plasmatic products to the arterial wall

Table 11.2 Early cerebrovascular damage associated with hypertension

Functional abnormalities

  –  Reduced cerebral blood flow
  –  Increased cerebrovascular resistance
  –  Reduced cerebral vasomotor reactivity
  –  Incipient cognitive impairment
Structural abnormalities

  –  Arterial remodeling
  – Lacunar infarcts: small deep infarcts caused by penetrating arteriolar occlusive disease
  –  White matter lesions: periventricular and subcortical white matter lesions caused by 

subcortical hypertensive small vessel disease
  – Cerebral microbleeds
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 – Degenerative changes in the endothelium and vascular vessel muscle that predis-
pose to cerebral hemorrhages;

 – Adaptive structural changes in the resistance vessels. Despite the positive effect 
of reducing vessel pressure, increased distal vascular resistance may compro-
mise the collateral circulation and increase the risk of ischemic episodes related 
to hypotension phenomena, or those located distal to a stenosis;

 – Hypertension mediated stenotic lesions or embolisms of the large extra-cranial 
vessels, the aortic arch and the heart;

 – Lesions in the perforating arteries, small caliber vessels that arise directly from 
the trunks of the main cerebral arteries, which are more sensitive to BP. In these 
cases there are different types of lesions: lipohyalinosis, Charcot-Bouchard 
micro-aneurysms and/or microatheromas.

Studies have indicated that hypertension and arteriosclerosis may have a com-
mon pathogenic pathway—alteration of the endothelium [13]. In hypertension, this 
alteration could be due to a defect in the endothelial production of nitric oxide or to 
excess degradation. In any case, this would result in deficient vasodilator capacity 
mediated by the endothelium which, in turn, would enhance the endothelial dys-
function present in the early stages of atheromatosis. In arteriosclerosis, the first step 
in the formation of atheromatous plaque is a functional alteration of the endothe-
lium, characterized by an increase in the production of vasoconstrictive substances 
and growth promoters (endothelin, vasoconstrictor prostaglandins) with respect to 
vasodilators (nitric oxide, and prostacyclin, a hyperpolarizing factor derived from 
the endothelium), with no morphological changes being apparent. This endothe-
lial dysfunction is mainly caused by the shearing effect of the bloodstream and is 
located in the vascular areas with greater blood flow turbulence, mainly at arterial 
bifurcations. Hypertension contributes to a greater shearing effect. Subsequent to 
this endothelial dysfunction and, probably, as a consequence of it, there is greater 
adhesion and platelet aggregation, monocyte infiltration and intracellular and extra-
cellular accumulation of lipids in the injured vascular wall; these processes cause 
a proliferation of vascular smooth muscle cells and cellular necrosis with calcium 
deposits, which finally results in the formation of atheromatous plaque.

The physiopathological consequences of atheromatosis in the cerebral arteries 
which, like the coronary arteries are medium-sized muscular arteries, are decreased 
vascular adaptability, with the consequent loss of vasodilator capacity against oxy-
gen needs, resulting in a reduction in the cerebral vascular reserve. Studies of cere-
bral hemodynamics in hypertensives have shown that hypertensive patients have 
decreased cerebrovascular reactivity (or vasodilatory capacity) compared with nor-
motensive individuals, but of less intensity compared with hypertensive patients 
with a previous cerebral lacunar infarction [14].

The rupture of an atheroma plaque produces the phenomenon of thrombosis, 
reorganization of the thrombus and enlargement of the atheroma plaque with the 
consequent reduction or occlusion of the vascular lumen, which results, depending 
on the vascular territory affected, in various clinical syndromes. These lesions are 
responsible for ischemic strokes, including both those of atherothrombotic etiology 
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and non-cardiac embolisms, which are caused by the detachment of atheromatous 
plaque. In addition, in large arteries affected by arteriosclerosis, dilatations and 
ectopic elongations, whose rupture causes a hemorrhagic stroke, may also occur.

 Cerebrovascular Aging

The changes associated with the aging process itself also lead to greater susceptibil-
ity of the vessels to the harmful effects of CVRF and CV diseases [15]. Table 11.3 
summarizes the changes related to vascular aging and the changes associated with 
brain aging itself. The alterations related to brain aging contribute to small vessel 
disease, ischemic and hemorrhagic stroke and cognitive deterioration.

The cerebral microvasculature that forms the blood-brain barrier (BBB)   changes 
during the aging process. Studies have shown that there is an increase in the per-
meability of BBB with aging, which may be one of the possible etiopathogenic 
 mechanisms of both the onset and progression of cerebral microvascular disease 
[16]. The area of   the capillary surface decreases while the diameter, volume and 
total length increase [17]. This degeneration associated with the structural and 
functional aging of the cerebral vasculature results in alterations in local perfusion. 
This cerebral hypoperfusion would not necessarily cause ischemia as severe as that 
observed in a stroke, but would lead to hypovolemia and the subsequent alteration 
of the microcirculation and damage to the cerebral endothelium [18].

In summary, the alterations associated with the aging of the cerebral vasculature 
would reduce the cerebrovascular reserve and increase the susceptibility of the brain 
to ischemic and hemorrhagic lesions.

 Hypertension and Cerebral White Matter Lesions

The etiopathogenesis of WML is not yet completely clarified. The most widely 
accepted hypothesis in the pathogenesis of these lesions is that they are mediated by 
a vascular mechanism, given the high prevalence of cerebral WML in patients with 

Table 11.3 Mechanisms of vascular aging, and age-related brain changes that cause vulnerability 
in the elderly and increase the risk of cerebrovascular disease (Adapted from Sierra et al. [2])

Vascular aging Age-related brain changes

  •  Low-grade inflammation   •  ↑ Brain-blood barrier permeability
  •  Oxidative stress and endothelial 

dysfunction
  •  Tortuosity of white matter arterioles

  •  Increased arterial stiffness   •  ↓Brain weight, expanded ventricles, ↑ choroid 
plexus weight

  •  Upregulation of renin-angiotensin 
system

  •  Small vessel disease

  •  Impaired endothelial progenitor cell 
function

  •  Cerebral amyloid angiopathy
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CVRF. Post-mortem studies have shown that the presence of WML is associated 
with degenerative changes in arterioles [19], suggesting that arteriosclerosis of the 
penetrating cerebral vessels is the main factor in the pathogenesis of WML. Cross- 
sectional studies have associated indirect measures of atherosclerosis, such as 
carotid intima media thickness [20] or the elasticity index [21, 22] with WML. In 
this arteriosclerosis continuum, markers of endothelial dysfunction (intercellular 
adhesion molecules -ICAM-) [23], as well as inflammation (C reactive protein) [24], 
have also been linked to WML.  Although mostly associated with ischemic phe-
nomena related to arteriosclerosis, the hemodynamic component favoring hypoxia 
(with a decrease in perfusion pressure) caused by the loss of cerebral autoregulation 
observed in hypertension may also be related to WML.

Studies with both transversal and longitudinal designs have established the 
relationship between BP levels and WML, as well as the influence of antihyper-
tensive treatment and optimal BP control [2, 25–30]. In the review by Pantoni 
et al. [31], which included more than 160 publications related to the presence of 
WML, hypertension, together with age, were the risk factors most closely associ-
ated with WML.

Finally, the circadian BP profile has also been associated with the existence 
of WML in studies performed in elderly hypertensives, which found that patients 
who present a nocturnal reduction in SBP of ≥20% of daytime systolic pressure 
(“extreme dippers”) have greater silent cerebrovascular injury (lacunar infarcts 
and WML) than the remaining hypertensive patients [32]. In contrast, hypertensive 
patients without nocturnal BP descent (“non dippers”) also have a greater incidence 
of cerebral vascular injury than those with a decrease of between 10% and 20% 
(“dippers”) [33].
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Chapter 12
Coronary Microcirculation and Left 
Ventricular Hypertrophy

Sebastian Onciul, Oana Popa, and Lucian Dorobantu

 Clinical Case

A 45-year-old male, without any known medical history presents with progressive 
dyspnea and episodes of chest pain both at rest and during exercise. On clinical 
examination, there were signs of both pulmonary and systemic congestion with 
basal pulmonary rales on auscultation and bilateral leg oedema; the patient was 
tachycardic with a rate of 114 bpm and his blood pressure was 90/40 mmHg. The 
ECG showed low voltage in the limb leads, normal duration of QRS complex and 
infero-lateral ST depression (Fig.  12.1). The echocardiography showed a dilated 
and hypertrophied left ventricle (LV) with severely impaired systolic function, with 
an ejection fraction of 25%. The two-dimensional speckle tracking assessment 
showed a severely impaired LV longitudinal strain of the basal and mid- ventricular 
segments, with a typical pattern of apical sparing. There was restrictive mitral filling 
pattern and both atria were enlarged with a thickened inter-atrial septum (Fig. 12.2). 
The right ventricle (RV) longitudinal function was also impaired and there were cri-
teria for severe pulmonary hypertension. A small pericardial effusion was surround-
ing the heart. The invasive coronary angiogram showed normal epicardial coronary 
arteries.
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Fig. 12.1 ECG showing sinus tachycardia, normal PR interval, low voltage in limb leads, Q wave 
in V1 and V2, slow R wave progression in the anterior leads. There are no voltage criteria for left 
ventricular hypertrophy, however the infero-lateral ST downslopping depression is suggestive of 
LV strain

Fig. 12.2 Pulsed-wave Doppler echocardiography showing a restrictive mitral filling pattern
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Given the LVH and dilatation but with low voltage in limb leads on ECG, a diag-
nosis of cardiac amyloidosis (CA) was suspected and a CMR exam was performed.

 The CMR Examination

The CMR cine acquisitions showed an asymmetrical septal hypertrophy (basal inter-
ventricular septum measured 15 mm, all other walls were 9 mm thick) (Fig. 12.3). 
The LV was severely dilated (142 ml/m2)with a severely impaired systolic function 
(LVEF 26%) due to global hypokinesia with severe impairment of the longitudi-
nal contraction. The RV was also dilated (129 ml/m2) and dysfunctional (RV EF 
41%). There was also severe bi-atrial dilatation and thickening of the left atrial walls 
(9 mm thick) with impaired atrial pump function. A small circumferential pericar-
dial effusion was also noted.

Early Gadolinium enhancement (EGE) images showed a circumferential, thin 
area of subendocardial hypo-enhancement surrounded by normally enhancing myo-
cardium (Fig. 12.4a). No intracavitary thrombus was seen.

The Late Gadolinium Enhancement (LGE) images were difficult to acquire due 
to suboptimal nulling of the myocardial signal despite using different inversion 
times. There was diffuse myocardial hyper enhancement, which was transmural in 
some areas (intraventricular septum and basal lateral wall) (Fig. 12.5).

T2 weighted imaging displayed homogenous signal intensity without any focal 
hyperintense areas, suggesting the absence of focal myocardial oedema. However, 
the T2 mapping showed diffusely high values (54 ms) suggesting diffuse, global 
myocardial oedema.

Fig. 12.3 Diastolic phase 
of a balanced steady-state 
free precession (bSSFP) 
cine sequence. The basal 
antero-septum is 15 mm 
thick, while the other walls 
are not hypertrophied. 
Small, circumferential 
pericardial effusion is also 
noted
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T1 mapping demonstrated extremely high native T1 values (1200 ms), as well 
as severe expansion of the interstitium: extracellular volume fraction (ECV) 51% 
(normal values 22–29%).

The constellation of these CMR findings were highly suggestive of CA, and thus 
a complete hematological work-up was performed in order to establish the precise 
etiology of cardiac amyloid deposition. AL type systemic amyloidosis was demon-
strated, and specific chemotherapy was subsequently initiated.

a b

Fig. 12.4 Comparison between early Gadolinium enhancement (EGE) 2 chamber longitudinal 
axis images of the patient with AL amyloidosis (a) and a patient with acute anterior myocardial 
infarction (b). In both images a dark subendocardial area (yellow arrowheads) can be seen sur-
rounded by bright myocardium. In the first 3 min after contrast administration, the normal myocar-
dium becomes bright. However, areas of microvascular obstruction appear dark, as contrast cannot 
penetrate immediately in the respective areas

a b

Fig. 12.5 Late Gadolinium Enhancement (LGE) images aquired in short axis (a) and longitudinal 
4 chamber (b) views, respectively. Difficult nulling of myocardium, with areas of transmural 
hyperenhancement (yellow arrow heads) without respecting a coronary artery distribution
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 Discussion

We present a case of LVH in which the diagnostic work-up identified the amyloid 
deposition as the substrate of wall thickening. Alterations of coronary microcircula-
tion have been described in the context of cardiac amyloidosis on endomyocardial 
biopsy and post-mortem studies. However, in vivo demonstration of MVO in the 
setting of cardiac amyloid deposition has not been reported before. In our case, the 
images acquired after Gadolinium-based contrast administration were highly sug-
gestive of MVO.

 Structural and Functional Alterations of Coronary 
Microcirculation

Coronary microcirculatory abnormalities are present along the whole spectrum of 
LVH etiologies, either in the form of abnormal coronary flow reserve (CFR), or 
more infrequently as MVO.

Non-invasive quantification of myocardial blood flow (MBF) at rest and dur-
ing maximal coronary dilatation is able to confirm the microvascular dysfunction 
(MVD). Both Rubidium-82 positron-emission tomography (PET) imaging and 
CMR are able to demonstrate impaired myocardial blood flow during vasodilator 
stress with adenosine. The ratio between MBF under basal conditions and in con-
ditions of maximal coronary vasodilatation represents the coronary flow reserve 
(CFR) [1].

However, the most severe form of MVD is MVO which can be demonstrated 
histologically but also by non-invasive imaging. In this regard, MVO has been well 
characterized by CMR in the setting of acute myocardial infarction (MI) [2].

 Coronary Microvascular Dysfunction Across the Spectrum of 
LVH Etiologies

Left ventricular hypertrophy is encountered in a variety of clinical settings. LVH 
may appear secondary to increased afterload conditions such asarterial hyperten-
sion or aortic stenosis. However, LVH may also be the expression of primary cardio-
myopathic processes such as HCM or infiltrative diseases. In all these conditions the 
extracellular compartment of the myocardium may be disorganized with alterations 
of the interstitial matrix architecture. The intramyocardial capillaries lumen is nar-
rowed secondary to both increased capillary wall thickness, but also due to extrinsic 
compression by an expanded extracellular matrix.

Consequently, alterations of the coronary microcirculation consist in either 
abnormal CFR, or the most extreme alteration of the microcirculation, namely 
MVO.
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 Coronary Microvascular Dysfunction in Hypertrophic 
Cardiomyopathy

The structural alterations of coronary microcirculation in HCM are well documented.
Maron proposedthattheprimarystructural substrate for microvasculardysfunction 

in HCMisthethickening of the intima and/or medial layers of thearterial wallsre-
sulting in narrowing of theintramuralcoronaryarterioleslumen [1] (Fig. 12.6). The 
increased myocardial oxygen demand due to increased LV mass as well as the LV 
outflow obstruction can lead to periods of ischaemia which may result in areas of 
replacement fibrosis.

Patients with HCM have normal MBF at rest, but exhibit a blunted response 
during vasodilatatory stress, i.e. the MBF does not increase during the infusion of 
adenosine or dypiridamole [1, 3, 4].

Petersen et al. demonstrated using CMR imaging that patients with HCM have 
decreased CFR, and patients with higher degree of hypertrophy have more severe 
microcirculatory dysfunction [4]. Furthermore, the reductions in MBF were associ-
ated with increasing wall thickness and the amount of segmental LGE.

However, MVD is present not only in the hypertrophied segments, but also in 
the non-hypertrophied walls suggesting that MVD is part of a diffuse impairment 
of microcirculation in HCM [1, 3]. As such, the occurrence of MVD in the non- 
hypertrophied segments may be an early marker of the HCM phenotype [5].

a b

c

Fig. 12.6 Small-Vessel Disease and the Morphologic Basis for Myocardial Ischemia in HCM. (a) 
Native heart of a patient with end-stage HCM who underwent transplantation. Large areas of gross 
macroscopic scarring are evident throughout the LV myocardium (white arrows). (b) Intramural 
coronary artery in cross-section showing thickened intimal and medial layers of the vessel wall 
associated with small luminal area. (c) Area of myocardium with numerous abnormal intramural 
coronary arteries within a region of scarring, adjacent to an area of normal myocardium. Original 
magnification ×55. With permission from M. S. Maron et al., “The Case for Myocardial Ischemia 
in Hypertrophic Cardiomyopathy,” J. Am. Coll. Cardiol., vol. 54, no. 9, pp. 866–875, 2009
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 Anderson-Fabry Disease

Patients with Anderson-Fabry (AFD) disease frequently present with angina, posi-
tive non-invasive testing for ischaemia but no epicardial coronary obstructive dis-
ease [6, 7]. PET imaging has demonstrated that male patients with Anderson Fabry 
disease have an impaired CFR [7].

In these patients, myocardial ischaemia may result from capillary rarefaction in 
the context of a thickened myocardium, but this is not the sole mechanism. Coronary 
microvascular dysfunction may occur in AFD patients independently of the LV wall 
thickness, including females without LVH [8]. This observation suggest that intrin-
sic alterations of capillary wall may contribute to CMD. Indeed, histological studies 
have shown that the lumen of the intramural arteries is narrowed because of hyper-
trophy and proliferation of smooth muscle and endothelial cells, both engulfed by 
glycosphingolipids [6].

As CMD may appear early in the course of AFD, this may have important 
consequences for the optimal timing of enzyme replacement therapy in the pre- 
hypertrophic stages of the disease [8].

Endomyocardial biopsies before and after treatment with recombinant human 
α-galactosidase A have shown that replacement therapy resulted in successful clear-
ance of globotriaosylceramide accumulation on cardiac biopsies [9]. However, the 
coronary microvascular function does not seem to recover after enzyme replace-
ment therapy [7].

 Amyloidosis

Angina is a common presentation of patients with cardiac amyloidosis (CA). They 
usually have positive exercise or pharmacological stress tests, in the absence of 
epicardial coronary artery disease. These patients are initially diagnosed as having 
cardiac syndrome X, but they do not respond to anti-anginal medication that is usu-
ally prescribed for this condition [10, 11].

Reduced vasodilator coronary flow reserve was demonstrated in CA patients 
using vasodilator stress N-13 ammonia PET: peak stress myocardial blood flow 
(MBF) was significantly lower in cardiac amyloidosis patients compared to healthy 
volunteers and to patients with hypertension related LVH (0.91 vs 1.94 vs 2.1 ml/g/
min, p < 0.0001) [12].

According to Dorbala et al., CMD in amyloidosis has three major mechanisms:

• structural (amyloid deposition in the vessel wall causing wall thickening and 
luminal stenosis)

• extravascular (extrinsic compression of the microvasculature from perivascular 
and interstitial amyloid deposits and decreased diastolic perfusion)

• functional (autonomic and endothelial dysfunction) [13].
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Apart from this, post-mortem histologic examination of hearts of patients with 
AL amyloidosis identified severe obstructive alterations of the intramural coronary 
arteries with amyloid leading to significant luminal narrowing or occlusion [11]. 
Fresh myocardial necrosis was found in the myocardial areas with small-vessel 
obstruction [11].

Thus, cardiac amyloidosis is one of the LVH conditions which may associate 
coronary MVO and the non-invasive diagnosis of MVO may be of interest for thera-
peutic and prognostic purposes in patients with CA. CMR imaging is unique among 
the cardiac imaging modalities as it has the capacity to provide detailed information 
about the structure of the myocardium including the identification of areas of MVO.

 Diagnosis of Microvascular Obstruction by Cardiovascular 
Magnetic Resonance

During a standard contrast enhanced CMR protocol, MVO can be identified at 3 
different steps:

• the first-pass perfusion
• the early Gadolinium enhancement (EGE) and
• the late Gadolinium enhancement (LGE) [14].

On these images, MVO appears as a dark core in the middle of bright areas 
of contrast enhancement. The dark appearance is explained by the non-penetrance 
of Gadolinium-based contrast inside de MVO territory. EGE images are usually 
acquired in the first 3  min after contrast administration, while LGE images are 
acquired 10–15 min after contrast administration. All along this time, contrast may 
penetrate the periphery of the MVO area, resulting in a smaller MVO area appear-
ance on LGE than on EGE images [2].

MVO has been well documented in the setting of reperfused acute MI (example 
in Fig. 12.4b) as an expression of no-reflow phenomenon. In these patients, MVO 
detection by CMR is a poor prognostic indicator and marker of subsequent adverse 
LV remodeling [2].

 The Potential of CMR to Diagnose MVO in Cardiac 
Amyloidosis

To our knowledge, diagnosis of MVO by CMR has not been reported in the set-
ting of cardiac diseases other than acute reperfused MI. However, endomyocardial 
biopsy and post-mortem studies have clearly described severe MVO in the setting 
of CA [11, 10].
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The EGE and LGE images in our patient show a circumferential area of suben-
docardial hypo-enhancement, which may represent reduced subendocardial flow, 
possibly due to MVO (Fig. 12.4). The persistence of the dark core even 15 min 
after contrast infusion suggest the failure of Gadolinium to penetrate the area of 
reduced blood flow. Our assumption that the dark core on EGE/LGE images is the 
expression of MVO, is based on the similar aspect of MVO in acute reperfused MI 
(Fig. 12.4b). However, an endomyocardial biopsy has not been performed in this 
patient, and therefore our belief is shadowed by uncertainty for the moment.

 Conclusions

Coronary MVD occurs across the entire spectrum of LVH etiologies mainly as 
impaired CFR.  This can result in angina in the absence of epicardial coronary 
obstructive disease and may be quantified non-invasively by measuring the myocar-
dial blood flow during vasodilator stress. However, cardiac amyloidosis represents a 
particular condition, structurally characterized not only by decreased CFR but also 
by obvious MVO. CMR may be a patent method to non-invasively diagnose MVO 
in the setting of cardiac amyloidosis with important clinical significance.
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Chapter 13
Microcirculatory Dysfunction in Acute 
Heart Failure

Ovidiu Chioncel and Alexandre Mebazaa

 Introduction

Acute heart failure (AHF) is characterized by an acute or sub-acute deterioration 
in cardiac function resulting from numerous possible underlying heart diseases and 
precipitating factors [1].

The diversity in etiologies, precipitants, and comorbidities suggests that multiple 
pathophysiologic targets contribute to HF progression, and substantial heterogene-
ity in the response to therapy might be expected.

Despite significant advances in diagnosis and therapy over the past 20 years [1, 
2], HF patients still have a poor prognosis. European registries [2–4] showed that 
1-yearoutcome rates remain unacceptably high, and confirm that hospitalization for 
AHF represents a change in the natural history of the disease process.

This finding can be explained by the incomplete understanding of pathophysiol-
ogy of the disease and by the fact that in-hospital therapeutic approaches to these 
patients have remained practically unchanged during the last few decades [5].

Furthermore, AHF represents a broad spectrum of disease states, varying from 
hypertensive heart failure to CS [4], and consequently, there is a diversity of patho-
physiological mechanisms and therapeutic approaches.

Cardiogenic shock (CS) is the most severe manifestation of acute heart failure 
(AHF) [1], with in-hospital mortality between 30 and 60% [2–4].
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Vital organ hypoperfusionis, the hallmark of CS, and compensatory mechanisms 
by vasoconstriction lead to intermittent improvement in coronary and peripheral 
perfusion at the cost of increased afterload [6, 7].

Compensatory vasoconstriction is reversed by inflammatory mediators, which 
determine nitric oxide (NO) dependent pathological vasodilation [6, 7]. The occur-
rence of the systemic inflammatory response syndrome (SIRS) contributes to the 
further worsening of hypoperfusion and development of multi-organ dysfunction 
syndrome (MODS) through excessive vasodilation, the key element being the 
impairment of microcirculation [6, 7].

In addition, bleeding, transfusion and even hemolysis induced by some MCS 
further contribute to the inflammatory response [7, 8].

Development of SIRS and MODS are considered to be major contributors to the 
high in-hospital mortality beyond hemodynamic abnormalities [6–8].

However, there is a limited understanding of the pathophysiology of CS 
and AHF, and current therapies focus rather on central macro-hemodynamic 
abnormalities (e.g. preload, afterload) as opposed to targeting specific organ 
pathways.

Several conceptual frameworks have been proposed to explore the underlying 
pathogenesis of AHF, and recently emerging evidence has suggested a potential 
impact of microcirculatory dysfunction. Although, the clinical consequences of 
macro-circulatory abnormalities, congestion or hypoperfusion, can lead to organ 
injury and, ultimately, the failure of target organs (i.e. heart, lungs, kidneys, liver, 
intestine, brain), which are associated with increased mortality, the intermediary 
link between central hemodynamics and organ failure is represented by microcir-
culatory dysfunction.

Clinicians have no ability to assess the microcirculation and the balance of met-
abolic supply and demand at the bedside. Hence, more readily available macro- 
circulatory measures, such as cardiac output, mean arterial pressure, centralvenous 
pressure, serum lactate, and mixed venous oxygen saturation, are used as surro-
gates, making the assumption that microcirculatory perfusion is strictly coupled to 
the macro-circulation. Even though a minimal cardiac output and arterial pressure 
is mandatory to sustain the microcirculation, this level is not yet well defined and 
has a high organ and individual variability. Above this level, microcirculation and 
systemic circulation are relatively dissociated, so that microcirculatory alterations 
can be observed even when systemic hemodynamics are within satisfactory goals, 
and furthermore, the response of the microcirculation to therapeutic interventions is 
often dissociated from systemic effects [9–11].

Data from SHOCK registry [12], demonstrated that 45% of non-survivors of CS 
die with a normal cardiac index (i.e. >2.2 l/min/m2), indicating that optimization of 
macro-hemodynamic parameters alone may fail to improve outcomes.

In addition, patients with AHF, may present with distinct clinical phenotypes, 
varying from hypertensive heart failure to CS [4], and whether the severity of 
microcirculatory alterations and the response to therapy differs among these clini-
cal conditions needs to be investigated.
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 Pathophysiology of Microcirculatory Dysfunction in AHF

The cardiovascular system, including macro-circulation and microcirculation, are 
closely controlled to warrant that oxygen delivery is matched to the metabolic 
demands of the whole organism. Systemic perfusion pressure is a key element of 
the macro circulation but is strongly influenced by vascular tone within the micro-
circulation. Individual organs adjust their microcirculatory perfusion to regulate the 
local supply of oxygen in order to meet their metabolic needs [13].

Because oxygen has to diffuse from capillaries to tissue cells, every organ has a 
rich network of microvessels [13], and density of this network depend on the meta-
bolic requirement of each specific tissue [13].

The microcirculation consists of a network of blood vessels less than 100 μm in 
diameter (arterioles, capillaries and venules) [9, 14].

Arterioles are tiny branches of arteries that lead to capillaries and form the major 
resistive component of the microcirculation. The smooth muscle cells from arterio-
lar wall are under the control of the sympathetic nervous system. Vascular endo-
thelial cells can respond to mechanical stimuli (alterations in  local shear stress), 
biochemical stimuli (pH, lactate, tissue concentration of O2 and CO2), neurohor-
monal mediators [9, 14].

These central and local control mechanisms regulate constriction and dilatation 
of the arterioles depending on the perfusion pressure and metabolic requirements 
of the tissue cells. Under abnormal conditions, such as CS or AHF, the balance 
between vascular resistance to preserve arterial pressure (by constriction of the 
resistance vessels) and peripheral tissue flow may be lost, causing insufficient blood 
flow to sustain metabolism in specific organs (Fig. 13.1). For instance, the tempo-
rary compromise as a response to a sudden decline in blood pressure (e.g., in shock 
states) is an increase in arterial resistance and reduced bloodflow to the less vital 
organs such as the skin and the splanchnic system.

Capillaries consist of a single layer of epithelium and a basement membrane. The 
main function of capillaries is to allow exchange of molecules between blood and 
tissues [9, 13, 14].

Capillary blood flow (a product of driving pressure, arteriolar tone, and hemorheol-
ogy) and capillary patency are the main determinants of capillary perfusion [14, 15].

Blood flow in one single capillary is not a good indicator of oxygen delivery to 
the tissue under evaluation due to the temporal and spatial heterogeneity of capillary 
blood flow [14–16].

Capillary patency is reflected by functional capillary density (FCD), defined as 
the number of functional capillaries in a given area where functional is defined as 
capillaries filled with flowing red blood cells [14–16].

FCD is tightly coupled to cellular metabolic requirements such that increased 
requirements result in decreased terminal arteriolar tone, increased FCD, and 
increased substrate supply. Decreasing in FCD reduce the surface area for capillary 
exchange, increase diffusion distance, and increase the degree of arterio-venous 
shunting of blood through tissues [14–16] (Fig. 13.2).
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In normal conditions, the microcirculation is responsible for fine-tuning of per-
fusion to meet local oxygen requirements. This is achieved by recruiting and de- 
recruiting capillaries, shutting down or limiting flow in capillaries which perfuse 
areas with low oxygen requirements and increasing flow in areas with high oxygen 
requirements [16] (Fig. 13.2).

The venular part of the microcirculation serves as a large low-pressure reservoir 
and it may contain as much as 75% of total blood volume [17]. Active and passive 
changes of venous vascular tone alter the quantity of venous blood, which thereby 
change cardiac preload and cardiac output and guarantee maintenance of the circu-
lating blood pool [17].

Microcirculatory perfusion is subject to myogenic, metabolic, and neurohumoral 
mechanisms that control loco-regional bloodflow [13–16].

Myogenic auto-regulation is the intrinsic ability of a blood vessel to constrict 
or dilate in response to a change in intraluminal pressure and is tempered by shear 
stress-induced release of nitric oxide (NO) [15, 16].

Myogenic responses, mediated by changes in vascular smooth muscle con-
tractility, serve to regulate capillary pressure and FCD across a wide range of 
systemic perfusion pressures. These responses provide a basal level of tone but 
also interact with other vascular control mechanisms to influence regional perfu-
sion [15, 16].
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Fig. 13.1 Pathophysiology of microcirculatory dysfunction in AF
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The metabolic theory of auto-regulation describes the matching of local capillary 
blood flow to the metabolic needs of the underlying tissue [18].

Hypoxia results in rapid, endotheliummediatedvasodilation via release of vaso-
dilating prostaglandins and NO.  The release of metabolites, such as adenosine, 
 lactate, H+, and K+, from the underlying tissues induces amore delayed vasodilator 
response [15, 16, 18].

Also, the degree of arteriolar vasodilation is dependent on the distribution of 
adrenergic receptors particular to a given organ [19].

Based on these regulatory mechanisms, endothelium could modulate the number 
of well-perfused capillary, i.e., the functional capillary density, in order to supply 
tissue metabolic requirements [13–16, 20].

Numerous experimental and clinical studies have reported that microvascular 
blood flow is altered in patients with AHF and CS (Table 13.1), and tissue perfu-
sion can remain altered even after achievement of within-target cardiac output and 
arterial pressure. Multiple organ failure is common in these patients, often despite 
correction of mean arterial pressure and cardiac output (Fig. 13.3). Low-flow condi-
tions are associated with a substantial decrease in FCD as a result of shutting down 
some capillaries while others remain perfused with reduced flow [10, 14–16].

The severity of the decrease in FCD is directly related to a poor outcome [10, 21, 22].

Preserved perfusion
+++Functional capillary density
+++Proportion of perfused vessels 

No perfusion
0 Functional capillary density
0 Proportion of perfused vessels 

Shunting area
0 Functional capillary density
+Proportion of perfused vessels 

Low perfusion
+Functional capillary density
+Proportion of perfused vessels 

<100 µm

venules arterioles

capillaries

Fig. 13.2 Heterogeneity of microcirculation and tisular perfusion in AHF
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Hypoperfusion of microcirculation may be an etiologic factor in the pathogen-
esis of multiple organ failure and may contribute to mortality in a considerable 
proportion of patients with CS [10, 21, 22].

The severity and the duration of microcirculatory alterations are related to the 
occurrence of organ dysfunction and risk of death [9].

Different mechanisms have been implicated in the development of these altera-
tions including, impaired endothelial vasoreactivity, alterations in red blood cell 
rheology, alteration in endothelial glycocalyx, platelet aggregation, and micro- 
thrombosis (Fig. 13.1). Further on, alteration in microvascular endothelium is asso-
ciated with activation of coagulation and inflammation, reactive oxygen species 
generation, and permeability alterations [20, 21].

In one of the first studies [10], despite of the fact that the perfusion of large ves-
sels was preserved in all groups, the proportion of perfused small (<20 μm) vessels 
was lower in patients with severe AHF and CS than in control patients, and acetyl-
choline totally reversed microcirculatory dysfunction.

Furthermore, the response to reactive hyperemia is attenuated in CS, and this may 
reflect increased vasoconstriction and an impaired capacity for vasodilation [23].

This may be explained by augmented sensitivity to an already increased sympa-
thetic output. There may also be a systemic reduction in NO production as a result 
of reduced activity of the endothelial isoform of NO synthase, as is seen in chronic 
left ventricular failure [24].

Rheological factors, such as decreased erythrocyte deformability may also be 
important in limiting systemic microvascular flow [23].

Table 13.1 Studies enrolling AHF patients and documenting microcirculatory dysfunction

Clinical 
settings N Lot control Technique

Microcirculatory 
variable

Kirschenbaum 
et al. [23]

CS post MI 8 6 ICU patients 
and 6 septic 
shock patients

Venous air 
plethysmography

Decreased forearm 
blood flow during 
reactive hyperemia

De Backer et al. 
[10]

AHF and 
CS

40 15 patients OPS, sublingual Low PPSV

Jung et al. [21] CS 7 17 ICU 
patients 
without shock

OPS, sublingual Low microflow

Den Uil et al. 
[54]

ADHF 24 20 healthy 
volunteers

SDF, sublingual Low PCD

Lauten et al. 
[11]

ADHF 27 No SDF, sublingual Low MFI

Lam et al. [71] CS post MI 
with 
Impella 
support

6 3 healthy 
volunteers

SDF, sublingual Low MFI, PVD

ADHF acute decompensated heart failure, CS cardiogenic shock, ICU intensive care unit, MFI 
microcirculatory flow index, MI myocardial infarction, PCD perfused capillary density, PPV pro-
portion of perfused vessels, PVD perfused vessel density, SDF Side-stream Dark-Field, TCD total 
capillary density
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As the degree of sympathetic activation and vasoconstriction are proportional 
to severity of HF, decreased microvascular tissue perfusion is likely to occur 
even in patients with no global hemodynamic compromise or laboratory signs of 
hypoperfusion. Microcirculatory dysfunction, consisting of a decrease in sublin-
gual vessel density and in the proportion of perfused capillaries, was observed in 
patients with ADHF even in the absence of clinical or laboratory signs of hypo-
perfusion [11].

These findings indicate microcirculatory impairment as a pathophysiologi-
cal mechanism involved in the development of organ failure, which is frequently 
observed in AHF and associated with a significant morbidity and mortality 
(Table 13.2).

Using global hemodynamic markers as target to therapy in AHF may not be suf-
ficient to avoid subsequent organ failure [9, 10, 25].

This may at least in part be explained by the fact that organ perfusion is mostly 
determined by microvascular perfusion, which can be affected independently of 
global and/or regional perfusion (Fig. 13.3). However, distinct to the sepsis, in CS 
microvascular alterations are not completely independent from changes in macro- 
circulation [9, 14–16], and at least in the early phase, a clear relationship between 
cardiac output and microcirculatory status can be seen.

vasoconstriction

vasodilation

MODS

Macrocirculation

Microcirculation

Haemodynamic concordance

Macro- and microcirculation

Haemodynamic disconcordance

Macro- and microcirculation

Fig. 13.3 Time course of microcirculatory dysfunction
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Thus, the use of some measurements of microcirculation function in conjunction 
with global hemodynamic data (such as cardiac index, lactate level, SaO2, SVO2), 
in order to appropriately guide therapy, would be more clinical relevant than only 
relying on macro-hemodynamics [25].

 Techniques Used to Monitor Microcirculation

Microcirculation assessment was possible only in experimental condition until very 
recently. Due to the improvement of technology, clinicians are able to evaluate both 
anatomy and metabolism of microcirculation at the bedside [9, 10, 15, 16, 20].

The microcirculation in humans can be evaluated directly by videomicroscopy or 
indirectly by vascular occlusion tests. Of note, direct videomicroscopic techniques 
evaluates the actual state of the microcirculation, whereas the vascular occlusion 
test evaluates microvascular reserve. In clinical experiences, AHF and CS have 
been associated with a decrease in perfused capillary density and an increase in the 
heterogeneity of microcirculatory perfusion, with non-perfused capillaries in close 
vicinity to perfused capillaries (Table 13.1).

Microvideoscopic techniques, such as orthogonal polarization spectral (OPS) 
and side stream dark field (SDF) imaging, directly evaluate microvascular net-
works covered by a thin epithelium. The most investigated site in humans is the 
sublingual mucosa. In the sublingual area, which has a common embryologic 
origin with splanchnic microcirculation, capillaries and venules of variable size 
can be visualized. These techniques use a light source directed on a tissue and 

Table 13.2 Parameters of microcirculatory dysfunction and their prognosis role in AHF studies

Clinical 
settings

Control 
group N Technique

Serial 
measurements

Prognostic 
variable Outcome

De 
Backer 
[10]

AHF and 
CS

Yes 40 OPS No PPSV In-hospital 
mortality

Den Uil 
[22]

CS No 68 SDF Yes PCD 30-day 
mortality

Jung 
[69]

CS post 
MI with 
IABP

Yes 41 SDF Yes PCD,PVD,TCD 30-day 
mortality

Kara 
[73]

CS with 
VA 
ECMO

No 24 IDF Yes PVD ICU- 
mortality

Yeh 
[74]

CS with 
VA 
ECMO

No 48 IDF Yes PVD, PPV 28-day 
mortality

ICU intensive care unit, IDF Incident Dark Field Imaging, PCD perfused capillary density, PPV 
proportion of perfused vessels, PVD perfused vessel density, OPS Orthogonal Polarization Spectral 
imaging, SDF side-stream dark field imaging, TCD total capillary density
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the light is reflected by deeper layers providing transillumination of the superfi-
cial layers of the tissue. In both techniques, the wavelength of the emitting light, 
548 nm (wavelength which is both deoxy and oxyhemoglobin light absorption), 
is absorbed by the hemoglobin contained in the red blood cells (both deoxy and 
oxyhemoglobin), independently of its oxygenation state, so that these can be seen 
as black/gray bodies [14–16].

The Orthogonal Polarization Spectral (OPS) imaging technique is a relatively non-
invasive method developed for the assessment of the human microcirculation, ideal 
to study capillaries under thin mucosa layer such as those of tongue, conjunctiva, and 
serosa. In OPS, the examined tissue is illuminated with polarized light and the reflected 
light is depolarized, due to multiple hits on cells in the deep layers of the tissue.

Sidestream Dark-Field (SDF) is a further development of OPS technique and 
it allows a better resolution and clarity [26]. Hand-held SDF imaging produces 
high- resolution video of the microcirculation and can be used non-invasively on the 
sublingual mucosa or invasively on a wide variety of tissues. The indices of micro-
circulatory perfusion generated with this technique provide an estimate of capillary 
density, magnitude of blood flow, and heterogeneity of perfusion [14, 26].

The following parameters have been suggested: assessment of perfusion quality 
for small, medium, and large vessels (Microvascular flow index-MFI), a measure 
of vessel density (total or perfused vessel density TVD and PVD), two indices of 
vascular perfusion (proportion of perfused vessels-PPV and microcirculatory flow 
index-MFI), and a flow heterogeneity index [14–16, 26, 27].

Recently, introduction of Incident Dark Field Imaging (IDF) imaging allows for 
a faster and more stable and precise measurement to be made [28].

This new device with improved optics detects 30% more sublingual vessels than 
the SDF, and has a faster measurement acquisition time, requiring only 3–5 s to 
assess the quality of the microcirculation [28].

Laser Doppler and near-infrared spectroscopy (NIRS) measurements detect the 
dynamic response of the microcirculation to a stress test [15, 16].

Laser Doppler is based on the Doppler shift of the emitted laser light when it 
travels through tissue and is reflected off the moving objects, such as the moving 
erythrocytes.

Laser Doppler devices allow a vasoreactivity test, based on the fact that after 
transient ischemia obtained by arterial occlusion with a cuff placed around the arm, 
the speed of flow recovery will mostly be determined by the capacity of the micro-
vasculature to recruit arterioles and capillaries [14–16]. An adequaterestoration of 
blood supply requires a microcirculation that is functional enough to recruit vascu-
lar beds in response to metabolic need after mild ischemia.

NIRS is a non-invasive method assessing hemoglobin oxygen saturation measured 
in a volume of illuminated tissue with a near infrared wavelength [15, 16, 26, 27].

Near-infrared spectroscopy (NIRS) is a technique that utilizes near-infrared light 
(wavelengths between 700 and 900 nm) which easily penetrate biological tissues 
and allows a quantification of the oxygenation of chromophores such as haemoglo-
bin and myoglobin, as well as of the redox state of the intracellular cytochromes 
(Aa3).
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The fractions of oxy- and deoxyhemoglobin are used to calculate tissue O2 satu-
ration (StO2), and total light absorption is used to compute total tissue hemoglobin 
(HbT) and the absolute tissue hemoglobinindex (THI) [14–16].

The analysis of changes in StO2 during a brief episode of forearm ischemia 
enables quantification of the rate of falling-off of microcirculatory oxygen satura-
tion, representing the metabolic status of the underlying tissue [29]. The rate of 
return of normal microcirculatory saturation is hypothesized to represent microcir-
culatory reserve [15, 16, 29].

Tissue CO2 represents the balance between CO2 production and flow to the tissue 
[24, 25, 40]. The PCO2 gap (the difference between tissue and arterial concentra-
tion of CO2) reflects more the adequacy of flow than the presence of tissue hypoxia. 
TissuePCO2 can be measured by probes in contact with the tissue, or tonometry [15, 
16, 26]. This measurement can detect zones of impaired regional perfusion and/or 
tissue hypoxia even when total perfusion is preserved but heterogeneous.

A gastric PCO2 gap above 20 mmHg discriminated survivors from non-survivors 
in critically-ill patients [30]. However, this technique, although attractive, has some 
technical problems related to duodeno-gastric reflux and feeding can interfere with 
PCO2 measurements [30].

 Clinical Consequences of Microcirculatory Dysfunction  
in AHF

Organ injury or/and failure and impairment are commonly observed in patients with 
AHF, and the abnormalities in hemodynamic status related to both congestion and 
hypoperfusion are the essential pathophysiological mechanism of impaired organ 
function [25].

Microcirculatory dysfunction is the main facilitator of organ failure in both hemo-
dynamic conditions (Fig. 13.4). In fact, degrees of microvascular abnormalities have 
been correlated with organ dysfunction and mortality in AHF and CS [10, 22].

Additionally, microcirculatory alterations can be already detected in the very 
early stage of disease, and may persist regardless of macro-hemodynamic status [11].

To note, some studies have reported that microvascular variables predicted more 
accurately organ dysfunction and mortality than traditional hemodynamic param-
eters [22].

 Heart

Although in AHF, heart and brain perfusion are relatively preserved due to redis-
tribution of cardiac output via compensatory vasoconstriction in other territories, 
microcirculatory dysfunction is a systemic condition resulting in multi-organ 
injury/failure [9, 25].
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Even if troponin testing is the biomarker gold standard for the diagnosis of acute 
myocardial infarction (MI), elevation of troponin may occur in situations other than 
acute coronary ischemia [31], and elevated serum troponin is common during AHF 
decompensation [32], and even more, troponin elevation persists long term after 
discharge [33].

During HF decompensation, prolonged episodes of reduced myocardial perfu-
sion may result in coronary microvascular dysfunction [25].

The mechanisms responsible for microvascular dysfunction include endothelial 
dysfunction, smooth muscle cell dysfunction, and the dysregulation of sympathetic 
innervation [31].

 Kidney

Kidney injury and renal dysfunction are common in AHF settings being reported in 
25–30% of patients [34].

Kidney injury can be detected and quantified using a combination of urine output 
(oliguria) and blood biomarkers of renal function (e.g. cystatin C, serum creatinine, 
blood urea nitrogen, GFR, albuminuria) [34].

Arterioalr vasoconstriction
�microvascular permeability 
Alteration of TG feedback
Endothelial cell dysfunction,
Inflammation 
Reperfusion injury

�PCP
Hypoxia
Vasoconstriction  
Oxidative stress
Inflammation 

Sinusoidal congestion
Hypoxia 
Vasoconstriction  

Mucosal ischaemia
Mucosal edema
Hypoxia 
�capillary permeability
Inflammation

Systemic Microcirculatory Dysfunction

Acute Kidney Injury Pulmonary injury 
Pulmonary Edema

      Oliguria
      �Creatinine, �BUN,
 � eGFR
 �Cystatin C

  Citokines
TMAO

Congestive hepatopathy
Ischemic hepatitis 

Ascites
�GGT, �Bilirubine,
�ALT, �AST, 

�Bowel permeability
Bacterial Translocation
Changing intestinal flora

Hypoxemia
�SP-B �

�

Endothelial dysfunction,
Smooth muscle cell dysfunction
Sympathetic hyperactivation

Myocardial injury 

Tubular-capillary barrier Alveolar-capillary barrier Epithelial-capillary barrierHepatocyt-sinusoidal barrier

Redistribution of regional perfusion

Hypoperfusion

Congestion

�Troponine
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In AHF, vasoconstriction of afferent artery as result of the redistribution of car-
diac output is followed by vasoconstriction of efferent artery, in order to preserve 
glomerular filtration rate [34].

Because peri-tubular capillaries are derived from the efferent glomerular arteri-
oles, any disturbance of glomerular blood flow will impair peri-tubular perfusion.

Intra-renal microcirculatory dysfunction can be the result of both congestion and 
hypoperfusion, but the unique microvascular architecture of the kidney, having both 
series and parallel components, preserves the renal flow if microvascular vasocon-
striction or obstruction occurs in certain areas [35].

To note, systemic congestion was a stronger predictor of worsening renal func-
tion than cardiac output or mean arterial pressure, suggesting that worsening renal 
function cannot be predominantly attributed to reduced cardiac output [36].

Elevated central venous pressure may produce microcirculatory dysfunction and 
worsen renal function through several different mechanisms, including increasing 
capillary permeability, pressure-induced reduction in renal blood flow via tubule- 
glomerular feedback activation and renal hypoxia [37].

However, the mechanisms that contribute to peri-tubular capillary dysfunc-
tion in AHF are multifactorial, including increased microvascular permeability, 
 endothelialcell dysfunction, inflammation, imbalance between vasodilating and 
vasoconstricting factors, and reperfusion injury [34, 36, 37].

 Gout

The circulatory adaptations that occur in patients with AHF may favour microcircu-
latory injuries leading to a disruption in the intestinal barrier and change in intesti-
nal bacterial composition, thereby amplifying inflammation [38–40].

Gut barrier function is maintained by well-balanced intestinal flora, an intact 
mucosa and a normal functioning immune system. If these mechanisms are disrupted, 
viable bacteria or their degradation products like endotoxin (i.e. lipopolysaccharide- 
LPS), or bacterial toxic metabolites like trimethylamine N-oxide (TMAO) may 
cross the gut mucosa and spread to systemic circulation and distant organs [38, 39].

In the intestinal villi, arterioles and venules form a countercurrent microcir-
culatory system. Therefore, arteriolar oxygen shunts to venules before reaching 
the villus tip, resulting in the lowest oxygen concentration occurring at the villus 
tip. In patients with HF, there are microcirculatory disturbances in the gut due to 
reduced perfusion, increased congestion, and sympathetically mediated vasocon-
striction [38].

These hemodynamic alterations lead to exaggerated hypoxia, especially at the 
villus tip. Both, bowel mucosal ischaemia and mucosal edema cause epithelial cell 
dysfunction and disruption in intestinal barrier function in turn can lead to increased 
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gut permeability, loss of the barrier function of the intestine, increased bacterial 
translocation which allows lipopolysaccharide or endotoxin produced by gram- 
negative gut bacteria to enter the circulatory system [38, 39].

These effects trigger systemic inflammation, cytokine generation [38, 39] and 
elevated circulating levels of TMAO [40], which further contributes to increasing 
intestinal capillaries permeability.

In addition, due to the gut microcirculatory dysfunction, mucosa intestinal 
hypoxia, hypercapnia and changes in local pH, all known to be potent activators of 
bacterial virulence in microbiota [40], the composition of intestinal microbiota in 
AHF may shift rapidly amplifying inflammatory cascades [40].

 Liver

The basic structural unit of the hepatic microcirculation is the hepatic lobule, in 
which a terminal hepatic venule (~25 μm) is located at the center, and several portal 
venules (50 μm) at the periphery, with the hepatic sinusoids (5–8 μm) running from 
the terminal portal venules to the terminal hepatic venule, forming a hexagonal vas-
cular structure [41]. Sinusoids are small endothelium-lined capillaries in the liver 
that have open pores, which greatly increase the permeability of the liver [41].

Congestive hepatopathy is the most common cause of liver dysfunction in HF, 
more common than reduced cardiac output. In HF, elevated central venous pres-
sure is transmitted to the sinusoidal bed without any significant attenuation owing 
to a lack of hepaticvenous valves [42]. Sinusoidal congestion, resulting in peri- 
sinusoidal edema, which decreases oxygen diffusion to the hepatocytes [42].

In the setting of venous congestion, cholestasis is observed with elevation of 
alkaline phosphatase, bilirubin and 𝛾-glutamyltransferase (GGT) [41–42].

Sinusoidal congestion can also cause exudation of protein-rich fluid into the 
space of Disse. Excess fluid in the space of Disse is usually drained into hepatic 
lymphatics, but when the lymph formation exceeds the capacity of the lymphatics, 
high-protein fluid may fooze from the surface of the liver and drain into the perito-
neal cavity.

Hypoxic liver injury, or hypoxic hepatitis refers to diffuse hepatic injury from 
a sudden drop in cardiac output and may be more likely in the presence of hepatic 
congestion [43].

From a laboratory perspective, ischemic hepatitis is characterized by rapid 
increases in serum aminotransferases (ALT, AST) and lactatedehydrogenase (LDH). 
The aminotransferases peak ≈1 to 3 days after the hemodynamic insult and return 
to normal within 7–10 days in the absence of any further hemodynamic insult [43].

Increasing transaminases was a strong risk factor for mortality for the full spec-
trum of severity of AHF patients [44].
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 Brain

In contrast to marked reduction in cardiac output and arterial pressures together 
with reduction sublingual microcirculatory flow, cerebral cortical microcirculation 
was fully preserved during CS [45].

These findings further document a dissociation between the systemic and cere-
bral circulations, and potentially explain earlier clinical and experimental observa-
tions that the brain is selectively protected during severe states of cardiogenic shock 
in the absence of cardiac arrest [45].

Hypoxaemia is the primary cause of cerebral dysfunction in AHF, which can 
manifest as cognitive dysfunction, and delirium [25].

 Lungs

Pulmonary congestion is defined as accumulation of fluid in the lungs, as result of 
high pulmonary capillary hydrostatic pressures which disturb Starling’s equilibrium 
while the alveolar-capillary barrier remains intact [46].

Several experimental models have shown that pressure-induced trauma leads to 
ultrastructural changes of the blood-gas barrier involving disruption of the pulmo-
nary capillary endothelial layer as well as the alveolar epithelial layer, with acute 
increase in permeability of microcirculation [46–48].

The result is a progressive transition from a low permeability form to a high per-
meability form of PE. Lung epithelium–specific proteins, such as surfactant protein-
 B (SP-B), can leak across the alveolar-capillary barrier into the circulation and may 
serve as markers of barrier damage in cardiogenic and non-cardiogenic PE [47].

However, even in cardiogenic PE, there is a combination of high hydrostatic pul-
monary capillary pressure and high permeability of the alveolar-capillary barrier, 
resulting in impaired gas exchange and arterial hypoxemia [48].

An inflammation-triggered increase in permeability of the pulmonary microcir-
culation may play a role in patients who develop PE despite relatively low hydro-
static pressures [48, 49].

Hydrostatic lung injury in the setting of AHF causes acute alveolar inflamma-
tion, which maybe a direct response to mechanical stress of the pulmonary micro-
circulation [48].

Capillary pulmonary endothelium can transduce the mechanical signal into a 
biological response by inducing several intracellular signaling pathways, which 
may result in increased inflammatory cytokine production, macrophage activation, 
acute inflammation, activation of reactive oxygen species and barrier dysfunction 
[45, 48].

Repetitive or severe decompensations, when elevation of pulmonary capillary 
pressure is sustained and persistent, may result in “pulmonary remodeling” and 
alveolar-capillary barrier responds by an exaggerate thickening protecting the lungs 
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to the development of recurrent PE, but causing a significant decrease in alveolar 
diffusion capacity and gas transfer, pulmonary vasoconstriction and, finally, pulmo-
nary hypertension [48, 49].

 Therapies

One important characteristics of microcirculation in AHF, distinct to sepsis, is that 
microvascular dysfunction in AHF is not completely independent from changes in 
macro-circulation. Consequently, at least in theory, any attempts to correct hemody-
namics should ameliorate microcirculatory dysfunction. However, in CS states, this 
relationship is disrupted such that microcirculatory organ perfusion may be abnor-
mal despite restitution of seemingly adequate macro-circulatory parameters [9–11].

Of interest, two groups have reported that standard medical treatment alone is 
successful in restoring microcirculatory flow in decompensated AHF, but not in CS 
patients [11, 50].

Also, time course of microcirculatory alterations during AHF decompensation is 
longer than abnormalities in macro-hemodynamics, and tissue perfusion can remain 
altered even after achievement of within-target cardiac output and arterial pressure. 
In the later stages of the disease, microcirculatory dysfunction attains a “point of no 
return”, when it is partially or completely decoupled to macro-hemodynamics, and 
furthermore, the attempts to correct central hemodynamics may aggravate microcir-
culatory disorders and supplementary trigger the development of multi-organ fail-
ure. Evidence is robust that cellular metabolism reduces in multi-organ failure such 
that supply of oxygen at physiological levels may be, useless or even potentially 
harmful, as inferred from models of ischaemia– reperfusion injury [51].

Despite of a robust pathophysiological background and significant prognosis 
association, very few studies have targeted microcirculatory dysfunction in AHF.

To note, there is only one randomized clinical trial investigating the non- 
selective NO synthase inhibitor tilarginine (L-NG-monomethylarginine) that failed 
to improve outcomes [52].

Although in AHF, different treatment strategies, including pharmacological 
interventions and mechanical circulatory support (MCS) devices, may theoretically 
improve microcirculatory dysfunction, the evidence data are provided by small 
sample size observational studies on base of “single centre experience”.

In one study enrolling 27 patients with ADHF, optimization of standard pharma-
cological treatment to decrease neurohumoral activation (beta blockers, angiotensin- 
converting enzyme inhibitors/angiotensin-II-receptor blockers, Spironolactone) 
significantly improves sublingual microvascular perfusion evaluated by SDF imag-
ing [11].

Interestingly, improvement in microcirculation was associated to decreasing 
plasma levels of neurohormonal mediators endotheline (ET) and norepinephrine 
(NE). To note, at the time of discharge, the MFI did not reach the maximum value, 
which is considered to represent microcirculation in healthy subjects without car-
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diovascular disease. This may be due to incomplete recovery at this time point, 
which is also reflected by the elevated plasma BNP levels observed at discharge. 
This is an important finding, linking residual hemodynamic congestion reflected by 
high value of BNP [53], to persistent microcirculatory dysfunction.

Similar results were provided by other study, where IV and oral therapies given in 
ED, promptly improved microcirculation in a cohort of 36 patients with ADHF [50].

Two other studies specifically investigated the effect of NTG in patients with AHF 
without hypotension or signs of hypoperfusion, and demonstrated that the NO donor 
NTG can increase the number of patent capillaries in patients admitted for AHF [54, 55].

First study investigated whether low-dose nitroglycerin (NTG) improves micro-
circulatory perfusion in 20 patients admitted for AHF [54]. Sublingual microcir-
culation has been evaluated by SDF imaging at baseline, 15 min after initiation of 
NTG, and after NTG had been stopped for 20 min.

After the administration of low-dose, intravenous NTG at a fixed dose of 33 mg/
min, a significant increase in perfused capillary density (PCD) was reported in 14 
patients, and the improvement in microcirculation was reversed after the discontinu-
ation of NTG [54].

The patients who did not respond had a smaller decrease in central venous pres-
sure (CVP) after NTG, suggesting vascular resistance to NTG or less venodilation 
than responders due to an insufficient dose of NTG.

To explore the maximum response of the microcirculation to NTG, a dose- 
response study investigated association between titration of NTG doses and changes 
of microcirculation in 17 patients with severe AHF [55]. The investigators reported 
a gradual and consistent increase of tissue perfusion by titration of NTG [55].

NTG dose-dependently improves tissue perfusion, as demonstrated by a grad-
ual decrease in temperature gradient and a progressive increase in perfused capil-
lary density in patients with AHF.  Improvement in microcirculation (delta PCD) 
occurred earlier, at a lower dose of NTG, than did changes in global hemodynam-
ics (CVP). In addition, these changes occurred independently of changes in car-
diac index. These findings underline the great value of monitoring microcirculation 
in critically ill patients. Demonstrating the feasibility of serial monitoring of the 
microcirculation. Whether monitoring of tissue microcirculation optimizes current 
treatment strategies in patients with severe HF, and whether such a strategy will 
favorably affect outcome, warrants further investigation.

Inotropic therapy is often considered in patients with CS to improve the hemo-
dynamic status, but short-term and long-term safety concerns have been reported 
regarding their use [56], and notably, the utility of inotropic therapy in restoring 
end-organ perfusion in patients with CS is based primarily on clinical experience 
rather than clinical trial data [57].

Also, global hemodynamic parameters, such as mean arterial blood pressure do 
not reflect differential patterns of regional organ blood flow or compromised tissue 
perfusion associated with shock states [9].
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First clinical experiences with the effect of inotropic agents on microcircula-
tion were reported in septic shock patients [57]. Dobutamine may recruit a poorly 
perfused microcirculation independent of its haemodynamic effects [57], but this 
outcome has not been reproduced in a randomized control trial [58].

In a study enrolling 30 patients with CS, microcirculation was improved by 
enoximone, but not by dobutamine or norepinephrine [59]. Dobutamine decreased 
central-to-peripheral temperature gradient but no increased the number of sublin-
gual patent capillaries [59].

A positive signal came from the inodilatatory agent, levosimendan, recruiting the 
microcirculation in CS [60].

Although vasopressors might be able to stabilize the mean arterial pressure, their 
use has been associated to a direct cytotoxic effect, and negative consequences for 
tissue viability [59].

In AHF, the effects of norepinephrine on tissue perfusion are largely unknown. In 
one study, norepinephrine significantly decreased sublingual PCD, whereas cardiac 
index remained constant and SvO2 increased [59].

These findings also suggest development of microcirculatory shunting induced 
by norepinephrine in patients with CS.

Mechanical circulatory support (MCS) devices can be used to maintain organ 
perfusion in patients with CS and decompensated chronic HF [6–8].

However, correction of global hemodynamic parameters by MCS do not always 
cause a parallel improvement in microcirculatory perfusion and oxygenation of the 
organ systems, a condition referred to as a loss of hemodynamic coherence between 
macro- and microcirculation [8–12].

The improvement of macro-hemodynamics following MCS implant may be only 
a measure of technical success of MCS, and without limiting the progression of 
MODS within the first few days, these hemodynamic improvements may be futile 
and may not translate into improved survival [6, 7, 61].

Most of the studies suggest that preventing or limiting progression of microcir-
culatory dysfunction by MCS devices is a key factor responsible for improvement 
of outcome in patients with CS, and preservation of microcirculation with adequate 
tissue perfusion rather than maintenance of more normal arterial pressure is a cru-
cial determinant of outcome [22].

The achievement of hemodynamic coherence between the micro- and the mac-
rocirculation must be considered as a success of MCS since these devices target 
mainly the support of the systemic circulation and organ perfusion [62].

Current literature in monitoring tissue perfusion in patients with MCSs is very 
heterogenic due to the variety of monitoring techniques, type of MCS, time frame 
of monitoring and type of the study. However, majority of the studies concerning the 
microcirculation were performed with SDF imaging.
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 Intra Aortic Baloon Pump (IABP)

To date, the most rigorously studied device is the IABP, which failed to demonstrate 
benefit in the IABP-SHOCK II (Intra-Aortic Balloon Pump in Cardiogenic Shock 
II) trial [63, 64]. Also, other recent meta-analysis [65] have also suggested limited 
utility of IABP therapy in CS. The 2017 ESC STEMI guidelines [66] gave IIIB 
recommendation for the routine use of the IABP in CS, and consider IABP only in 
patients with mechanical complications post AMI (class IIa, level C).

In two small studies [67, 68], circulatory support with IABP increases microcir-
culatory flow in the smallest vessels of the sublingual mucosa.

In another study, although parameters of the microcirculation might be helpful 
to identify high-risk patients, there is no effect of IABP treatment on microvascular 
perfusion in patients with CS [69].

Distinct to the previous studies, monitoring microcirculation during and after 
withdrawal of IABP, SDF imaging showed an increase of microcirculatory flow of 
small vessels after withdrawal of IABP therapy [70]. This study seems to suggest 
that longer support using IABP may impair microvascular perfusion.

To conclude, understanding of improved microvascular perfusion in response to 
IABP-support is still based on limited and conflicting data, even though the same 
technique for microcirculatory measurements were used.

 Impella

Microcirculation assessed by SDF improved in CS STEMI patients treated with the 
Impella 2.5 to levels observed in healthy persons and remained suboptimal after 
72 h inpatients without support [71].

Restoration of the microcirculation, monitored by sublingual SDF imaging, was 
already observed after 24  h of circulatory support in hemodynamically compro-
mised patients, simultaneous to the correction of systemic hemodynamics through 
the Impella LP2.5 [71].

Moreover, not only an increase in the microcirculatory flow did occur, but also 
this effect remained up to 72 h of support. This was the first study describing a posi-
tive relationship between macro-circulation and improvement in sublingual micro-
circulation, paralleling the left ventricular function improvement after STEMI [71].

 V-A ECMO

VA-ECMO is increasingly being used following CS to support the cardiovascular 
system temporarily as a bridge to recovery, transplantation or bridge to durable 
LVAD [72]. This flow support, results in a significant increase in blood pressure and 
strongly improves end-organs perfusion [72].
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Monitoring microcirculatory parameters (PVD) in 24 CS patients treated with 
VA-ECMO, has showed a significant difference in the microcirculatory parameters 
at all time points between the survivors and non-survivors [73].

Furthermore, PVD of the sublingual microcirculation at initiation of VA-ECMO 
can be used to predict ICU mortalityin patients with cardiogenic shock (Table 13.2).

In other study, microcirculatory dysfunction was more severe in 28-day non- survivors 
than in survivors with VA-ECMO support, and this study revealed that the PVD in the 
following 12 h after initiation of ECMO could be used to predict the survival [74]. To 
note, sublingual PVD at 12 h post ECMO initiation, was significantly lower in non-
survivors compared with survivors, even if mean arterial pressure, inotropic score, and 
lactate level at 12 h did not differ significantly between the two groups [74].

Although there is a massive return of circulation via VA-ECMO, the exposure 
of a patient’s blood to the non-endothelialised surface of the ECMO circuit, results 
in the widespread activation of the innate immune system and reperfusion damage, 
that may result in inflammation, microcirculatory dysfunction and organ injury [75].

This may explain even though indexes of microcirculatory dysfunction did 
improve as result of VA-ECMO, these did not return toward the values observed in 
healthy subjects [72, 73].

Timing of weaning following “normalization” of the cardiovascular system from 
any MCS device, in particular VA-ECMO, is an important goal in the management 
of MCS.  Too early or too late weaning can cause treatment failure and various 
complications. Conventionally hemodynamic and echocardiographic parameters 
are used to wean from ECMO, but few studies have evaluated outcome predictors 
following ECMO [76].

In a recent study, successful weaning was associated with sustained improve-
ment of sublingual microcirculatory function during ECMO flow reduction [77].

Sustained values of single-spot measurements of perfused vessel density during 
50% flow reduction of ECMO were found to be more specific and more sensitive 
indicators of successful weaning from VA-ECMO as compared to echocardiographic 
parameters [77], suggesting that weaning from VA-ECMO could be performed by 
imaging of the microcirculation.

 LVAD

In one of the first studies, showed that pulsatile unloading of the heart by LVAD 
resulted in increased microvascular density [78].

Microvascular function was assessed in the forearm during reactive hyperemia 
using laser Doppler perfusion imaging and pulsed wave Doppler [78].

Improvements in microvascular perfusion was reported also after implantation of 
a continuous flow LVAD [79].

However, destruction of blood cells may contribute to residual endothelial 
dysfunction potentially by increasing NO scavenging capacity. In addition, the 
lower pulsatility and associated changes in shear stress, due to the continuous-
flow mechanical support may explain reduced microcirculatory functional reserve, 
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despite of the central hemodynamic improvements afforded by a continuous flow 
LVAD [80].

Further studies investigating whether treatment strategies that improve sublin-
gual microcirculation are effective in improving survival of CS patients are needed.

 Future Research

Direct monitoring of the microcirculation by using currently available techniques, 
in conjunction with global hemodynamic data can be expected to help in the under-
standing of the pathophysiological role of microcirculatory dysfunction during 
AHF decompensation. Furthermore, the integration of microcirculatory data in 
risk stratification model can help to identify “at risk” patients, even in the absence 
of macro-hemodynamic abnormalities. However, further clinical research will be 
needed to evaluate if including microcirculatory dysfunction in the risk stratifica-
tion of patients with AHF could improve clinical outcome and resources allocation.

The vast majority of scientific evidences regarding the role of microcirculatory 
alterations in pathophysiology of AHF patients, are provided by single centre expe-
riences with a small sample, using a non-randomized design. In addition, patients 
with acute heart failure may present with distinct clinical condition, varying from 
hypertensive heart failure to cardiogenic shock, and whether the severity of micro-
circulatory alterations and the response to therapy differs among these clinical con-
ditions need to be further investigated. To investigate this more comprehensively, 
more robust, preferably randomized controlled trials of well defined patient catego-
ries will be needed. Also, the relationship between microcirculatory dysfunction 
and mortality, should be prospectively validated in larger studies.

Understanding the time-course of microcirculatory abnormalities during CS 
may assist to guide the therapies, and could possibly help in identifying the opti-
mal moment for MCS implant, timing of MCS weaning or bridging these patients 
towards a durable LVAD’s or cardiac transplantation.

 Clinical Case

A 68  year-old male presented in ED for prolonged chest pain and shortness of 
breath. Onset of pain was 4 h before admission with crescendo intensity.

Vital signs collected in ED showed: SBP = 80 mmHg, HR = 100/min, Respiratory 
rate = 28/min, T = 36.8 °C and peripheral O2 saturation of 92%. Clinical examina-
tion focused on cardiovascular system revealed systolic murmur of mitral regurgita-
tion 4/6 and S3 sound, pulmonary rales on both pulmonary fields, cold extremities 
and altered mental status.

No relevant medical history has been found for the patient, except a previous 
diagnosis of hypercholesterolemia and a recent Echocardiography documenting a 
moderate mitral regurgitation (MR).
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ECG showed sinus rhythm (96/min) elevation of J point and ST elevation in 
V1–V5, with maximum of 8 mm in V2 (Fig. 13.5a) findings suggesting of anterior 
wall ST elevation myocardial infarction. Panel of biomarkers, available in 15 min 
since presentation, shows NT-pro-BNP = 3400 pg/ml, Hs-Troponin I = 885 ng/l and 
venous lactate of 5.2 mmol/l. Focus Echocardiography revealed LV global akinesia 

Pre-PCI

a

b

Pre-PCI

90 min post-PCI

90 min post-PCI

c d

Fig. 13.5 (a) ST elevation in V3 lead before and after 90 min post PCI; (b) Coronary angiography 
before and after stenting (arrow shows the site of LAD occlusion); (c) Echocardiography showing 
dilated LV, apical akinesia, severe mitral regurgitation. (d) Chest X-ray showing moderate cardio-
megaly, redistribution with upper vessel enlargement, perihilar haze, and bilateral pulmonary 
infiltrates
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with severe MR, preserved RV function and did not detect other alternative causes 
of myocardial ischemia.

At this moment the diagnosis was anterior STEMI Killip IV class, and a loading 
dose of 180 mg Ticagrelor and 325 mg Aspirin were given to the patient.

We decided to activate the Heart Team for Cardiogenic Shock (CS) and to trans-
fer the patient to Cath Lab. Due to hypoxia (SaO2 = 92% under 4 L Oxygen flow) 
and high respiratory rate (30/min), and in the context of low SBP (75–80 mmHg), 
we considered first of all mechanical ventilation via IOT concomitant with adminis-
tration of Dobutamine 5 mcg/kg/min. Furthermore, because of persistent low SBP, 
Heart Team decision was to implant a short-term mechanical circulatory support 
before coronary intervention, and only available option in that moment was Intra- 
Aortic Balloon Pump (IABP). Coronary angiography revealed occlusion of the first 
segment of LAD and interventionist performed direct stenting on culprit lesion with 
TIMI 3 flow (Fig. 13.5b). After angioplasty, the patient is transferred in Intensive 
care Unit (ICU) with IABP support 1:1 and mechanical ventilation. ECG performed 
at 90 min post angioplasty revealed resolution with more than 50% of ST elevation in 
V2 (Fig. 13.5a). BP was 85/45 mmHg and urinary output (via bladder catheter) was 
30 ml/h. In ICU, information provided by Echocardiography confirmed severe MR, 
with LVEF 25% and good RV function (Fig. 13.5c). Blood lactate was 5.8 mmol/l 
and the result of other blood sample collected in ED showed Hemoglobin = 12.9 g/
dl, WBC = 12,400/mm3, CK-MB = 76 serum creatinine = 1.9 mg/dl, ALT = 45UI/L, 
AST  =  58UI/L, GGT  =  71UI/L.  A Swann-Ganz catheter was inserted and this 
option was determined by the need to adequately monitor hemodynamic parameters 
in a STEMI with IABP and persistent hypoperfusion secondary to CS.  Invasive 
hemodynamic data showed Cardiac Index (CI) = 1.7 l/min/m2, Pulmonary Capillary 
Wedge Pressure (PCWP) = 24 mmHg, Systemic Vascular Resistances (SVR = 21 
Wood units) and Central Venous Pressure (CVP) = 14 mmHg (Fig. 13.6). IV vaso-
active treatment included Dobutamine 7 mcg/kg/min and Furosemide 4 mg/h and it 
was continued for the next 18 h.

Chest X-ray detected moderate cardiomegaly, redistribution with upper vessel 
enlargement, perihilar haze, and bilateral pulmonary infiltrates (Fig. 13.5d).

In the day 2 in ICU, hemodynamic data showed increased of CI, but a sub-
stantial decrease in SVR (10 Wood units). This finding, in conjunction with 
worsening of multi-organ injury and radiological findings were supportive for 
the occurrence of Systemic Inflammatory Syndrome (SIRS) and dictated ini-
tiation of IV vasoconstrictor Norepinephrine at doses of 0.3 and then 0.5 mcg/
kg/min. In the day 3, SBP was constantly higher than 95 mmHg with urinary 
output of 100 ml/h, CI increased at 2.4 l/min/m2 and PCWP ranged between 15 
and 17 mmHg (Fig. 13.6). Furthermore, blood lactate decreased at 2.2 mmol/l. 
TTE reported decreasing severity of MR. Dobutamine dose decreased at 5 mcg/
kg/min. However, despite of the improving of the hemodynamics and of the 
global metabolic deficit, multi-organ injury remains persistent. During day 4, 
SBP and urinary output increased comparative with previous days and SVR 
increased toward normal value (1–14 Wood units) (Fig.  13.6). Blood lactate 
was 1.7  mmol/l. Norepinephrine dose was decreased and then stopped while 
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Dobutamine dose has remained unchanged. Even if multi-organ injury continued 
to evolve, IABP assistance was switched from 1:1 to 2:1, without significant 
variations in SBP and without decrease of sub-aortic velocity time integral (VTI) 
at Echo. In the day 5, clinical examination reported no evident clinical signs of 
hypoperfusion and only mild congestion (basal pulmonary rales). All hemody-
namic parameters have entered in normal range and to note, markers of organ 
dysfunction improved. IABP was switched at 3:1 during the next 6 h and then 
stopped. Dobutamine dose decreased at 2  mcg/kg/min. In the day six patient 
was transferred in Cardiology Unit. In Cardiology, the patient has been moni-
tored clinically, ECG and biologic. Echocardiography demonstrated a substan-
tial improvement in global contractility with EF = 35–37% and MR remained 
moderate. The markers of organ injury further decreased during hospitalization, 
but without attaining the normal values. The therapies with ACE-inhibitors and 
beta-blocker was initiated as soon as the patient became stable.

The patient was discharged in day 13 without signs of residual congestion and 
with a very good mobility. The patient and family have been instructed for effort and 
dietetic regimen, and a follow up visit at 2 weeks post discharge has been planned.

SBP
PCWP
SVR
CI
lactate
creatinine
ALT
GGT

D1

IABP 1:1 IABP 1:1

Dobutamine

Norepinephrine

Furosemide

IABP 1:1 IABP 2:1 IABP 3:1

D2 D3 D4 D5 D6

Fig. 13.6 Time course of the hemodynamic abnormalities and markers of organ dysfunction dur-
ing the first 6 days of hospitalization. ALT alanine amin-transferaza, CI cardiac index, GGT gama 
glutamil transpeptidaza, IABP Intra-Aortic Baloon Pump, PCWP pulmonary capillary wedge pres-
sure, SVR systemic vascular resistance
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 Comments

The clinical case is very illustrative for the in-hospital course of post MI-CS associ-
ated with SIRS and multi-organ injury (kidney, liver and lung). Multi-organ injury is 
the consequence of the various degree of microvascular abnormalities, and actually 
microcirculatory dysfunction is the main facilitator of organ injury/failure in CS.

In this case, the time course of microcirculatory alterations during hospitaliza-
tion was longer than abnormalities in macro-hemodynamics, and tissue perfusion 
remained altered even after achievement of within-target cardiac index and SBP. In 
D3, D4 and D5 was a disconnection between improving in hemodynamic measure-
ments and markers of organ injury.

Notably, although in this case revascularization has been associated to re- 
establishing of coronary microcirculatory perfusion, suggested by TIMI 3 flow and 
a >50% resolution of ST elevation, recovery of LV function is a long term process, 
unable to prevent early occurrence of multi-organ injury. In addition, the micro-
circulatory dysfunction initiated by systemic hypoperfusion to other organs may 
evolve independent of central hemodynamics.

Mechanical circulatory support (MCS) device has been used to reverse hemo-
dynamic abnormalities and to maintain organ perfusion. Despite of the recent 
evidences showing limited outcome benefit, IABP remained the most utilized 
MCS. IABP has shown to improve coronary blood flow by augmenting coronary 
diastolic blood pressure and increasing cardiac index by reducing left ventricular 
afterload. These effects have been proved very useful in a patient with large ante-
rior MI, where a substantial area of stunning may be responsible of persistent LV 
 dysfunction despite of prompt revascularization, and furthermore in conditions of 
severe MR, potentially improved by decreasing afterload.

However, correction of global hemodynamic parameters by IABP did not cause 
a parallel improvement in microcirculatory perfusion and oxygenation of the organ 
systems, a condition referred to as a loss of hemodynamic coherence between 
macro- and microcirculation.

Beyond of technical success, reflected by improvement of macro- hemodynamics, 
preventing or limiting progression of microcirculatory dysfunction by MCS devices 
is a key factor responsible for improvement of outcome in patients with CS, and 
preservation of microcirculation with adequate tissue perfusion rather than mainte-
nance of more normal arterial pressure is the crucial determinant of outcome.
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Chapter 14
Coronary Microcirculation 
and Arrhythmias: The Two Faces 
of a Janus

Radu Vatasescu, Stefan Bogdan, and Alexandru Deaconu

 Case Presentation

We present the case of a 64 year-old woman who presented to the emergency room 
complaining of irregular heartbeats.

 History

2008: First episodes of atrial fibrillation (AF) (Fig. 14.1) as well as atypical and 
typical atrial flutter (AFl).

The arrhythmias were firstly attributed to a thyroid dysfunction. She had 
been suffering from hyperthyroidism, on the background of a multinodular goi-
ter and aggravated by treatment with amiodarone. After interrupting amiodarone 
and adequate control of hyperthyroidism under thiamazole treatment, she recev-
ied Propafenone 450 mg/day and Sotalol 160 mg/day in an attempt to control her 
arrhythmias.

2015: Our patient developed chest pain. She was admitted for stable angina asso-
ciated with mild shortness of breath. She underwent a ECG stress test which was 
positive for coronary ischaemia. Coronary angiography was performed and found 
normal coronary arteries with no spontaneous or provoked epicardial coronary 
artery spasm. Therefore, our patient was diagnosed with coronary microvascular 
dysfunction and abnormal cardiac pain sensitivity—microvascular angina.

2016: She was also diagnosed with a bradycardia-tachycardia syndrome. Based 
on two episodes of syncope (each time preceded by hours of palpitations) and a 24 h 
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Holter ECG recording posttachycardic pauses, she was implanted with a permanent 
DDD pacemaker.

At the current admission we performed a work-up consisting of physical exami-
nation, ECG, routine lab tests, echocardiograhpy and pacemaker interrogation.

The physical examination was normal, her vital signs were stable and she was 
slightly hypertensive with a blood pressure (BP) of 155/100 mmHg. The ECG ini-
tially documented AF with high ventricular response which converted spontane-
ously to sinus rhythm.

Fig. 14.1 Atrial fibrillation with significant ST depression
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In sinus rhythm, her electrocardiogram (ECG) showed left atrial enlargement, 
slightly wider QRS (100 ms), and anterior and lateral repolarization abnormalities: 
2 mm downsloping ST segment depression in V2–V6, DI, aVL (Fig. 14.2).

Routine lab tests showed normal TSH levels and mild dyslipidemia.
Echocardiography documented a hypertrophic left ventricle (LV), with a inter-

ventricular septum (IVSd) of 14 mm, a posterior wall thickness (PWd) of 13 mm, 
a LV mass of 235 g and a LV mass index of 123 g/m2 body surface area (BSA). 
Ejection fraction (EF) was normal with no wall motion abnormalities. Left atrium 
(LA) was severely enlarged with an area of 32 cm2 and an indexed volume of 51 mL/
m2 BSA.

Pacemaker interrogation revealed a DDDR 60–130 bpm programmed device 
with a high percentage of atrial pacing (85%) and virtually no right ventricular pac-
ing. In view of the patient’s adequate sinus response to physical effort and emotions, 
the decision was made to reprogram the device to DDI 45 bpm.

A computerized tomography (CT) coronary angiogram was also performed, 
owing to the 3 years which had passed since the coronary angiography. It docu-
mented a calcium score of 151 with an equivalent mass of 26.34 mg/cm3, which 
placed our patient within the 75 and 90 percentiles when adjusted for race, age 
and sex.

Polysomnography was performed and excluded obstructive sleep apnea 
syndrome.

On grounds of the unresponsiveness of the atrial arrhythmias to pharmacological 
treatment, electrophysiological study (EPS) and 3D assisted radiofrequency cath-
eter ablation with isolation of the pulmonary veins for AF and radiofrequency abla-
tion of the cavotricuspid isthmus for recurrent typical AFl were performed.

On a follow-up visit 6 months later our patient reported no recurrent angina, no 
palpitations and 24 h Holter ECG found no arrhythmias. PM interrogation revealed 

Fig. 14.2 Sinus rhythm with significant ST depression—prior to AF ablation
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no episode of AHR withAP% and VP% almost zero. She reported better control of 
her blood pressure, with home BP monitoring values of <130/80 mmHg. Her ECG 
retained the anterior and lateral abnormalities, but with less ST segment depression 
(Fig. 14.3).

Furthermore, echocardiography showed a reduction of the dimensions of the LA, 
with a indexed volume of 39 mL/m2 BSA as well as a regress of the hypertrophy 
of the LV to a IVSd of 13 mm, a PWd of 12 mm and LV mass index of 112 g/m2.

 Coronary Microcirculation Disease: Background

Ischaemic heart disease, characterized by chest pain and ECG abnormalities and/
or positive stress tests for ischaemia, may frequently occur in the absence of sig-
nificant coronary atherosclerosis, especially in women [1]. The assumption is that 
the reduction of coronary perfusion in the absence of coronary artery stenosis 
would reflecta dysfunction at the level of coronary microcirculation. The coronary 
microcirculation disease (CMD) is usually related to endothelial dysfunction [2]. 
Coronary microcirculation is the major determinant of vascular resistance—80% 
of total resistance is due to coronary microcirculation—and so its dysfunction may 
compromise myocardial perfusion.

The presence of angina and an abnormal response to stress test in the absence 
of epicardial coronary disease has been referred to as cardiac syndrome X (CSX) 
[2]. In published studies the terms CSX and microvascular angina are sometimes 

Fig. 14.3 Sinus rhythm with reduced ST depression—following AF ablation
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superposable. However, some authors make a clear distinction between the two 
entities. For instance, Shaw et al. define CSX as chest pain in the absence of coro-
nary lesions and proof of ischemic changes on non-invasive testing. Microvascular 
angina is a narrower term as it refers to patients with positive provocative testing 
during  angiography or a myocardial perfusion reserve defect detected on positron 
emission tomography (PET) or cardiovascular magnetic resonance (CMR) [3].

The onset of chest pain in patients without any coronary lesions can be divided 
into two categories: ischaemia and non-ischaemia [3]. The recurrence of chest pain 
without any ischaemic explanation may be related to an increased proprioceptor 
sensitivity [4].

There are several entities of CMD discussed in a review in by Pries et al. in 2008 [2]:

 1. Ischaemic heart disease in the absence of coronary lesions
 2. Inadequate post-PCI and/or post-thrombolysis coronary reperfusion entailing an 

early phase referred to as ‘microvascular obstruction’
 3. Microvascular dysfunction in the context of epicardial vessel disease.

The prognosis of patients with chest pain and normal epicardial coronary arter-
ies is less favorable than asymptomatic patients. Several studies demonstrate that 
this category of patients present an increased risk of major adverse cardiac events 
(MACE) and all-cause mortality compared to a normal population without isch-
aemic heart disease even after adjusting for traditional cardiac risk factors [5]. 
Especially among women with signs and symptoms of ischemia, non-obstructive 
CAD is common and associated with adverse outcomes over the longer term [6].

 Coronary Microcirculation Disease and Arrhythmias: 
The Chicken or the Egg?

A common clinical setting that has been poorly addressed in literature is the occur-
rence of various arrhythmias in patients with CMD in the absence of coronary 
lesions (CSX). This clinical scenario is frequently seen in women, as discussed in 
the clinical case presented above.

The mechanisms underlying CMD can also be triggered by arrhythmias. 
Conversely, underlying CMD can lead to arrhythmias. Depending on the arrhyth-
mia, either one or both causal relations can be true. In most clinical settings, the 
subgroup of patients with CMD often associates other comorbidities such as hyper-
tension, arrhythmias, diabetes or dyslipidemia.

There are several arrhythmias related to the presence of CMD: supra-
ventricular arrhythmias (e.g. atrial fibrillation) and ventricular arrhythmias. 
Furthermore,tachycardia-induced cardiomyopathies promote coronary microvascu-
lar dysfunction. Patients with pacemaker may also present pacing-induced CMD.
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 Atrial Fibrillation and CMD

Atrial fibrillation (AF) is the most common arrhythmia and its incidence is associ-
ated with the presence of comorbidities and increased age [7]. It is not seldom seen 
that patients with AF develop chest pain in the absence of coronary disease. Recent 
studies report that patients with AF have ventricular-flow abnormalities and higher 
incidence of cardiac events [8]. Moreover, coronary artery resistance is markedly 
elevated (by 62%), whereas myocardial blood flow is substantially reduced in AF 
patients [8].

In the presence of a coronary stenosis the flow reserve distal to the stenosis is 
decreased and leads to an impaired endothelial coronary blood flow regulation [2]. 
In addition to the effects of a stenosis on flow reserve within its own bed, coronary 
stenosis and occlusion also decrease flow reserve in adjacent non-stenotic beds in 
both experimental animal models and clinical populations [9]. This pathopysiologi-
cal pathway explains the presence of arrhythimas in patients with epicardial coro-
nary artery disease.

Furthermore, patients with normal epicardial coronary arteries and AF may pres-
ent with clinical signs of ischaemia such as chest pain, ST-depression and even 
troponine release [10]. These findings suggest that there may be a relation between 
the AF and the myocardial ischaemia in the absence of coronary lesions, related to 
other mechanisms than decreased flow due to the coronary stenosis.

In practice, the presence of CMD may be documented by several investigations. 
The diagnosis is established in a patient with angina pectoris, a positive stress test 
and normal coronary angiography. The stress test may be an ECG stress test or 
Holter ECG dynamic monitoring which documents ST-segment depression in a 
patient complaining of chest pain. Stress echocardiography is less used because of 
the small and random distribution of perfusion defects which makes the abnormali-
ties macroscopically undetectable. Ischaemic areas may be also detected by stress 
scintigraphy, which show stress induced perfusion defects, or by magnetic reso-
nance and positron emission tomography.

The mechanism of myocardial ischaemia may be either the microvascular 
coronary dysfunction or arrhythmia induced coronary spasm [7]. In some studies 
performed on pigs, rapid atrial pacing with a duration of 6 h led to a substantial 
reduction in coronary flow reserve (CFR) [11], which supports the hypothesis that 
AF can adversely affect coronary vascular function [7].

A study performed by Range et al. demonstrates an impairment of myocardial 
perfusion and hyperemic perfusion reserve associated with an increase of coronary 
resistance in male patients suffering from idiopathic persistent AF [9]. Perfusion 
abnormalities were not acutely and completely reversible after restoration of sta-
ble sinus rhythm, but it was shown that in the subgroup of patients that maintain 
sinus rhythm following cardioversion, myocardial blood flow at rest normalized 
and hyperemic flow and coronary vascular resistance were significantly improved 
from baseline [9].
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Another mechanism that can determine impaired coronary flow in patients with 
AF is the irregular pulse interval, even when the overall ventricular rate is adequately 
controlled [7]. One possible explanation is that irregular ventricular contraction 
may cause coronary vasoconstriction by increasing the release of angiotensin II or 
endothelin [7]. In addition to oxidative stress, a study by Goette and al showed that a 
relatively brief episode of AF with a moderate increase in ventricular response may 
enhance the systemic cTn-I levels demonstrating discrete cardiac ischaemia [12]. 
This can be explained by the induction of oxidative stress-induced microvascular 
flow abnormalities in the LV [12]. The same study showed that oxidative stress and 
microvascular flow abnormalities occur immediately after new-onset AF likely and 
this may represent key initiator mechanisms of AF-related ventricular remodelling 
[12]. In this setting, angiotensin receptor blocker therapy may attenuate most of the 
functional and molecular changes in the left ventricle [12].

Impaired coronary flow in patients with AF can also be the result of inflamma-
tion. Lim et al. studied the effect of atrial fibrillation on atrial thrombogenesis by 
analyzing patients with AF during catheter ablation and comparing thrombosis and 
inflammation markers to a control group. It was shown that a very short time period 
of 15 min rapid atrial rate (AF or rapid atrial pacing) was associated with increased 
platelet activation and thrombin generation. However, AF and not rapid atrial pacing 
led to local and systemic endothelial dysfunction and inflammation [13].

 Ventricular Arrhythmias and CMD

 Left Ventricular Hypertrophy Secondary to Hypertension

Left ventricular hypertrophy (LVH) leads to myocardial ischaemia due to the mis-
match of oxygen supply and demand [14]. CMD with myocardial ischaemia has 
also been documented in the early stages of hypertension, even in the absence of 
LVH, particularly in patients treated with thiazide diuretics [14]. Such myocardial 
ischemia may be a trigger of ventricular arrhythmias and sudden cardiac death 
[14, 15].

 Hypertrophic Cardiomyopathy

Microvascular dysfunction is a defining feature of hypertrophic cardiomyopathy 
and is caused by multiple mechanisms such as fibrosis, reduced arteriolar density 
and elevated left ventricular diastolic pressure [16].

In hypertrophic cardiomyopathy, CMD measured by myocardial blood flow 
(MBF) response to dipyridamole robustly predicts life-threatening ventricular 
arrhythmias [17]. The failure of myocardial blood flow to increase adequately on 
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demand in these patients predisposes them to myocardial ischemia, which may 
lead to ventricular arrhythmias and sudden death [16]. Severe CMD was found in 
patients with mild or no symptoms and may precede left ventricular systolic dys-
function by years [17].

Arrhythmic events in patients with TS are diverse including a systole, pulseless 
electrical activity, complete sinoatrial and atrioventricular block but also ventricular 
tachycardia and ventricular fibrillation. Ventricular arrhythmias represent an impor-
tant factor for morbidity and mortality in patients with TS [18]. The predominant 
mechanisms underlying most ventricular arrhythmia are reentry, triggered activ-
ity, and abnormal automaticity. Triggered activity may be related to the myocardial 
edema which is correlated with the repolarization abnormalities [18]. Furthermore, 
microcirculatory dysfunction might contribute, to some extent, to repolarization 
changes [18]. These changes lead to QT prolongation and early after depolarization- 
induced triggered activity in the setting of prolonged action potentials is a mecha-
nism of arrhythmias in TS, particularly polymorphic ventricular tachycardia [18].

 Tachycardiomyopathy and CMD

Tachycardia-induced cardiomyopathy refers to a decrease in LV function secondary 
to chronic tachycardia, which is partially or completely reversible after normaliza-
tion of heart rate and rhythm irregularity [19].

The overwhelming evidence in the case of tachycardiomyopathy seems to sug-
gest that it promotes and sustains coronary microvascular dysfunction. Tachycardia- 
induced cardiomyopathy may lead to changes in myocardial structure and function 
which include microcirculatory dysfunction by means of reduced myocardial capil-
laries and reduced blood flow, increased capillary-myocyte distance and impaired 
coronary reserve [20]. Coronary vascular resistance is also increased in tachycar-
diomyopathy [21]. These changes decrease myocardial blood flow (MBF) resulting 
in myocardial injury and impaired LV function [22].

One of the landmarks of tahycardiomyopathy is reversibility of LV dysfunction 
following treatment of the tachycardia. Available data refers to improvement of LV 
contractility, assessed by cardiac imaging. Microscopic alterations reverse slowly 
or are irreversible [20]. Tomita et al. [23] demonstrated that 1 year after radiofre-
quency ablation of ectopic atrial tachycardia resulting in dilated cardiomyopathy, 
histology revealed areas of myocardial fibrosis, although LV function was normal. 
The improved LV contractility occurs at the expense of increased wall thickness 
and a probable secondary chronic background ongoing supply demand mismatch of 
MBF and oxygen demand [20]. This leads to disease progression at the microscopic 
level in spite of apparent improvement at the clinical level [20]. Gradual resolution 
over time implies that improvement at the microscopic level takes place after a lag 
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period [20]. Evidence of microscopic and molecular changes in the recovery phase 
of tachycardia-induced cardiomyopathy are currently scarce in the literature.

Microscopic and molecular changes including microvascular dysfunction also 
occur in tachycardia-induced atrial cardiomyopathy but have been shown to dif-
fer from its ventricular analogue [20]. Cellular changes at atrial level consist of 
increased angiotensin II concentration, tissue apoptosis, inflammatory cell infiltra-
tion and cell death [20]. This results in early atrial fibrosis which in turn leads to 
a tendency for recurrence of atrial arrhythmias. Consequently, prompt recognition 
and treatment of the underlying arrhythmia will improve prognosis and decrease 
risk of reccurence [20].

 Left Bundle Branch Block and CMD

Left bundle branch block (LBBB) is found in 12% of the cases in patients with no 
heart disease [24].

The effects of CMD in the etiology of the LBBB in these patients remains 
unclear. There is evidence that LBBB leads to microvascular dysfunction rather 
than the other way around. Koepfli et al. found that LBBB generates a shift of sep-
tal to lateral myocardial blood flow during exercise [25]. This finding is explained 
by the reduced contribution of the interventricular septum to the left ventricular 
global performance, due to the asynchronous contraction [25]. This leads to a higher 
oxygen demand in the lateral wall, which supports a higher than normal workload 
[25]. However, a reversible LBBB induced by RV pacing would generate a similar 
but reversible pattern [25]. This findings support a functional mechanism of septal 
underperfusion, thus challenging the hypothesis of underlying septal microvascular 
dysfunction as a contributing to the development of non-ischaemic LBBB [25].

 Cardiac Pacing and CMD

Patients with a permanent cardiac pacemaker (PM) frequently develop symptoms 
suggestive of ischemic heart disease in the absence of epicardial coronary lesions. 
These symptoms can be attributed to CMD.

A study performed by Skalidis et  al. analyzed the myocardial perfusion in 
patients with permanent ventricular pacing and normal coronary arteries. Results 
show that permanent ventricular pacing from the right ventricular apex is associated 
with alteration in regional myocardial perfusion. Impairment of microvascular flow 
is the underlying mechanism for the perfusion defects during either exercise and 
dipyridamol myocardial scintigraphy [26].
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 Bradyarrhythmias and CMD

In an experimental model on pig hearts, bradycardia was shown to possibly improve 
microvascular supply by increasing capillary density [27].

Bradycardia may promote capillary growth in the absence of cardiac hyper-
trophy by prolonging diastolic perfusion, and/or mechanical stretch of vessels 
due to increased stroke volume capacity [27]. In these hemodynamic conditions, 
capillaries are subject to increased wall tension which could trigger angiogen-
esis [27].

 Case Presentation Discussion

Our patient is a female suffering from documented coronary microvascular dys-
function. The diagnosis of coronary microvascular dysfunction was established on 
the association of typical angina, ECG changes consistent with myocardial isch-
aemia, positive ECG stress test and normal coronary arteries.

In her case, CMD induced microvascular angina as well as recurrent atrial fibril-
lation. In turn, frequent episodes of atrial fibrillation also aggravated CMD.

Atrial fibrillation ablation led to clinical improvements, with our patient report-
ing only occasional mild chest pain and no irregular heartbeats. ECG traces also 
ameliorated, with ST-T changes have significantly diminished 6 months after abla-
tion (Figs. 14.2 and 14.3), probably owing to the improved coronary microcircula-
tion. These findings support the hypothesis of atrial fibrillation worsened coronary 
microvascular dysfunction, thus confirming the bidirectional relationship between 
the two entities.

 Conclusions

Both supraventricular arrhythmias (e.g. atrial fibrillation) and ventricular arrhyth-
mias can be related to coronary microvascular dysfunction, in patients with no 
epicardial artery disease and no other significant comorbidities. The relationship 
between arrhythmias and coronary microcirculation appears to be bidirectional. 
In atrial fibrillation, the arrhythmia seems to promote microvascular dysfunction, 
while ventricular arrhythmias appear to be triggered by relative myocardial isch-
emia in the setting of CMD. One the other hand, tachycardiomyopathy facilitates 
and sustains CMD, further linking the two entities. There is need for future studies 
which would include patients with cardiac syndrome X and specific arrhythmias in 
order to clearly establish the causal relationship.
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Chapter 15
Management of No-Reflow

Danijela Trifunovic, Jelena Dudic, Natalija Gavrilovic, and Olivia Manfrini

The goal of myocardial reperfusion is not just to achieve an open epicardial artery, 
but to restore the normal blood flow to cardiac tissues. Classically, the“no-reflow 
phenomenon” (NR) is defined as a lack of myocardial perfusion despite thesuc-
cessful opening of the occluded epicardialartery [1]. It most frequently happens in 
the setting of primary percutaneous coronary intervention (pPCI), but it can also 
be seen during elective PCI. No-reflow is evident by the slowing of the coronary 
flow, a higher TIMI frame count, and an abnormal or absent myocardial blush. The 
frequency of NR varies with the methodology used to assess it, ranging from 5% to 
60% in the published data [2].

The pathophysiology of NR is still not fully elucidated, and several mechanisms 
are proposed. The main mechanism is the microvascular injury that can be caused 
both by intrinsic and byextrinsic vascular processes [3]. The intrinsic phenomena 
leading to microvascular obstruction (MVO) include microvascular thrombosis, 
the distal embolization of a thrombus/atheroma, vasospasm and endothelial dam-
age. The extrinsic problems include microvascular compression due to edema and 
inflammation. Endothelial damage harms capillary integrity causing edema and the 
hemorrhagic transformation of the infarct core. Microvascular obstruction precedes 
myocardial hemorrhage. While MVO can be reversible, myocardial hemorrhage 
is not because iron deposition within the infarcted myocardium drives inflamma-
tion, increasing the likelihood of ventricular arrhythmias, adverse remodeling and 
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adverse cardiac events [4]. Management strategies, at least theoretically, should be 
focused on preventing or modulating those mechanisms in order to avert the conse-
quences of NR.

Sometimes, the term NR is also used to describe a sudden loss of epicardial flow, 
typically after ballooning a lesion or placing a stent. In this setting, NR might be 
secondary to incomplete lesion dilation, epicardial spasm, or epicardial dissection 
with or without in situ thrombosis. In these cases, the first step would be to use intra-
vascular ultrasound to distinguish a dissection and a spasm from a microvascular 
phenomenon [5].

Despite considerable progress in the identification of the risks to NR develop-
ment and the improvement of the management strategies for NR, no specific thera-
pies have been developed so far. Unquestionably, those patients with NR who have 
received therapy and who succeed to improve coronary flow have a better progno-
sis [6]. These observations strongly suggest the importance of the recognition and 
appropriate management of NR.

 Prevention of No-Reflow

Many classical risk factors for cardiovascular diseases are also the well-defined 
risk factors for NR, including hypertension, smoking, dyslipidemia, diabetes, and 
other inflammatory processes. The general measures taken in order to control these 
factors can reduce the occurrence of NR.  Optimal blood glucose control before 
PCI reduce the occurrence of NR [7], both presumably improving the coronary 
microcirculation and avoiding the poor effects of acute hyperglycemia on reperfu-
sion injury [8]. Similarly, intensive statin therapy before PCI in individuals with 
hyperlipidemia is advantageous in reducing NR. A meta-analysis of seven studies 
with pre-procedural statin therapy in 3086 patients has demonstrated the complete 
prevention of NR in 4.2% and the attenuation of no-reflow in the additional 5% of 
the patients treated with statins, compared with the control patients receiving a pla-
cebo, usual care, or lower-dose statin therapy [9].

 Prediction of No-Reflow

The risk awareness of NR development is important. In the case of a patient at risk 
for NR, certain techniques might have some potential to reduce the degree of NR: 
primary stenting, the avoidance of high-pressure stent deployment and thrombec-
tomy before the intervention [2].

The patient-specific features carrying a high risk for NR in STEMI patients 
include the following: a delayed presentation to the catheterization laboratory [6], 
hyperglycemia, and hypercholesterolemia, the female gender, hypertension, mild-
to- moderate renal insufficiency, and elevated inflammatory markers [10–13].

D. Trifunovic et al.
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The lesion-specific features affecting the risk for NR include plaque composition 
and a thrombus burden detected by intravascular ultrasound [14, 15]. However, any 
time-consuming procedure that might delay the door-to-balloon time is not recom-
mended in the management of STEMI patients because a prolonged ischemic time 
is one of the strongest factors leading to a microcirculatory damage and the conse-
quent development of NR [1].

The possible treatment modalities of NR include: (1) pharmacological therapy, 
(2) interventional treatment, and (3) non-invasive treatments.

 Pharmacotherapy

Pharmacotherapy includes vasodilatators, antiplatelet drugs and fibrinolytic drugs. 
Basically, no significant difference was demonstrated between various pharmaco-
logical intervention strategies, but a significant clinical benefit was observed when 
NR was resolved [6].

 Vasodilatators

In the majority of centers, the current standard of care when NR happens during 
PCI first includes checking whether the epicardial artery is optimally treated, only 
to be followed by the initiation of the intracoronary injection of a vasodilatator 
such as adenosine, at a dose of 100–200 mcg [16]; nicardipine, at a median dose 
of 400 mcg [17], or nitroprusside, at doses ranging from 50 to 300 mcg [18]. Other 
vasodilators include nicorandil (used in some laboratories). Frequent consecutive 
doses of the previously mentioned vasodilators may be repeated as long as they 
are well- tolerated by blood pressure. Distal coronary administration using a micro-
infusion catheter is preferred over injection through the guiding catheter because the 
latter may have significant systemic effects and because only a small amount of the 
agent is likely to actually reach the distal coronary bed [2].

Adenosine is a purine nucleoside that binds to adenosine receptors and exerts 
effects both on cardiac myocytes and on blood vessels. In ischemic cardiomy-
cites within a few seconds of ischemia, the levels of endogen interstitial adenos-
ine increase and cause arteriolar vasodilatation. In addition to vasodilatation, in 
experimental studies, adenosine had an inhibitory (protective) effect on many other 
mechanisms involved in myocardial ischemia and infarction, such as platelet aggre-
gation, inflammatory cell activation, the generation of oxygen free radicals, and 
decreasing the cellular calcium overload [19]. Adenosine also has negative chrono-
tropic and dromotropic effects.

Initial larger clinical trials investigating the use of adenosine to improve out-
comes following intervention for STEMI were AMISTAD (Acute Myocardial 
Infarction Study of Adenosine) [20] and AMISTAD II [21]. In the AMISTAD trial, 
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the investigators examined if a continuous adenosine infusion [70 mcg/kg/min for 
3 h or a placebo given before thrombolytic therapy) would reduce the myocardial 
infarct size as measured by SPECT imaging. In the AMISTAD II trial, the patients 
were randomized to a placebo or one of the two doses of intravenous adenosine 
(50 mcg/kg/min or 70 mcg/kg/min) in adjunction to either thrombolysis or PCI. In 
both trials, adenosine was shown to reduce the infarct size (if the dose of adenosine 
was 70 mcg/kg/min), but they failed to show improvements in clinical outcomes 
unless the patients had achieved early reperfusion with either thrombolysis (60%) 
or primary PCI (40%).

Vijayalakshmi et al. compared the use of intracoronary adenosine or verapamil 
in patients with STEMI and NSTEMI, thus showing that the use of either of the 
two agents was correlated with an improvement in coronary blood flow and, sub-
sequently, in the wall motion index. Although both drugs had similar benefits, 
verapamil was associated with hypotension and complete heart block lasting up 
to 3 h in 18% of the cases [22]. The REOPENAMI (Intracoronary Nitroprusside 
Versus Adenosine in Acute Myocardial Infarction) trial published by Niccoli et al. 
investigated the effect of intracoronary adenosine or nitroprusside in 240 patients 
with STEMI following intracoronary thrombus aspiration and showed a better 
ST-segment resolution at 90 min, as well as the more favorable remodeling of the 
left ventricle in the adenosine groupat 1 year of follow-up [23]. This positive effect 
was also translated into a lower incidence of the composite events that included 
myocardial infarction, heart failure, and death. These favorable effects were not 
seen in the nitroprusside group.

Multiple meta-analyses were performed regarding adenosine efficacy in pre-
venting NR [24–28]. Although there was an overlap, the studies included in each 
meta- analysis varied, and their ultimate conclusions differed. The first conclusion 
of the meta-analysis performed by Su et al. [26] published in 2015 that included 11 
randomized clinical trials with 1027 patients was that the quality and quantity of 
available research studies were insufficient and that the overall risk of the bias of the 
included studies was moderate. Secondly, they concluded that adenosine as a treat-
ment for NR during pPCI could, on the one hand, reduce angiographic no-reflow 
(TIMI flow grade <3) (a relative risk 0.62, 95% CI 0.42–0.91, p value  =  0.01), 
whereas on the other, it could also increasethe occurrence of adverse events such 
as: bradycardia (RR 6.32, 95% CI 2.98–13.41, p value <0.00001), hypotension (RR 
11.43, 95% CI 2.75–47.57, p value = 0.0008) and atrioventricular (AV) block (RR 
6.78, 95% CI 2.15–21.38, p value = 0.001). Indeed, Su et al. were unable to find 
supportive pieces of evidence suggesting that adenosine reduced all-cause mortal-
ity, non-fatal myocardial infarction or the incidence of the myocardial blush grade 
from 0 to 1. However, an updated meta-analysis performed by Bulluck et al. in 2016 
including 13 randomized controlled trials investigating adenosine as an adjunct to 
reperfusion in 4273 STEMI patients revealed less heart failure (the risk ratio of 0.44 
[95% CI 0.25–0.78], p = 0.005) and alower incidence of coronary no-reflow (the 
risk ratio for TIMI flow <3 post-reperfusion 0.68 [95% CI 0.47–0.99], p = 0.04) 
in patients given adenosine intracoronary, but not intravenously, compared to the 
control [28].
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The dose of adenosine for NR treatment is obviously important. High-dose intra-
coronary adenosine (2–3 mg in total) and sodium nitroprusside (500 μg in total) 
during pPCI in a REFLO-STEMI study did not reduce the infarct size or the MVO 
measured by cardiac magnetic resonance. Furthermore, in this study, adenosine 
adversely affected the mid-term clinical outcome [29].

Adenosine has a very short half-life, which is its limitation. Data from animal 
models showed that a 2-h intracoronary adenosine infusion is superior to an adenos-
ine bolus in ameliorating no-reflow [30]. However, adenosine infusion into the arte-
rial bed may result in atrioventricular block. Summarizing the data, adenosine is not 
currently routinely used during PCI, but it may be used to treat no-reflow, preferably 
by intracoronary administration at a dose up to 2 mg.

Several calcium channel blockers (CCB) have been investigated for the efficacy 
in the treatment of NR, these including verapamil, diltiazem, and nicardipine.

Verapamil is an L-type CCB inhibiting the calcium ion influx through slow chan-
nels into the myocardium and the coronary arteries. Consequently, it relieves coro-
nary vasospasm and improves myocardial perfusion. Indeed, this CCB agent has 
proven to be very efficient in relieving the anginal symptoms caused by coronary 
vasospasm. Intracoronary administered verapamil injection was associated with a 
reduction incoronary NR and short-term MACEs in the patients undergoing pPCI, 
whereas it had no impact on improving the ejection fraction [31]. Kaplan et  al. 
compared intracoronary verapamil (100–500 g) with nitroglycerin for the treatment 
of NR in degenerated vein grafts and demonstrated an improved TIMI flow in all 
the patients treated with verapamil [32]. The meta-analyses assessing the efficacy 
of verapamil and diltiazem or verapamil alone for the treatment of NR have dem-
onstrated a significant benefit over the standard of care with respect to NR [26, 
33]. Nicardipine was beneficial in the studies of NR prevention during rotational 
atherectomy [34] and percutaneous interventions in vein grafts [35] with a mini-
mal myocardial depressant effect [36]. At present, some interventionalists are using 
intracoronary verapamil, nicardipine, or diltiazem with a variable success for the 
treatment of NR. However, the present data are not sufficient to allow for defini-
tive conclusions regarding CCB efficacy, but rather suggest the need for a large, 
randomized, controlled trial.

Nicorandile is a hybrid of the mitochondrial potassium-channel opener and 
nitrate, with a potential to mitigate NR. When isolated after reperfusion, mitochon-
dria are structurally altered, contain large quantities of Ca2+, and produce an excess 
of oxygen free radicals. Their membrane pores are stimulated and the capacity for 
oxidative phosphorylation is irreversibly disrupted [37]. Nicorandil reduces intra-
cellular calcium and leads to a relief from coronary vasospasm. Although therapy 
with nicorandil prior to reperfusion in the meta-analysis performed by Wu et al. in 
2013 [38] was associated with the improvement of coronary reflow, as well as with 
the suppression of ventricular arrhythmia, and further improved the left ventricular 
function in the patients who underwent pPCI, the definite clinical benefits of nicor-
andil were not found due to the small sample size of the selected studies.

Sodium nitroprusside releases the nitric oxide (NO) that activates guanylate 
cyclase in the vascular smooth muscle. This leads to the increased production of 
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intracellular cGMP, which stimulates calcium ion movement from the cytoplasm 
to the endoplasmic reticulum, thus reducing the level of the available calcium ions 
that can bind to calmodulin. This ultimately results in the vascular smooth muscle 
relaxation and the vessel dilation. Intracoronary nitroprusside at the doses of 50–
300 mcg was demonstrated to be quite effective in the treatment of no-reflow [2], 
especially so when injected distally in thecoronary artery. In this manner, it has a 
negligible systemic effect (on blood pressure), but induces a marked improvement 
of the coronary flow and the myocardial tissue blush. Nitroprusside combined with 
tirofiban was more effective compared to tirofiban alone in 162 STEMI patients 
who underwent pPCI with thrombus aspiration, including a more rapid ST-segment 
elevation resolution, fewer major adverse cardiac events, and a higher left ventricu-
lar ejection fraction [39]. However, the TIMI flow grade did not differ between 
the groups (rather suggesting that the TIMI flow grade is not the most sensitive 
method for defining coronary blood flow). In a small study assessing NR in STEMI 
patients, both nitroprusside and nicorandil improved coronary blood flow; however, 
nitroprusside was more effective when the TIMI frame count was measured [40]. 
Compared to the other drugs used for NR, nitroprusside appears to have a more 
sustained effect, especially when compared to adenosine [39], with which it may be 
combined in order to prolong adenosine effects [41]. There are also negative stud-
ies dedicated to the application of nitroprusside in the treatment of NR. In a study 
concerning the role of nitroprusside in the prevention of NR, nitroprusside failed to 
improve the coronary flow and myocardial tissue reperfusion, but it did improve the 
clinical outcomes at 6 months [42]. In order to overcome the limitations of small 
studies, two meta-analyses have been conducted with nitroprusside, both confirm-
ing a clear benefit of nitroprusside in the management of no-reflow during PCI [43, 
44]. The total dose of nitroprusside given for NR is important. The high dose of 
intracoronary delivered nitroprusside (500 mcg total) immediately following throm-
bectomy and again following the stenting did not reduce the infarct size or the MVO 
measured by CMR (the REFLO-STEMI study) [29].

Anisodamine, a belladonna alkaloid employed in traditional Chinese medicine, is 
a non-subtype-selective muscarinic, and a nicotinic cholinoceptor antagonist, which 
has antioxidant, antithrombotic and antiarrhytmicproperties [45]. Like atropine 
and scopolamine, anisodamine exhibits the usual spectrum of the pharmacological 
effects of this drug class, although being less potent and less toxic than atropine. 
It also has a relatively weak alpha (1) adrenergic antagonistic activity, which may 
explain its vasodilatation capacity. It also interacts with and disruptsthe liposome 
structure which may reflect its effects on cellular membranes. The mechanism of 
the action of anisodamine implies the blockage of the intracelular Ca overload, 
which is one of the main apoptoic mehanisms due to the membrane protein dam-
age by reactive oxygen species (ROS). Animal and clinical studies have shown that 
anisodamine can increase blood pressure and coronary perfusion pressure, and 
improve the microcirculation, thus making it a potentially useful drug for prevent-
ing NR. Recent meta-analysis comprising 41 RCTs involving 4069 patients showed 
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that, when compared to the standardly used vasodilatators (verapamil, adenosine, 
diltiazem and nicorandil), anisodamine is associated with higher LVEF and a lower 
risk from MACEs [46]. However, the authors of this meta-analysis suggested that, 
given the limited quality and quantity of the included studies, more rigorous ran-
domized trials are needed to verify the role of this regimen.

 Glycoprotein IIb/IIIa Inhibitors

Glycoprotein IIb/IIIa inhibitors (GP IIb/IIIa inhibitors) are powerful antiplatelet 
drugs proven to lower the thrombus burden in patients with myocardial infarc-
tion. According to the current ESC guidelines for the management of STEMI and 
NSTEMI [47, 48] GP IIb/IIIa inhibitors are the only drugs officially recommended 
as bailout therapy in the case of the angiographic evidence of a slow- or no-reflow, 
as reasonable (the class of recommendation IIa, the level of recommendation C) 
although this strategy has not been tested in a randomized trial. The AIDA AMI trial 
compared intracoronary to intravenous abciximab and found that the intracoronary 
abciximab bolus administration could possibly be related to the reduced rates of 
congestive heart failure at 90 days, but there were no differences in the combined 
endpoint of death, reinfarction, or congestive heart failure [49]. Unfortunately, there 
are no studies comparing the relative efficacy of a prolonged intravenous infusion 
compared to a single or multiple intracoronary boluses of abciximab. A small study 
of 49 patients compared anintracoronary bolus-only with an intravenous bolus plus 
the infusion of tirofiban, but found no superiority in either of the two [50]. According 
to a recent meta-analysis, the intralesional administration of IIb/IIIa compared 
to intracoronary administration yielded favorable outcomes in terms of myocar-
dial tissue reperfusion as evidenced by the improved TIMI flow grade, a complete 
ST-segment resolution, and decreased MACE without increasing in-hospital major 
bleeding events [51]. The targeted strategy combining adjunctive IIb/IIIa platelet 
receptor antagonist administration with aspiration and prolonged balloon inflation 
was described in a series of 71 patients undergoing PCI for the ST-segment eleva-
tion, and this combination of therapies appeared to prevent NR [52].

 Glucagon-Like Peptide (GLP)-1 Analog

A potentialof the glucagon-like peptide (GLP)-1 analogliraglutide to reduce NR 
was shown in a small, randomized, controlled trial conducted in 210 subjects [53]. 
The proposed mechanisms include the modulation of the glucose levels, reduced 
inflammation and the improved endothelial function, and a further study has been 
proposed.
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 Intracoronary Fibrinolytic Therapy

Intracoronary fibrinolytic therapy as an adjunct to pPCI in patients with a large 
intracoronary thrombus burden was tested only in few RCTs and registry studies 
[54]. The majority of the data suggested that fibrinolytic therapy as an adjunct to 
PCI is not useful in everyday clinical practice including the treatment of NR, and 
that a critical reappraisal of this therapy is needed. The studies of adjunctive fibrino-
lytic therapy to pPCI have multiple limitations; nevertheless, several of them dem-
onstrate a positive effect on myocardial perfusion [55–57]. It is not known at present 
how much of this improvement may translate into a prognostic benefit.

 Invasive Treatment

 Deferred Stenting

The important mechanism behind NR is the embolization of the atherothrombotic 
debris during the manipulation of the culprit vessel and stent deployment is identi-
fied as a step with the highest risk of distal embolization. A deferred or delayed 
stenting strategy might be a feasible alternative to the conventional approach with 
immediate stenting in the selected STEMI patients undergoing pPCI. By delaying 
a stent implantation after mechanical flow restoration, vasodilators, antithrombotic 
drugs (GP IIb/IIIa inhibitors) and statins might be initiated, which can remove vaso-
spasm, dissolve an intracoronary thrombus and stabilize an atherosclerotic plaque. 
Also, as the acute phase is resolved, this strategy allows the simultaneous inter-
vention of the IRA and non-IRA vessels in patients with a multivessel disease. In 
the meta-analysis that included eight studies with 744 patients, deferred stenting 
satisfactorily improved the TIMI flow grade, TMBG, and a complete ST-segment 
resolution, and decreased MACEs without increasing the major bleeding events in 
patients with STEMI and a high thrombus burden [58].

 Postconditioning

Postconditioning consists of brief, repeatedly induced coronary occlusions imme-
diately after prolonged myocardial ischemia. Some evidences suggested that it is 
associated with a reduction in the myocardial infarct size compared with sudden 
reperfusion. The protection mechanism involves the activation of extracellular 
signal- regulated kinase, the production of nitric oxide, the opening of the mitochon-
drial potassium channels and the inhibition of the opening of the mitochondrial 
permeability transition pore. Staat et al. performed a study of 30 patients, in which 
the patients in the experimental group were submitted to the repeated inflation and 
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deflation of the angioplasty balloon (four times) immediately after coronary flow 
had been obtained. Compared to the control group, in the experimental group there 
was a significant decrease in the creatine kinase peak, the infarct size (as assessed 
by the level of creatine kinase) was lower (by 36%), and the blush grade was sig-
nificantly higher [59].

 Distal Embolic Protection Devices

There are two distal protection devices to capture embolic debris during PCI 
that have proven to be clinically beneficial for the PCI of saphenous vein graft 
lesions [60, 61]. However, the Protection Devices in PCI-Treatment of Myocardial 
Infarction for Salvage of Endangered Myocardium (the PROMISE study) by the 
FilterWire was announced as a negative one [62]. Nevertheless, the second genera-
tion of the FilterWire EZ System was further examined in the treatment of an acute 
myocardial infarction in the FLAME study and compared with aspiration alone by 
using the Export or Rescue catheter. This study showed that a combination of distal 
embolic protection with aspiration vs aspiration alone was significantly more effi-
cient regarding the capture of embolic debris. However, despite those encouraging 
results seen in the combined group, no effect on the infarct size, or a clinical benefit 
was demonstrable [63]. There are currently no data to support the routine use of 
distal protection in the routine cases of pPCI.

 Thrombus Aspiration

Manipulating the occluded area with balloons and stents might result in the distal 
embolization of a thrombus, thus contributing to the development of NR. Therefore, 
the prevention of distal embolization by thrombus aspiration before PCI should 
lessen the degree of NR and the results in better clinical outcomes. Indeed, this con-
cept was initially confirmed in the ATTEMPT (Analysis of Trials on Thrombectomy 
in Acute Myocardial Infarction Based on Individual Patient Data) study [64], and 
thrombus aspiration has since become an integral part of the intervention, particu-
larly when a visible thrombus is present. Thrombus aspiration must begin with for-
ward aspiration starting proximal to the occlusion, making multiple passes, until 
the canalization of the vessel with an improved anterograde flow is demonstrated. 
However, a meta-analysis published by Mongeon et al. [65] failed to show a long-
term benefit of thrombus aspiration in STEMI patients. Of note, it included many 
different studies applying various techniques, including rheolyticthrombectomy, 
which may increase NR in some patients [66].

In a more recent meta-analysis [67], large (n ≥ 1000), randomized, controlled 
trials comparing manual thrombectomy and pPCI alone in STEMI patients were 
included (TAPAS, TASTE and TOTAL). The prespecified primary efficacy outcome 
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was cardiovascular mortality within 30 days, and the primary safety outcome was 
a stroke or a transient ischemic attack within 30 days. The authors concluded that 
routine thrombus aspiration during PCI for STEMI did not improve the clinical 
outcomes. However, in the high-risk subgroup (i.e. the one with a high thrombus 
burden), the trends toward reduced cardiovascular death, although coupled with an 
increased risk for a stroke or a transient ischemic attack, provide a rationale for 
future trials of improved thrombus aspiration.

The other complementary techniques that may help prevent distal embolization 
include the avoidance of high-pressure stent deployment and the full coverage of the 
diseased segment in the coronary artery [2].

 Nonpharmacological Interventions

In addition to the procedures described in the preceding text, otherless well- 
supported, nonpharmacological treatment strategies for no-reflow have been 
described.

 Hypothermia

There is some evidence that therapeutic hypothermia, given after initial reperfusion, 
can be beneficial in reducing the infarct size and the prevention of NR [68]. By 
using the rat model, Dai et al. showed that late hypothermia (performed by initiating 
a room-temperature saline solution 60 min after reperfusion) reduced the extent of 
the no-reflow size, but had no effect on the infarct size, suggesting that no-reflow is 
a true form of the reperfusion injury and is likely due to damage done to the micro-
vasculature by reactive oxygen radicals.

The recently published COOL AMI EU pilot trial [69] investigated the rapid 
induction of therapeutic hypothermia (20 min of endovascular cooling at 33.6 °C) 
by using the ZOLL Proteus Intravascular Temperature Management System in 50 
patients with anterior STEMI without cardiac arrest. Except for self-terminating 
atrial fibrillation, there was no excess of adverse events and no clinically important 
cooling-related delay to reperfusion. A statistically non-significant numerical 7.1% 
absolute and 30% relative reduction in the infarct size (measured by CMR) was 
reported, warranting a pivotal trial powered for efficacy.

 Ischemic Postconditioning

Ischemic postconditioninghas been shown to reduce no-reflow in small trials, but 
similar larger studies failed to find such an effect [70, 71]. Long-term clinical fol-
low- up and conduct of phase III trials are currently lacking.
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 Conclusion

No-reflow is a frequent occurrence during PCI in the setting of STEMI. Prevention 
and treatment are of supreme importance because NR is associated with a larger 
infarct size, a reduced ejection fraction, and higher mortality. The prevention of NR 
necessitates shorter door-to-balloon times and the avoidance of long stents and high-
pressure stent development. When there is angiographic evidence of a thrombus 
burden, intracoronary thrombectomy might be used. Distal protection devices have 
less proven long-term benefits. When NR is recognized, pharmacological interven-
tion proves to be beneficial (according to the current knowledge, preferably the dis-
tal intracoronary infusion of adenosine or nitroprusside with a repetition if needed). 
The problem of NR has not yet been solved and further work in this field is needed.
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 Introduction

Elevated levels of blood lipids is a well-documented risk factor for cardiovascular 
disease (CVD), the major underlying cause for clinical events such as myocardial 
infarction and ischemic stroke worldwide. As such, hyperlipidemias, mainly defined 
as isolated elevation of total cholesterol (TC), isolated elevation of triglyceride (TG) 
or mixed patterns with elevations of both TC and TG are widely recognized as com-
mon metabolic disorders associated with increased atherosclerosis and ischemic 
heart disease [1]. Hypercholesterolemia, with a prevalence of 39% in males and 
40% in females in the western countries [2], is the most common form of hyperlip-
idemia, thereby largely contributing to the major cause of morbidity and mortality 
worldwide. According to the World Health Organization (WHO), more than 50% 
of the ischemic heart disease and 18% of the ischemic strokes are associated with 
increased cholesterol levels [3].

There is a growing body of experimental and clinical studies suggesting that 
myocardial ischemia may occur as consequence of abnormal changes in the micro-
vascular structure and function either in the absence of obstructive epicardial 
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 coronary artery disease (reviewed in [4, 5]). Indeed, intra-myocardial microcircu-
latory disturbances are already apparent at early stages of atherosclerosis preced-
ing any angiographically visible epicardial coronary stenosis [6]. In this respect, 
experimental studies using a swine model of familial hypercholesterolemia have 
convincingly shown the relevance of coronary microvascular dysfunction (CMD) 
in cardiac ischemia and impaired cardiac function before the development of criti-
cal coronary stenosis [7]. The iPowers Study aimed to investigate the association 
between reduced coronary flow velocity reserve (CFVR) and cardiovascular risk 
factors in 3568 women (27% of them with angina-like chest pain diagnostic). The 
authors found that women with impaired CFVR had significantly lower high- density 
lipoprotein cholesterol (HDL-C) levels and suggested coronary CMD as the main 
cause for clinical evidence of angina pectoris in the absence of obstructive coronary 
artery disease (<50% stenosis by coronary angiography) [8]. In addition, a cohort 
of 1439 patients, presenting to the catheterization laboratory with chest pain and 
non-obstructive coronary artery disease (>40% stenosis), revealed 64% prevalence 
of CMD, irrespective of sex [9].

Coronary microcirculation refers to different anatomically and functionally vas-
cular compartments (arterioles, capillaries, and venules) with a critical role for the 
physiological regulation of myocardial perfusion. Typically, microvessels or “resis-
tance vessels” such as arterioles (<100 μm diameter) are composed by an endothe-
lial layer surrounded by smooth muscle cells. Resistance vessels have a primary 
function that includes the regulation of blood flow distribution to cover the meta-
bolic demands of the heart and modulate peripheral vascular resistance playing an 
important role in maintaining the blood pressure [10]. Unlike large epicardial con-
duit arteries, arterioles respond to local metabolites rather than being under endo-
thelial vasomotor control [11, 12]. This might facilitate a fine autonomic regulation 
of the coronary blood flow to match increased myocardial oxygen demand and 
therefore contribute to mitigate ischemia when myocardial perfusion is threatened 
by the progression of atherosclerosis in epicardial coronary arteries (reviewed in [5, 
13]). In this respect, several studies have convincingly shown an increased risk of 
suffering cardiovascular events in association with CMD regardless of the degree 
of epicardial disease [14–16]. These observations suggest that abnormal coronary 
microcirculation might have prognostic value as the early sub-clinical culprit in 
the pathogenesis and progression of heart disease in the setting of dyslipidemia. 
As such, impaired function of resistance vessels, rather than conduit arteries, have 
predicted 5-year CVD risk in the population-based PIVUS (Prospective Study of 
the Vasculature in Uppsala Seniors) study [17]. Pathological processes affecting 
macro- and micro-vessels are closely related. Thus, current scientific evidence sup-
port the coexistence of CMD with atherosclerosis and suggest CMD as a relevant 
mechanism contributing to the level of cardiovascular mortality associated to the 
presence of cardiovascular risk factors-related comorbidities such as hypercholes-
terolemia (reviewed in [17, 18]).

The mechanisms by which CMD  might cause cardiovascular events in the 
absence of epicardial artery disease are still not fully understood. However, differ-
ent studies suggest that common cardiovascular risk factors such as hyperlipidemia, 
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diabetes mellitus, hypertension, and smoking are implicated in abnormal micro-
vascular dilatation leading to impaired coronary flow reserve (CFR), a surrogate 
hallmark of CMD, even in individuals without evidence of obstructive atheroscle-
rosis (reviewed [19]).Thus, a large cohort study including 1063 participants (63% 
women) with <30% narrowing on coronary angiography has shown that coronary 
risk based on the Framingham prediction score  is independently associated with 
the myocardial blood flow assessed by CFR [20]. Also the sub-cohort study of the 
Multi-Ethnic Study of Atherosclerosis (MESA) trial carried out on 222 asymp-
tomatic middle-aged, and older men and women, supported an inverse association 
between the Framingham risk score and the vasodilator function of the coronary 
microcirculation at rest and during adenosine-induced hyperemia [21]. By these 
findings, Cha et al. [22] have recently demonstrated an inverse association between 
increasing number of cardiovascular risk factors (hypertension, diabetes, hyperlip-
idemia, and smoking) and reduced values of myocardial perfusion reserve index 
suggesting impaired coronary microcirculation in 134 self-referred as asymptom-
atic participants undergoing cardiac magnetic resonance analysis.

The following chapter provides an overview of the current clinical and scien-
tific evidence regarding the presence of hyperlipidemias, particularly high LDL- 
cholesterol levels, and its pathological implication on the microcirculation both in 
the myocardium and other microvascular beds. Furthermore, the chapter highlights 
the pathophysiological mechanisms linking hyperlipidemia and microvascular dys-
function and discusses on the response of microvascular integrity and function to 
therapeutic strategies targeted to prevent and treat hypercholesterolemia.

 Hypercholesterolemia and Microvascular Dysfunction

A tight relationship between serum lipids and microcirculatory changes is supported 
by epidemiologic evidence and observational studies as well as by prospective inter-
ventional trials. Myocardial, cerebral and retinal microvasculature share enough 
anatomical and physiological similarities to allow the extrapolation of the results 
between the different vascular compartments. Comparable to the macrovascular 
disease, several studies focusing on the retinal microvascular bed suggest an effect 
of dyslipidemia on the microcirculatory function. Thus, the results of a recently 
published study, including 950 participants between 7 and 19 years, supports the 
view that the elevation of atherogenic lipids in adolescents older than 12 years sig-
nificantly associates with narrower retinal arterioles [23]. Retinal arteriolar narrow-
ing has been documented as an independent predictor for stroke [24], metabolic 
syndrome [25] and coronary heart disease [26] among other cardiovascular- related 
comorbidities. These results point out the retinal arteriole response as a surrogate 
marker for peripheral vascular resistance and as such for the systemic microcircula-
tion. In addition, early changes in the geometry of the retinal vasculature have been 
suggested as preclinical markers of systemic cardiovascular diseases in young indi-
viduals at high cardiovascular risk [27, 28]. In a recently published observational 
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study, Nägele et al. [29] have reported retinal microvascular dysfunction before any 
clinical evidence of cardiovascular disease and any decrease in flow-mediated dila-
tation (brachial artery) as a measure of macrovascular function in hypercholester-
olemic patients when compared to healthy controls. Studies in other microvascular 
territories, such as the cutaneous microcirculation, have also proven a direct associ-
ation between hypercholesterolemia and microvascular dysfunction in preclinical- 
state diseases. In this regard, Kenney et  al. [30], based on a healthy cohort with 
serum lipid concentrations in a broad range, found LDL-C as the best lipid-related 
predictor of NO-dependent cutaneous microvascular dilatation. This differs from 
studies in the conduit circulation where oxLDL is strongly associated with changes 
in the flow-mediated vasodilatation response [31] supporting the currently accepted 
opinion that microvascular dysfunction precedes functional changes in larger ves-
sels during the progression of atherosclerosis disease. Expanding these findings, 
Bender et  al. [7], using the swine  model of familial hypercholesterolemia (FH), 
the most common monogenic disorder associated to LDL metabolism resulting in 
severe lifetime hypercholesterolemia, revealed that FH-derived coronary microvas-
cular dysfunction plays a key role in limiting the myocardial oxygen balance at 
rest and during exercise, and thereby the cardiac efficiency in the absence of severe 
coronary stenosis.

 Clinical Insights on the Association Between 
Hypercholesterolemia and Coronary Microvascular 
Disfunction

Reduced levels of coronary flow reserve (CFR) assessed by positron emission 
tomography (PET) have been documented in hypercholesterolemic asymptomatic 
patients with normal coronary arteries [32]. More recently, Kaufmann et al. [33], 
using similar PET technique in a study aimed to specifically evaluate the contribu-
tion of TC and different lipoprotein-cholesterol subfractions to CFR in hypercho-
lesterolemic asymptomatic subjects, found that LDL-C inversely correlates with 
CFR in asymptomatic patients with hypercholesterolemia, whereas changes in CFR 
did not relate to TC and only weakly with HDL-C levels, supporting the patho-
genic relevance of the LDL-C subfraction on coronary microvascular dysfunction. 
In addition, Mangiacapra et al. [34], using an invasive method to measure FFR and 
the index of microvascular resistance (IMR) in a group of hypercholesterolemic 
middle-age patients undergoing elective coronary angiography for CAD detection, 
further supported the pathogenic role of high LDL-C levels on microvascular func-
tion. The authors demonstrated a significant correlation between TC and LDL-C 
levels and coronary microvascular dysfunction which, in turn, was independent on 
the severity of epicardial coronary atherosclerosis and the number of diseased ves-
sels, underlining the relevance of considering the microcirculatory function to better 
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diagnose and triage asymptomatic patients at high cardiovascular risk (i.e. hyper-
cholesterolemia). In line with these observations, Behrenbeck et al. [35], by using 
myocardial perfusion computed tomography (CT), convincingly showed significant 
changes in the spatial subresolution distribution at the intramyocardial microcircu-
latory blood volume in hypercholesterolemic subjects before they developed any 
significant change in conventional perfusion parameters.

LDL- and HDL- lipoprotein fractions comprise a spectrum of particles with 
different size, floatation characteristics, and function. Although risk management 
relies on LDL-C measurement, increasing evidence suggests that the number of 
LDL- particles (LDL-P) measured by nucleic magnetic resonance (NMR) is more 
closely related to future cardiovascular disease than levels of lipoprotein-cholesterol 
either in men as in women [36]. Similarly to LDL, the number of HDL particles 
(HDL-P) has been suggested to more accurately reflect HDL-function than HDL- 
cholesterol levels [37]. As such, Narang et al. [38] have shown, in a group of 24 
patients with LDL-C levels below 100 mg/dL undergoing vasodilator stress cardio-
vascular magnetic resonance (CMR), that the number of large-HDL-P was the only 
lipid subfraction, among other conventional lipid variables (TC, LDL-C, HDL-C, 
TG) and novel lipid parameters measured by NMR, that remained associated with 
myocardial perfusion reserve index after multivariable adjustment.

Hypercholesterolemia plays a key pathophysiological role in the development of 
acute ST-elevation myocardial infarction (STEMI) [39], and microvascular injury 
(MVI) is a main determinant of clinical outcome after STEMI [40–43]. A substan-
tial proportion of STEMI patients undergoing percutaneous coronary intervention 
(PCI) for mechanical reperfusion, despite presenting a successful epicardial coro-
nary artery recanalization, do not achieve satisfactory  myocardial reperfusion, a 
pathological phenomenon commonly identified as “no reflow” or as microvascu-
lar obstruction [44]. As such, several studies have proven the relationship between 
microvascular injury, electrocardiographic signs of no-reflow and clinical outcome 
[45, 46]. Thus, Van Kranenburg et al. [40] by pooling data from 1025 reperfused 
STEMI patients, found microvascular obstruction as an independent predictor of 
MACE and cardiac death at two years after infarction. Regarding hypercholes-
terolemia, a recent sub-analysis from the International Survey of Acute Coronary 
Syndromes in Transitional Countries registry (ISACS-TC) in 5997 patients under-
going percutaneous coronary intervention (PCI) due to myocardial infarction 
reported that those patients with no-reflow (2.1% of the total) were more likely 
to have a history of hypercholesterolemia (OR: 1.95, 95% CI: 1.31–2.91), [47]. 
Supporting this observation, Dobrzycki et al. [48] has demonstrated a direct asso-
ciation between high TC-and LDL-C levels and persistent ST-segment elevation, as 
assessed by ECG in STEMI patients subjected to successful primary angioplasty 
after MI. In a recent prospective observational study including 235 revascularized 
STEMI-patients, Reindl et al. [49] have proven that LDL-C levels at admission are 
independently associated with microvascular injury and predict the occurrence of 
MACE and clinical outcome after PCI in a MVI dependent manner.
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 Microvascular Responses to Hypercholesterolemia: 
Mechanistic Insights

The link between hypercholesterolemia and microvascular dysfunction mostly 
resides in changes associated with endothelial cell activation in both arterioles and 
postcapillary venules as well as impaired endothelium-dependent vasodilatation in 
the arteriole compartment [50, 51]. There is consistent evidence that hypercholes-
terolemia goes along with the creation of an inflammatory condition that may end 
in a severe impairment of vascular reactivity [52], enhanced leukocyte-and plate-
let- endothelial cell adhesion, impaired endothelial barrier function [53], enhanced 
thrombosis [54], and vasomotor dysfunction [55] (Fig. 16.1).

Microvascular endothelial dysfunction in response to high cholesterol levels is, 
at least in part, due to high oxidative stress resulting in the elevated generation 
of reactive oxygen species (ROS) and a consequent decline innitric oxide (NO) 
bioavailability [56]. Evidence of in vivo increased oxidative stress in the micro-
vasculature under hypercholesterolemic conditions has been reported in hypercho-
lesterolemic mice, in which high oxidative levels were detected by using intravital 
microscopy in postcapillary cremaster muscle venules [57]. The exacerbated pro-
duction of ROS refers to different species including superoxide anions, hydrogen 
peroxides, and hydroxyl radicals. As such, it has been reported an enhanced gen-
eration of superoxide products derived from xanthineoxidases in large arteries of 
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 hypercholesterolemic animals which in turn were associated with impaired NO 
bioavailability [58]. Increased oxidative stress and generation of ROS species may 
also contribute to increased levels of oxidized forms of LDL-C (oxLDL), which are 
implicated in atherosclerosis-related vascular-dysfunction and inflammation [59]. 
Unlike results of studies performed in conduit arteries neither oxLDL or the lectin-
like oxLDL (LOX-1) show an independent predictor value in cutaneous vasodila-
tation [30]. These observations suggest a different sensitivity for the macro- and 
micro- vascular compartments to signaling mechanisms induced by the specific 
LDL-forms.

In the arterioles, hypercholesterolemia-induced endothelial dysfunction is mani-
fested as reduced secretion of endothelium-derived relaxing factors such as NO in 
response to agents that under physiological conditions stimulate NO production 
in the endothelial cell. A decrease in the endothelium-dependent vasodilatation 
is evident in the cutaneous microcirculation of hypercholesterolemic subjects in 
response to local skin heating [60], a stimulus associated with higher NO synthase 
(NOs) levels and increased NO production [61]. In agreement with these findings, 
Kenney et al. [30] reported an inverse correlation between LDL-C levels and eNOS- 
dependent cutaneous vasodilatation, a model for microvascular function, in a healthy 
cohort of subjects with a broad spectrum of serum cholesterol concentrations. Also, 
Sorop et al. [62], using an experimental high-fat diet model in swine, demonstrated 
reduced basal NO production and a concomitant trend toward lower eNOS expres-
sion levels in the microvessels of the heart in association with increased TC- and 
LDL-C plasma levels. In addition, the same authors have recently demonstrated 
that chronic hypercholesterolemia, when combined with other common cardiovas-
cular comorbidities such as diabetes mellitus and hypertension, leads to left ven-
tricular diastolic dysfunction, in the absence of major geometrical alterations in the 
heart, but in association with perturbed myocardial NO production and oxidative 
stress, endothelium-dependent microvascular dysfunction and systemic inflamma-
tion [63]. Two other findings further support the relevance of the ROS/NO imbal-
ance for hypercholesterolemia induced microvascular dysfunction. As such, Nellore 
et al. [64] proved that administration of the NOS substrate, L-arginine, reverses the 
impaired perfusion of the microvasculature in a rat model of acute hypercholester-
olemia, and Mugge et al. [65] demonstrated that supplementation with endogenous 
superoxide scavengers such as superoxide dismutase (SOD) restores normal func-
tion of arteries in cholesterol-fed rabbits.

The high capacity of superoxides to interact with NO may account for the low 
NO-availability detected when microvessels are exposed to hypercholesterolemia. 
However, according to Holowatz et al. [60], the detrimental effects of hypercholes-
terolemia in the skin microcirculation are mainly a consequence of low L-arginine 
bioavailability due to upregulation of arginase-activity, increase in ascorbate sen-
sitive oxidants [66], and decrease in the eNOS cofactor tetrahydrobiopterin [67]. 
Furthermore, hypercholesterolemia goes along with increased levels of the eNOS 
inhibitor ADMA (asymmetric dimethylarginine), which might result in part by a 
concomitant decrease in its degradation enzyme dimethylarginine dimethylaminohy-
drolase [68]. In addition, adenosine-mediated relaxation is shown to be  significantly 
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impaired in coronary arterioles of diet-induced hypercholesterolemic swine, an effect 
that has been associated with impaired adenosine-activation of Kv channels in both 
endothelium-intact and -denuded coronary arterioles [69].

Over recent years, it has become increasingly recognized that micro vessels 
also display inflammatory and thrombogenic properties in response to hypercho-
lesterolemia, involving pathophysiological mechanisms similar to those occurring 
in macrovascular disease (reviewed in [70]).Yet, under hypercholesterolemic con-
ditions, there is an increased and diffuse leukocyte adhesion in venular segments 
of the microcirculation in contrast to the local leukocyte recruitment that occurs 
at sites of damaged large-arteries. In the microvasculature, inflammatory cells are 
primarily recruited to post-capillary venules from where they perfuse and exert 
detrimental effects in other areas of the microvascular bed [64]. Thus, the venular 
endothelium rapidly upregulates the expression of adhesion molecules such as 
P-selectin and ICAM-1 upon exposure to high cholesterol levels favoring leuko-
cyte rolling and further recruitment [71]. More recently, Lubrano et al. [72] have 
suggested a direct link between LDL-dependent microvascular inflammation, oxi-
dative stress, and up- regulation of LOX-1-, in a process mediated by cytokines 
such as interleukin-6.

Interestingly, interleukin-6 has also been associated with microvascular throm-
bosis in other inflammatory-related pathologies [73]. Neutrophils represent the pre-
dominant type of inflammatory cells recruited at the postcapillary venules as an 
early response to hypercholesterolemia.

Recruited neutrophils support platelet adhesion into the post-capillary venules 
favoring a pro-thrombotic state [74]. In turn, soluble factors released into the blood 
from leucocytes and platelets recruited to nearby venules further contribute to 
expanding arteriolar dysfunction [75]. T-lymphocytes and the release of inflamma-
tory cytokines such as interferon-γ (IFN- γ) and the CD40/CD40L dyad have also 
been reported as being relevant components contributing to the oxidative stress and 
vasomotor dysfunction that occurs in the microcirculation in response to hypercho-
lesterolemia [75–77].

 Effect of Lipid-Lowering Treatments on Microvascular 
Dysfunction

Current classification schemes and interventional strategies for the treatment of 
hyperlipidemia are based on the National Cholesterol Education Panel’s (NCEP) 
Adult Treatment Program-3 (ATP-III) guidelines. Concerning microcirculation, 
no  large studies have been conducted so far to investigate the effects of lipid- 
lowering therapies on abnormal microvascular function. Most studies are small and 
not always randomized. In addition, the high variability in the clinical data does 
not allow drawing solid conclusions regarding the potential link between lowering 
LDL-C levels and the modulation of microvessel function.
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Supporting the association between LDL-cholesterol levels and microvascular 
dysfunction, the use of lipoprotein apheresis, as an interventional strategy to remove 
LDL-C or other lipoproteins from plasma [78], has consistently proved to improve 
microvascular function by reducing the detrimental effects of high-cholesterol levels. 
Thus, myocardial blood perfusion, assessed as CFR by stress echocardiography on 
the left anterior descending coronary artery, is increased as compared to baseline in 
patients with severe FH regularly treated with lipid-apheresis on top of maximally 
tolerated lipid-lowering therapy. As such, CFR values in these patients are found to be 
significantly higher than those in the control group which only receive lipid- lowering 
drugs during a follow-up period of 24 months [79]. Several other studies have also 
reported an improvement of the cardiac microcirculation in patients undergoing 
lipid-apheresis therapy by increasing CFR and minimal coronary resistance [80, 81]. 
Recently, Wu et al. [82] demonstrated, by using myocardial contrast echocardiogra-
phy (MCE) and skeletal muscle contrast-microvascular perfusion (CEU), that resting 
coronary microvascular function is immediately restored to normal levels in patients 
with a diagnosis of FH after being subjected to lipoprotein apheresis.

Interestingly, this study observes that changes in microvascular flux rate do not 
correlate with any of the lipid variables despite their substantial reduction after 
lipoprotein- apheresis. Accordingly, the authors suggest that the benefits of lipopro-
tein apheresis in the microvasculature mostly relies on the improvement of hypercho-
lesterolemia-induced effects, such as reduced bioavailability of endothelial- derived 
vasodilators, increased oxidative signaling, or levels of circulating inflammatory 
markers. In line with these findings, the study by Rossenbach et al. [83] on periph-
eral microcirculation supports that beneficial effects after a single LA-session are 
directly related to changes in vasoconstrictory and dilatative mediators in blood 
viscosity and erythrocyte aggregation.

To date, statins are the first-line therapy according to the guidelines to lower ele-
vated LDL-C levels and their use has shown to be highly effective in both reducing 
plasma LDL-C levels and preventing cardiovascular clinical events [84]. Key clini-
cal trials have clearly demonstrated the value of statins in primary and secondary 
prevention of coronary heart disease [85]. However, studies investigating the effects 
of statins on the microcirculation are limited and mainly focus on the clinical benefit 
of statins in improving microvascular function in the infarcted area of patients with 
acute MI after -PCI [86]. In this regard, Paraskevaidis et al. [87] reported that statin 
therapy prior revascularization improves coronary microcirculation in patients with 
acute coronary syndromes, with and without STEMI, as assessed by contrast echo-
cardiography in a 30 days follow-up period.

Statins act by inhibiting 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), 
which results in the reduction of intracellular cholesterol through inhibition of the 
hepatic cholesterol biosynthesis and thereby in the upregulation of hepatic low- 
density lipoprotein (LDL) receptors, consequently increasing the clearance of 
LDL-C from the bloodstream. Whether the benefits of statins on microvascular-
function occur via their lipid-lowering effect or through the so-called pleiotropic 
properties is still under debate. As such, Magiacapra et al. [34] have reported, in 
hypercholesterolemic patients with different degree of disease severity and treated 
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with various patterns of lipid-lowering therapy, a direct correlation between LDL-C 
levels and the index of microvascular resistance, independently of statin intake and 
dosage, −, suggesting that the benefits of statins on microvascular function mainly 
occur through lipid-lowering rather pleiotropic-related effects. In contrast, Bonetti 
et al. [88], have proved, in a pig model of diet-induced hypercholesterolemia that 
simvastatin prevents attenuation of the myocardial perfusion response and the 
increase in coronary microvascular permeability during cardiac stress associated 
with hypercholesterolemia, independently of any lipid-lowering effect. Similarly, 
12-week atorvastatin treatment in subjects with FH and no obstructive coronary 
artery disease has shown to normalize the myocardial blood flow reserve before 
achieving the optimal target for LDL-C [89]. In agreement with these observations, 
a 4-week treatment with statins in patients with a newly diagnosed hypercholesterol-
emia resulted in a consistent improvement in the vasodilatation of retinal arterioles 
and venules through a mechanism that seems to involve the NO-mediated pathway 
[90]. Besides, statins have demonstrated to attenuate platelet adhesion to intestinal 
venules in a diet-induced hypercholesterolemic mice model through a NO-mediated 
mechanism rather than by a cholesterol-lowering effect [91].

Statin-induced reduction of microvascular injury in the setting of cardiac inter-
ventions seems to occur through pleiotropic effects as well. By using a Western- 
diet  fed pig model, we have provided evidence that acute HMG-CoA-reductase 
inhibition during total ischemia and prior reperfusion limits reperfusion injury and 
that oral maintenance with simvastatin for 42 days improves cardiac healing post- 
myocardial infarction at the time that suppresses cardiac RhoA mobilization and 
triggers the protective Akt/eNOS signaling pathway [92]. In the clinical setting, a 
prospective study in 74 patients undergoing percutaneous transluminal coronary 
angioplasty (PTCA) has demonstrated that pravastatin administration increased 
microvascular perfusion in normocholesterolemic patients with single-vessel coro-
nary disease [93]. By using radionuclide exercise stress testing by myocardial perfu-
sion single-photon emission computed tomography (SPECT), the authors concluded 
that 3% of patients receiving statins showed reversible perfusion defects confined 
to the microvasculature after 6 months from the PCTA, whereas this pathological 
response referred to 29% of patients receiving placebo. In agreement with these 
experimental and clinical findings, the ARMYDA (Atorvastatin for Reduction of 
Myocardial Damage) trial evidenced that pretreatment with atorvastatin for 7 days 
prior to elective PCI prevented peri-procedural myocardial injury [94]. The authors 
attributed this benefit to statin-related anti-inflammatory properties likely contrib-
uting to reducing microembolization during coronary intervention. Interestingly, 
a clinical benefit in terms of 30-day MACE was reported in either stable angina 
patients already on statin treatment [95] as well as in ACS patients [96].

Regulation of the hepatic LDL-R activity is primarily mediated by two mecha-
nisms involving the sterol regulatory element-binding protein 2 (SREBP-2) during 
transcription and PCSK9 (convertase subtilisin/kexin type 9) post-transcription-
ally. Over recent years, PCSK9 inhibitors have emerged as a promising new target 
in the field of lipid management [98, 99]. PCSK9 reduces the number of LDLR 
in hepatocytes by promoting their metabolism, thereby, targeting and inactivat-
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ing PCSK9 results in a marked reduction in LDL-C levels [97], Interestingly, a 
prospective cohort study with 4232 participants and 491 incident events during 
15-years follow-up, has proved that baseline serum PCSK9 concentrations asso-
ciate with future risk of CVD independently of established risk factors [100]. 
Moreover, the FOURIER (Further Cardiovascular Outcomes Research With 
PCSK9 Inhibition in Patients With Elevated Risk) study, a placebo-control trial 
involving 27,564 patients with atherosclerotic cardiovascular disease confirmed 
the concept that PCSK9 inhibition might provide protection against atheroscle-
rotic cardiovascular diseases and improve cardiovascular outcomes beyond the 
existing conventional therapy [101]. Although, little information is available 
about potential effects other that LDL-lowering involved in athero protection by 
PCSK9 inhibition, recently published experimental studies suggest that PCSK9 
inhibition attenuates oxidative stress and induces anti-inflammatory effects in ath-
erosclerotic vessels (revised in [102]). However, no studies so far have reported 
on the effects of PCSK9 inhibition on hypercholesterolemia-associated microcir-
culation dysfunction.

 Conclusions

Detrimental effects of hypercholesterolemia on coronary microcirculation refer to 
a combination of structural and functional abnormalities with a causative role for 
cardiovascular disease, both in early stages of the atherosclerotic process prior the 
development of coronary stenosis as well in the setting of acute ischemic coronary 
event, contributing to enlarge the extent of myocardial damage. While the mecha-
nisms underlying microvascular dysfunction in response to hypercholesterolemia 
are not fully understood, the available evidence reveals a plethora of events resulting 
in a severe pro-inflammatory condition, endothelial cell dysfunction in association 
with enhanced oxidative stress, and reduced NO bioavailability and higher plate-
let susceptibility, predisposing to a prothrombotic condition and further worsening 
microvascular damage. To date, the benefits of lipid-lowering therapies on coronary 
microcirculation have mostly focused on statins and patients undergoing cardiac 
intervention. However, given the similarity of pathological responses induced by 
chronic and abnormal lipid levels on macro- and micro- vessels, novel interven-
tional strategies to treat hypercholesterolemia and related cardiovascular diseases 
need to be urgently addressed in the microcirculation.
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Chapter 17
Proangiogenic and Proarteriogenic 
Therapies in Coronary Microvasculature 
Dysfunction

Lina Badimon, Gemma Vilahur, and Maria Borrell-Pages

 Introduction

Heart failure following myocardial infarction (MI) remains one of the major causes 
of death and disability worldwide [1]. Primary percutaneous coronary intervention 
(PCI), early reperfusion in patients with acute MI has demonstrated to decrease mor-
tality. Indeed, 80% of patients following PCI within the first 90 min after medical 
contact achieve perfusion of the occluded epicardial coronary artery [2]. However, a 
significant amount of patients undergoing primary PCI experience inadequate myo-
cardial perfusion owing to dysfunction of the microcirculation in a process known 
as “no reflow”. Alternative approaches to restore blood flow to the myocardium at 
risk for these patients and for patients with untreatable coronary lesions or contrain-
dications to bypass surgery are urgently needed.

The ability to develop a collateral circulation (a process termed arteriogenesis) is 
an important factor that determines the outcome of an acute coronary event as reduced 
long-term cardiac mortality is associated with well developed coronary collateral arter-
ies [3, 4]. About one-third of patients with coronary artery disease (CAD) and about 
one-fifth of patients without CAD show sufficiently developed collateral arteries that 
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prevent signs of myocardial ischaemia during brief vascular occlusion [4]. Indeed, cli-
nicians frequently encounter cardiovascular patients with few or no ischemic symp-
toms despite a significant stenosis or even occlusion of the main coronary vessel. This 
is mostly the case in patients with slowly progressing vascular occlusions, where an 
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Fig. 17.1 (a) Blood flow (arrows) in healthy arteries in the absence of arterial stenosis. (b) 
Arteriogenesis is induced after occlusion or stenosis (grey patch) of a major artery. Fluid shear 
stress initiates the remodeling of preexisting collateral anastomoses to functional arteries. (c) 
Angiogenesis involves sprouting of new blood vessels from preexisting capillaries
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endogenous collateral circulation has had sufficient time to develop, bypassing the site 
of stenosis and protecting the downstream tissue from ischemic injury (Fig. 17.1) [5].

In patients where coronary occlusion takes place, a key factor for an adequate 
post-ischemic repair is the formation of new blood vessels from existing ones that 
restore nutrient and oxygen supply to the infarcted tissue. This process is called 
angiogenesis, is induced by ischemia and has the potential to salvage ischemic myo-
cardium at early stages after MI. It also plays a crucial role in preventing adverse left 
ventricular remodeling and the consequent development of heart failure (Fig. 17.1) 
[6]. In summary, strategies that promote the recovery of dysfunctional microvas-
culature and therapeutic options to prevent microvascular dysfunction are eagerly 
searched in the settings of MI.

 Pathogenesis of the Dysfunctional Microvasculature

The coronary microvasculature is composed of small vessels including arterioles, 
capillaries and venules. The endothelial lining of blood vessels in their inner sur-
face acts as a selective barrier between the lumen and its surrounding tissue and 
regulates hemostatic, vasomotor and inflammatory responses. Loss of these vital 
physiological endothelial cell functions, caused by prolonged myocardial ischemia, 
finally impairs myocardial perfusion. Reperfusion induces an additional damage not 
detected during ischemia, the so-called reperfusion injury. Myocardial cell injury, 
induced by the burst of oxygen free radicals [7–10], upregulates the expression 
of adhesion molecules in endothelial cells, platelet activation and the release of 
inflammatory mediators. These effects will subsequently enhance the inflammatory 
response and will trigger the coagulation cascade [11]. In turn, leukocyte recruit-
ment to the vascular wall will plug small vessels compromising the integrity of 
the microvasculature that, in combination with vasoconstriction and cellular and 
interstitial edema will lead to capillary occlusion. Myocardial perfusion may be 
further hampered by the distal embolization of atheromatous and thrombotic debris, 
either spontaneously or after primary PCI [12, 13]. Paradoxically, reperfusion thera-
pies, which aim to salvage viable myocardial tissue, augment vasoconstriction, cell 
injury, inflammatory and coagulation responses, and leukocyte plugging [14–16]. 
Therefore, microvascular dysfunction is caused by a series of molecular, cellular 
and patho-physiological responses that finally result in the obstruction and partial 
destruction of the coronary microvasculature.

 Arteriogenesis and Angiogenesis in the Recovery  
of the Dysfunctional Microvasculature

A key factor for adequate postischemic tissue repair is the formation of new blood 
vessels from the ischemic border zone into the infarcted area, restoring oxygen and 
nutrient supply to the infarcted tissue [17]. This can be achieved by two different 
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processes: arteriogenesis and angiogenesis. Arteriogenesis is initiated by the pres-
sure deficit from a donor artery to an occluded artery triggering the transforma-
tion of small arteriolar anastomosis into large functional arteries. Angiogenesis is 
characterized by the sprouting of new blood vessels from preexisting capillaries. In 
the initial stage, endothelial cells loosen and detach from the vascular wall when 
exposed to angiogenic stimulus such as growth factors resulting in increased vascu-
lar permeability. Then, the degradation of the basement membrane and the extracel-
lular matrix allows the formation of a provisional matrix onto which endothelial 
cells migrate. Finally a vessel lumen is formed, coated with perycytes to ensure 
neovessel stability and integrated into the circulation [18]. Although triggering of 
arteriogenesis in MI patients treated with primary PCI does not occur as there is no 
pressure deficit, in non-reperfused acute MI patients and in patients with chronic 
obstructive CAD arteriogenesis is much more efficient in the restoration of myocar-
dial perfusion than angiogenesis [19].

 Stimulation of Arteriogenesis

Arteriogenesis takes place in a non-hypoxic environment distant from the isch-
emic area; therefore, for the initiation of arteriogenesis, hypoxia is not required. 
Indeed, an experimental rabbit model of femoral artery occlusion showed that 
arteriogenesis occurred at the level of occlusion where there is no rise in ischemic 
markers [20]. Also, zebra fish studies support that arteriogenesis occurs without 
ischemia, as the zebra fish gains sufficient oxygen through diffusion to prevent 
ischemia [21].

Smooth muscle cell proliferation constitutes the most important process in arte-
riogenesis [22]. During arteriogenic processes, smooth muscle cells proliferate, 
secrete extracellular matrix components and digest the internal elastic lamina, facil-
itating the remodeling of pre-existing arterioles and the proliferation and invasion 
of circulating cells [23].

Blood vessels regress when not constantly perfused and their walls become 
thicker swith high pressures. After arterial occlusion mechanical forces activate 
endothelial cells of preexisting arteriolar anastomoses, which increase blood flow 
and fluid shear stress. The initiating role of shear stress in arteriogenesis is under 
debate. Indeed, cellular proliferation and remodeling of collateral arteries is induced 
by short period of femoral artery occlusion in mice but mostly developed during 
the reperfusion of the femoral artery after the increase of shear stress is no longer 
present [24]. Also, collateral flow has been shown to be undiminished in patients 
24 h after opening of a chronic total occlusion of a coronary artery. In the follow-
ing hours, functional collateral support subsequently declined but did not regress 
completely [25]. Contrarily, Zimarino et  al. showed that collateral circulation in 
patients with chronic total occlusion started to decline 10 min after successful stent 
implantation and the restoration of antegrade flow. However, this rapid decrease 
of collaterals may likely put these patients at risk of future ischemic events [26]. 
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Similarly, collateral function was decreased by 23% after PCI and by another 23% 
after 5 months in patients with chronic total coronary occlusion because collateral 
arteries were not recruited after acute occlusion had occurred. However, collaterals 
had the potential to recover in the case of chronic occlusion [27].

Circulating cells play a key role in mediating arteriogenesis. Indeed, upon endo-
thelial activation by shear stress, monocytes are recruited to the site of collateral 
artery growth. The Monocyte Chemoattractant Protein 1 (MCP-1) is upregulated 
in collateral arteries and arteriogenesis is significantly reduced in mice lacking 
MCP-1 or its receptor [28]. Circulating monocytes are recruited and adhere to 
endothelial cells via their CD11b/CD18 (Mac1) receptor. Indeed, blocking Mac1 
via antibody infusion has shown to significantly reduce collateral artery formation 
[29]. Perivascular macrophages are also important as they secrete Tumour Necrosis 
Factor α (TNFα) that is essential for arterial remodeling. Indeed, mice devoid of 
TNFα show delayed arteriogenesis, and the inhibition of TNFα signalling using the 
TNFαantagonists etanercept and infliximab also resulted in attenuated arteriogen-
esis [30]. CD44, a cell surface glycoprotein involved in cell-cell interactions, is of 
importance for the interaction of transmigrating monocytes with the extravascular 
matrix and is differentially regulated in monocytes from patients with sufficiently 
and insufficiently developed coronary collateral arteries [31]. CD8+T lymphocytes 
are also thought to contribute to arteriogenesis, attracting CD4+ mononuclear cells 
to sites of collateral artery growth [32]. Similar to other regenerative processes such 
as angiogenesis or myocardial regeneration the recruitment of progenitor cells leads 
to enhanced collateral artery growth [33].

 Stimulation of Angiogenesis

The mechanisms involved in angiogenesis in reperfused myocardium after MI have 
not been fully described. Angiogenesis after MI reperfusion seems to be stimulated 
by two families of growth factors: vascular endothelial growth factor (VEGF) and 
fibroblast growth factor (FGF) [34]. Hepatocyte growth factor (HGF) can also be an 
inducer of angiogenesis post MI [35].

Hypoxia Inducible Factor (HIF) proteins are activated immediately upon isch-
emia and induce the release of VEGFA.  VEGFA can bind to VEGF receptor 1 
(VEGFR1) and VEGFR2 promoting the migration and proliferation of endothelial 
cells for blood vessels formation [36] (Fig. 17.2). The administration of VEGFA 
in rat and pig models of experimentally induced MI has been associated to the 
proangiogenic activity of VEGFA with a benefit on cardiac function [37, 38]. Also, 
increased plasma VEGFA levels have been found in patients with reperfused MI 
[39]. However, VEGFA can also inhibit vessel maturation by binding to and inhibit-
ing platelet derived growth factor receptor β (PDGFRβ) signaling [40]. Therefore, 
for the formation of a stable microvascular network timely regulated angiogenic 
signals are indispensable. Another member of the VEGF family of growth factors is 
VEGFB that was initially demonstrated to exert a proangiogenic effect through its 
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binding to VEGFR1 in a murine model of hindlimb ischemia [41] and in the murine 
infarcted heart [42]. However experiments with cardiomyocytes overexpressing 
VEGFB in transgenic rat hearts have shown that VEGFB does not induce angio-
genesis but coronary artery growth [43]. Furthermore, VEGFB has been shown not 
to be needed for vessel growth in mice, but to be essential for endothelial cells, 
 pericytes and smooth muscle cells survival [44]. Therefore, it seems that VEGFB 
prosurvival actions allow newly formed vessels in the ischemic myocardium to 
mature and survive although it may not be necessary for the angiogenic process 
per se.

In addition to its well known role as lymphangiogenesis promoter, VEGFC has 
also been shown to induce angiogenesis after ischemia by its binding to VEGFR3 
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Fig. 17.2 VEGF family of growth factors. The VEGF family of growth factors and receptors has 
important roles in angiogenesis post MI as they participate in several processes including endothe-
lial cell survival, vascular permeability, angiogenesis and recruitment of inflammatory and repara-
tory cells
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[45]. An indirect effect has been described as VEGFC induces vessel maturation in 
ischemic tissues through promotion of PDGFBB expression [46]. However VEGFC/
VEGFR3 role in angiogenesis post-MI has not been properly studied yet. VEGFD is 
closely related to VEGFC because of the unique N- and C-terminal ends that other 
VEGF family members lack. The mature form can activate VEGFR2 and VEGFR3. 
Although, as VEGFC it is well known for its role in lymphangiogenesis, VEGFD is 
also able to induce angiogenesis in rabbit’s hind limb muscles when delivered into 
their skeletal muscle [47]. Finally, placental growth factor (PlGF) also belongs to 
the VEGF family of growth factors and activates angiogenesis in ischemic tissues. 
It binds VEGFR1, induces VEGFR2 transphosphorylation and amplifies VEGFA 
dependent signaling [48] (Fig. 17.2).

Members of the FGF family of growth factors were amongst the first proteins 
described to induce angiogenesis, being FGF1 and FGF2 the most extensively 
characterized members. However, there are 22 FGF ligands (in human and mice), 
four tyrosine kinase receptors and a redundancy in the different FGF growth fac-
tor functions that complicates the comprehension of the mechanisms mediating the 
angiogenic effects of this family of growth factors. It is known that FGF1 and FGF2 
promote the proliferation of endothelial cells and their organization into tubular 
structures [49]. Indeed, experiments performed in rabbits [50], dogs [51] and pigs 
[52] with FGF1 or FGF2 treatments showed that they promote angiogenesis in the 
ischemic heart and induce cardiac repair after MI. However, conflicting studies in 
rat models of ischemia/reperfusion showed that FGF2 treatments did not induce 
proliferation of endothelial cells [53] nor did they induce any changes in left ven-
tricular function after myocardial ischemia/reperfusion injury [54]. Therefore, fur-
ther studies are needed to understand the specific role of FGF2 in angiogenesis 
post-MI (Fig. 17.3).

Growth factor’s coadministration studies have allowed proposing the existence of 
a synergy between angiogenic and arteriogenic signaling pathways. Indeed, FGF2 
and PDGFBB treatments in porcine models of experimental MI lead to increased 
angiogenesis, perfusion of the ischemic myocardium an in consequence, improved 
cardiac outcome [55]. Similarly, in a mice model of hind limb ischemia FGF2 
and PDGFBB coadministrationpromoted angiogenesis and vascular stability [56]. 
These results show that coadministration of FGF2 and PDGFBB increases blood 
vessel maturation and stability probably by inducing PDGFRβ (PDGFBB receptor) 
expression levels and intracellular signaling.

Other members of the FGF family of growth factors are also involved in the 
promotion of angiogenesis after MI. Indeed macrophages overexpressing FGF4 and 
injected into murine models of MI showed increased angiogenic response in the 
ischemic myocardium (Fig. 17.3). Furthermore, accumulation of the FGF4 injected 
macrophages was observed in the ischemic myocardium suggesting that macro-
phages are responsible for the enhanced angiogenic response [57]. Also, intracoro-
nary administration of FGF5 promoted blood flow recovery and improved cardiac 
function in a porcine model of MI [58] and FGF9 treatments stimulated the forma-
tion of multilayered, perfused neovessels in a hindlimb ischemia model [59].
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HGF can stimulate cellular angiogenesis by inducing endothelial cell prolifera-
tion, migration and the formation of tube-like vessels. In a rabbit model of MI, HGF 
gene transfer increased capillary density in the ischemic myocardium and preserved 
ventricular function [60]. Similar results were observed in a porcine model of MI 
[61]. In humans, elevated plasmatic HGF levels have been observed in reperfused 
MI patients [62] and in the cardiac vein draining the infarcted area, as opposed to 
the cardiac vein that drains non infarcted areas suggesting there is increased HGF 
production during MI [63].

Besides specific growth factors, different cell lineages including inflammatory 
monocytes and macrophages have also been shown to participate in angiogenesis 
stimulation post MI. Strikingly, monocytes were first described in ischemic tis-
sues for their participation in arteriogenesis and promotion of collateral growth in 
ischemic tissues. Indeed monocyte circulating levels correlated with the extent of 
collateral growth in a rabbit model of hindlimb ischemia [64] and the presence 
of monocytes around collateral vessels correlates with endothelial cells progres-
sion [65]. Monocytes recruited into ischemic tissues can also regulate endothelial 
cell function. Certainly, monocytes and endothelial cells share surface markers and 
phenotypic features [66]. Furthermore, monocytes can function as angioblasts and 
obtain endothelial like properties after angiogenic stimulation [67]. Interestingly, 
we have demonstrated that monocytes can transdifferentiate into endothelial cell- 
like (ECL) through a tissue factor (TF)-dependant mechanism and promote angio-
genesis [68]. Indeed, monocytes release WNT family member 5a (Wnt5a), which 
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interacts with Frizzled 5 (FZD5) in microvascular endothelial cells and through 
the non-canonical pathway increase intracellular Ca2+ release and NF-κB activation 
upregulating TF expression and inducing angiogenesis [69].

Circulating monocytes are recruited to the target tissue, infiltrate and differenti-
ate to macrophages. Depending on microenvironment signals human macrophages 
can be polarized into two different subtypes: M1 macrophages are the result of an 
inflammatory niche and are considered proinflammatory macrophages while M2 
macrophages develop in response to anti-inflammatory conditions and are con-
sidered anti-inflammatory and repair macrophages. M2 macrophages show high 
expression levels of matrix metalloproteinase 9 (MMP9) and VEGF and are thought 
to promote angiogenic functions and induce tissue repair and vascular remodeling. 
Indeed, in vivo analyses of M2 macrophages show an improvement of postischemic 
cardiac neovascularization after being injected intravenously into mice immedi-
ately after coronary artery ligation [70]. However, in murine models of hindlimb 
ischemia the role of M2 macrophages seemed more prominent in arteriogenesis 
than in angiogenesis [71]. Inflammatory M1 macrophages are also thought to pro-
mote angiogenesis as M1 macrophages are able to form cell columns, which can 
support the construction of new vessels by EPCs in in vivo matrigel experiments 
[72]. Also, delivery of a small number of inflammatory monocytes in a mouse hind 
limb ischemia model inducedMCP1 release that associated with a second wave of 
monocyte recruitment to the ischemic tissue and subsequent stimulation of angio-
genesis [73]. Furthermore, monocytes isolated from SHIP−/− mice (that induce M2 
polarization preferentially) after ischemia, are not effective in promoting angiogen-
esis postischemia [74]. Therefore, the role of M1 and M2 macrophages in ischemia 
induced angiogenic processes needs further basic research before clinical trials can 
be considered.

Finally, endothelial progenitor cells (EPC), can adhere to the endothelium at sites 
of ischemia and participate in new vessel formation. Therefore, EPCs are a promis-
ing target of regenerative medicine research.

 Issues to Be Resolved for Successful Angiogenic 
and Arteriogenic Clinical Trials

A number of problems hamper translation of successful stimulation of arteriogen-
esis and angiogenesis from experimental animal models to humans and sustain 
the disappointing outcomes of recent clinical trials. Stimulation of arteriogenesis 
or angiogenesis with growth factors is prone to potentially unwanted side effects 
since collateral vessel growth shares many common mechanisms with inflamma-
tory diseases such as atherosclerosis. Both angiogenesis and arteriogenesis include 
endothelial activation, upregulation of adhesion molecules and recruitment of cir-
culating cells into the vascular wall leading to a persistent trade-off between these 
two processes. Also it is important to note that the majority of data on angiogenesis 
and arteriogenesis is obtained from non-atherosclerotic animal models. And both 
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angiogenesis and arteriogenesis are less susceptible to therapeutic stimulation under 
atherosclerotic conditions [75].

To date, all arteriogenic and angiogenic clinical trials have failed to demonstrate 
major benefits on myocardial left ventricular function. Several reasons including 
the selection of an appropriate patient population, the route of administration of the 
treatments, the therapeutic strategy and the choice of therapeutic end points may 
explain the mistrials. Indeed, most clinical trials have been performed in patients 
that are more resistant to stimulation of angiogenesis as they have failed or are not 
candidates for revascularization. Another challenge is the introduction of growth 
factors into ischemic tissues (by intracoronary, intramyocardial or intravenous 
delivery). Additionally, the choice of therapeutic strategy (gene, protein or cell ther-
apy), the dosing plan (daily, weekly, single doses) and the selection of therapeutic 
end points and means of their assessment are also crucial. Therefore, several chal-
lenges need to be overcome to successfully translate the positive results of preclini-
cal studies into clinical trials.

The therapeutic potential of bone marrow cells (BMC) has also been given a 
lot of attention in angiogenesis induction post-MI. Indeed, improved cardiac func-
tion, reduced MI recurrence, a decline in the need for revascularization procedures 
and reduced death has been observed after intracoronary BMCs deliver within the 
first week following MI [76]. However intracoronary delivery of autologous BMCs, 
2–3 weeks of MI did not lead to improved benefit on left ventricular function at 
3 weeks [77] or at 6 months follow-up [78]. Therefore, proangiogenic trials with 
BMCs remain disappointing. Although the different techniques of administration of 
the growth factor or the gene as well as the way in which mononuclear cells were 
isolated may partly explain such failures it seems that the induction of a single cell 
type or a single growth factor is not enough to promote cardiac angiogenesis.

CD34+ multipotent cells have been traditionally employed to reconstitute the 
hematopoietic system after radiation and/or chemotherapy in cancer patients. Yet, 
CD34+ cells have demonstrated to induce therapeutic angiogenesis in animal 
models of ischemic CVD.  As such, these cells have shown to contribute to the 
formation of new vessels directly by incorporating into the developing vascula-
ture structures and/or through the paracrine secretion of angiogenic factors which 
support the ischemia- induced angiogenic response [79]. The safety and effective-
ness demonstrated upon the administration of CD34+ cells in multiple preclinical 
animal models of MI [80] encouraged their clinical application in patients who 
had recently experienced MI. There have been inconsistencies in phase II clinical 
trials, some reporting an improvement in left ventricular function (around 2.5%) 
and a reduction in infarct size upon intracoronary infusion of BMCs containing 
CD34+cells (TOPCARE-AMI, REPAIR-AMI, BOOST, pre-SERVE-AMI [76, 
81–83] whereas others not (ASTAMI, REGENT [78, 84, 85]). Of note, except for 
the REGENT study, which assessed the efficacy of administering CD34+ selected 
cells, the other trials tested the safety/efficacy of administering BMC fractions that 
contained CD34+ cells (from 0.5% to 2.5%) not allowing to rule out the therapeutic 
contribution of non-CD34+ cells. Yet, a recent phase III clinical trial (PERFECT 
trial) has demonstrated that intramyocardial administration of autologous CD34+/
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CD133+ BMCs as an adjunctive therapy in patients undergoing coronary artery 
bypass graft revascularization (CABG) leads to a marked improvement in LVEF 
(≈6%) in 60% of the patients (“the responders”) which in turn also display lower 
scar damage [86]. Overall, several meta-analysis have shown that administration of 
BMCs is safe and improves left ventricular structure and function [87, 88]. Further 
research is needed to resolve the detected inconsistencies and the long term clinical 
outcomes.

The combinatorial therapy that simultaneously promotes angiogenesis and 
arteriogenesis seems to be a promising avenue. Indeed, the combined adminis-
tration of FGF2 and PDGFBB enhanced angiogenesis in the ischemic heart [55] 
and co- administration of smooth muscle cells and EPCs induced the formation of 
mature blood vessels in ischemic tissues [89]. In this regard, we investigated in a 
pig model of MI using standard clinical procedures whether co-administration of 
adipose derived mesenchymal stem cells (ASCs) and their secreted products (sec-
retomes) could recover myocardial rarefaction post-MI. We demonstrated that the 
co- administration of both ASCs and their secretomes synergistically contributed to 
improve neovascularization of the infarcted myocardium through the coordinated 
upregulation of the proangiogenic protein interactome [90].

 Conclusions

Although primary PCI has dramatically improved patients survival after acute 
MI, still more than 30% of patients show microvascular dysfunction, adverse left 
ventricular remodeling and heart failure. The restoration of the microvascular net-
work, which has been damaged during both ischemia and reperfusion, appears as 
a promising approach to prevent the deleterious effects triggered upon coronary 
obstruction. In rodents, growth factors can induce angiogenesis and arteriogenesis. 
However, human trials aimed to stimulate arteriogenesis or angiogenesis have failed. 
Better understanding of arteriogenic mechanisms leading to treatments that have a 
stimulatory effect on vascular growth while leaving atherosclerosis unaffected is 
urgently needed. Also, the identification of novel efficient therapeutic targets to pro-
mote angiogenesis in the ischemic heart is an unmet clinical need. Furthermore, 
experiments aimed to decipher the mechanism of endothelial cell- cardiomyocyte 
cross-talk in the ischemic heart, and a better understanding of how the delivery of 
gene and proteins affect therapeutically stimulated angiogenesis are immediately 
required.
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