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REVIEW ARTICLE

Abstract: Cardiomyopathies are a heterogeneous group of diseases of the myocar-
dium. The term cardiomyopathy involves a wide range of pathogenic mechanisms 
that affect the structural and functional states of cardiomyocytes, extravascular 
tissues, and coronary vasculature, including both epicardial coronary arter-
ies and the microcirculation. In the developed phase, cardiomyopathies present 
with various clinical symptoms: dyspnea, chest pain, palpitations, swelling of the 
extremities, arrhythmias, and sudden cardiac death. Due to the heterogeneity of 
cardiomyopathic patterns and symptoms, their diagnosis and therapies are great 
challenges. Despite extensive research, the relation between the structural and 
functional abnormalities of the myocardium and the coronary circulation are still 
not well understood in the various forms of cardiomyopathy. The main patho-
logical characteristics of cardiomyopathies and the coronary microcirculation 
develop in a progressive manner due to (1) genetic-immunologic-systemic fac-
tors; (2) comorbidities with endothelial, myogenic, metabolic, and inflammatory 
changes; (3) aging-induced arteriosclerosis; and (4) myocardial fibrosis. The aim 
of this review is to summarize the most important common pathological features 
and/or adaptations of the coronary microcirculation in various types of cardio-
myopathies and to integrate the present understanding of the underlying patho-
physiological mechanisms responsible for the development of various types of 
cardiomyopathies. Although microvascular dysfunction is present and contributes 
to cardiac dysfunction and the potential outcome of disease, the current therapeu-
tic approaches are not specific for the given types of cardiomyopathy.

Key Words: dilated cardiomyopathy, ischemia, hypertrophic cardiomyopathy, 
restrictive cardiomyopathy, aging, coronary microvessels, nitric oxide 
availability, reactive oxygen species, inflammation, adhesion molecules, 
genetic diseases

(Cardiology in Review 2017;25: 165–178)

The coronary microcirculation is the major reservoir for myocar-
dial blood supply, holding 90% of the total myocardial blood 

volume. Coronary blood flow is the result of a pressure difference 
between the aortic and coronary sinus where the epicardial coronary 
artery serves as a conductance vessel, whereas coronary arterioles 

are the true intramyocardial regulatory components of blood flow. 
The differences in arteriolar diameter, reactive mechanisms, and 
myocardial perfusion are dependent on vascular endothelial and 
smooth muscle function and cardiac metabolic activity.1–3

Coronary microcirculatory disease results from structural, func-
tional, or their combined changes in the microcirculation. Alterations in 
the coronary microcirculation, which limit myocardial perfusion, can 
cause repetitive ischemic events, which usually present as typical acute 
or chronic symptoms and signs of myocardial ischemia with normal cor-
onary angiograms (such as in microvascular angina), or as a part of some 
other cardiac process which can lead to cardiomyopathy and heart failure 
(HF).4–6 Pathogenic mechanisms that lead to coronary microcirculatory 
disease are as follows: (1) structural changes (vascular obstruction due 
to spasm, thrombosis, microemboli after percutaneous coronary inter-
vention, infiltration, remodeling, hypertrophy); (2) vascular dysfunction 
(intramural arteriolar layer, endothelial and smooth muscle cell, auto-
nomic nervous system); (3) extravascular changes (shortened diastolic 
filling, increased cardiac metabolism, compressive forces)7,8; (4) aging 
process (sclerosis, fibrosis, extracellular matrix remodeling, intramyo-
cardial fat infiltration)9–11; and (5) immunomodulation after heart trans-
plantation.12 All these mechanisms, individually or combined, either 
functional or structural, lead to progressive, irreversible abnormalities 
resulting in some form of cardiomyopathy. Chronic changes in both 
growth factors and the inflammatory milieu with permanent cardiomyo-
cyte necrosis and apoptosis, extracellular matrix remodeling, coronary 
microcirculation obliteration and cardiac fibrosis, indicate impairment 
of the integrity of the coronary microcirculation.2,9,13,14

Figure 1 presents a proposed algorithm of the development of 
cardiomyopathies. The basic pathophysiological mechanism is usu-
ally ischemia, hypertension, or structural disease (such as deposition 
of collagen matrix, fibrosis, and similar), which primarily starts with 
changes of myocyte structure and function. Concomitant changes 
in the coronary microvasculature occur and lead to circulatory and 
perfusion imbalance in regard to functional myocardial needs. If the 
etiological factors persist, the microvascular adaptation becomes inad-
equate and the functional impairment becomes irreversible, leading to 
microvascular dysfunction, metabolic needs and blood delivery mis-
match, structural changes of ventricular tissue and functional insuf-
ficiency. Impaired coronary blood flow occurs not only in coronary 
artery disease (CAD) but also in various myocardial diseases, such as 
in longstanding hypertension, hypertrophic cardiomyopathy (HCM), 
and infiltrative heart disease (eg, Anderson-Fabry CM).15

Myocardial diseases are associated with abnormal coronary 
microvascular structure and function, but the relation between myo-
cardial and coronary microvascular structural and functional abnor-
malities in CMs, in terms of clinical symptoms presentation, has not 
been well understood.15 Unfortunately, there are no adequate animal 
models for CMs, therefore most of our knowledge is derived from 
human studies, preventing a deeper understanding of the responsible 
pathophysiologic mechanisms in the etiology of CMs. The aim of this 
present review is to summarize the most important findings regarding 
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dysfunction of the coronary microcirculation found in several types 
of CMs in humans, and to present our recent understanding of their 
pathophysiological mechanisms. In addition, although the current 
therapeutic approaches are not specific for the given type of CM, we 
will highlight the potential therapeutic modalities.

HYPERTROPHIC CARDIOMYOPATHY

Primary: Idiopathic Hypertrophic Obstructive 
Cardiomyopathy

Primary HCM is a common inherited heart disease with 
a diverse genetic background and phenotypic expression. It has 
a wide spectrum of clinical presentations and natural history, 
ranging from asymptomatic to arrhythmic sudden cardiac death, 
progressive HF with exertional dyspnea and functional limitation, 
and paroxysmal or chronic atrial fibrillation with a risk of stroke.16 

The hallmark of primary HCM is unexplained left ventricular 
hypertrophy (LVH, ≥15 mm for adults) without LV chamber dila-
tation that develops in the absence of pressure overload or storage/
infiltrative processes. Usually this is an asymmetric hypertrophy 
involving the inter-ventricular septum, as opposed to the concen-
tric hypertrophy found in aortic stenosis or hypertension.17

In the past, primary HCM was considered a rare disease, diag-
nosed mainly postmortem after sudden death or progressive HF in 
young individuals. Advances in diagnostic procedures, especially 
gene sequencing techniques, along with magnetic resonance imaging 
(MRI) and positron-emission tomography (PET) imaging techniques, 
have allowed for the early diagnosis among members of affected fam-
ilies and an increased recognition of the disease in clinical practice. 
As such, cardiac MRI has become a powerful complementary tool 
for identifying the various HCM phenotypes, based on its excellent 
strengths of tomographic imaging and improved spatial resolution.18

FIGURE 1.  Proposed algorythm for the pathophysiology of the coronary microcirculation impairment found among  
different cardiomyopathies.
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The current estimated prevalence of HCM among the general 
population ranges from 1/200 to 1/500; however, most genetically and 
clinically affected individuals are free from disease-related complica-
tions and remain undiagnosed.16,19,20 In addition, due to improved diag-
nostic approaches and treatment in recent years, the mortality rate of 
patients with HCM has considerably decreased to about 0.5% per year.16

Genetics
Primary HCM is inherited with an autosomal dominant Men-

delian pattern, with variable expressivity, and incomplete age-related 
penetrance.21,22 The systematic testing of affected individuals and their 
family members has led to the recognition of more than 1500 individual 
mutations (90% missense mutations), with the majority of these found 
in 1 or only a few families.16 Intensive genetic research on HCM has 
resulted in the discovery of more than 11 genes affected by the mutations, 
including genes encoding for thick and thin contractile myofilament 
protein components of the sarcomere and adjacent Z-disc. Interestingly, 
almost 80% of identified mutations affect cardiac β-myosin heavy chain 
(MYH7) and cardiac myosin binding protein C (MYBPC3) genes.23 The 
enormous diversity among mutations and genes responsible for HCM 
has limited their use in predicting the clinical outcome of HCM in 
affected individuals; nevertheless, genetic testing should be encouraged 
to continue identifying specific gene mutations responsible for causing 
HCM and at-risk relatives (genotype+, phenotype−) that should be fol-
lowed up for a delayed disease onset.17

Coronary Microcirculatory Impairment in Primary HCM
Patients with HCM commonly present with symptoms and 

signs of myocardial ischemia whereas their coronary angiographic 
findings remain normal.24 Myocardial ischemia found in primary 
HCM patients can lead to lethal complications of HCM, including 
sudden death, progressive LV remodeling, ventricular arrhythmias, 
and systolic dysfunction.24 In addition, coronary microvascular dys-
function (CMVD) is an independent predictor of adverse LV remod-
eling, systolic dysfunction, and mortality in patients with HCM.8

Cokkinos et al25,26 were among the first to report an increased 
incidence of CAD in patients with HCM, and the basis of their clini-
cal observation was soon attributed to alterations in small intramural 
coronary vessels, hypertrophy, and increased LV pressure. Histo-
pathological assessment of the intramural coronary arteries revealed 
thickening of the vessel wall combined with luminal narrowing, as 
a result of media and/or intima proliferation, particularly the smooth 
muscle cell proliferation and collagen production.27

Implementation of semiquantitative imaging techniques, the 
single photon emission computed tomography, and nuclear mag-
netic resonance spectroscopy, for the assessment of myocardial 
perfusion led to the discovery of an impaired vasodilator response 
and myocardial perfusion in primary HCM patients.28,29 Hampered 
myocardial perfusion during pharmacologically-induced stress or 
vasodilation (ie, to dipyridamole) was evident not only in the hyper-
trophied septum but also in the nonhypertrophied LV free wall, sug-
gesting the presence of diffuse microvascular dysfunction in primary 
HCM.24,30–32 This is in line with a histological finding of arterial 
remodeling across the entire myocardium.27 There is an increasing 
amount of evidence that mechanisms contributing to perfusion abnor-
malities include (1) increased vascular resistance due to reduced cap-
illary density caused by hypertrophy and vascular remodeling, and 
(2) extravascular compressive forces caused by elevated LV cavity 
pressure and wall stress caused by diastolic dysfunction and outflow 
tract obstruction.33–35 In a study by Knaapen et al33 in HCM patients, 
echocardiography assessed diastolic perfusion time, heart catheter-
ization measured LV outflow tract gradient and LV pressures, and 
serum NH(2)-terminal probrain natriuretic peptide (NT-proBNP), as 
a biochemical marker of LV wall stress, was measured. An MRI was 

performed to determine LV mass index (LVMI) and volumes. Hyper-
emic myocardial blood flow (MBF) was blunted in HCM versus con-
trols (2.26 ± 0.97 vs 2.93 ± 0.64 mL/min/g, respectively; P < 0.05), 
and the endocardial-to-epicardial MBF ratio decreased significantly 
in HCM during hyperemia (1.20 ± 0.11 to 0.88 ± 0.18, respectively; 
P < 0.01). Hyperemic MBF was inversely correlated with LV out-
flow tract gradient, NT-proBNP, left atrial volume index, and LVMI 
(all P < 0.01). Only LVMI and NT-proBNP were independently 
related to hyperemic MBF, with greater impact at the subendocardial 
myocardial layer. The level of impairment is related to markers of 
increased hemodynamic LV loading conditions and LV mass. These 
observations suggest that extravascular compressive forces become 
the predominant determinants of perfusion in a situation where the 
autoregulatory mechanisms of the microvessels are exhausted, such 
as during pharmacologically-induced maximum vasodilation.33

Interestingly, Heffernan et al8 found that an impaired vascular 
response to stimuli in HCM was not restricted to the coronary vas-
culature. Based on flow-mediated dilatation (FMD) of the brachial 
artery, the investigators found lower FMD in patients with HCM 
compared with those without CAD (P < 0.05) but similar to FMD 
in patients with CAD (HCM 8.4 ± 0.9%; CAD− 12.3 ± 0.9%;CAD+ 
9.1 ± 0.9; P < 0.05).8 Physiologic evidence on the precise vasodila-
tor mechanisms in the coronary microcirculation of HCM patients 
is scarce; however, advances in functional imaging techniques have 
opened a new era for research opportunities in this field.

Secondary Hypertrophic Cardiomyopathy

Hypertensive HCM
Hypertensive heart disease is a well-studied phenomenon that 

is characterized by LVH leading to myocardial ischemia and sys-
tolic and diastolic dysfunction, and manifested by arrhythmias and 
symptomatic HF. The LV wall thickens in response to elevated blood 
pressure as a compensatory mechanism to minimize wall stress.36,37 
Echocardiographic measurements of the ratio of the LV wall thick-
ness to diastolic diameter (“relative wall thickness”) show 3 types 
of LVH in hypertensive patients: concentric (increased relative wall 
thickness), eccentric (the relative wall thickness is not increased), 
and concentric remodeling (the relative wall thickness, but not LV 
mass, is increased).36 Pathohistologically, hypertensive LVH is char-
acterized by myocyte hypertrophy, myocardial fibrosis, and structural 
changes of the intramural coronary arteries, including medial hyper-
trophy and perivascular fibrosis.36,38,39

Coronary Microcirculatory Impairment in Hypertensive HCM
Hypertensive HCM is associated with important structural altera-

tions of the vasculature, such as large artery stiffening, small artery 
remodeling, and microvascular rarefaction.39,40 The cross-sectional 
medial area of the arterioles, as well as the periarteriolar collagen area 
in hypertensive HCM, is significantly increased.40 Functionally, there is 
impaired endothelium-dependent response to vasodilators and vasocon-
strictors.38,41,42 Hamasaki et al41 have demonstrated that the vessel area of 
hypertensive patients with LVH (group 1) was significantly (P < 0.01) 
greater than that in hypertensive patients without LVH (group 2), but sim-
ilar to the vessel area of normotensive patients (group 3) (12.8 ± 0.8 mm2, 
10.7 ± 0.4 mm2, and 11.5 ± 0.3 mm2, respectively). Coronary blood flow at 
baseline for patients in group 1 (with LVH) was significantly greater than 
it was for patients in groups 2 and 3 (81.1 ± 9.9 mL/min, 56.5 ± 6.2 mL/
min, and 48.1 ± 3.2 mL/min, both P < 0.05). The vasodilator response to 
both acetylcholine and adenosine was significantly reduced in hyperten-
sive patients with LVH compared with 2 other groups. All together, these 
results have demonstrated that hypertension with LVH is associated with 
both coronary vascular remodeling and attenuated endothelial and non-
endothelial coronary flow reserve (CFR).43
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Thus, impaired coronary reserve is an early indicator of the 
conversion from the normal into the pathologic state.42 In study by 
Indermühle et al,38 myocardial contrast echocardiography (MCE) was 
introduced as a noninvasive method for measurement of the MBF via 
determination of the underlying microvascular parameters, relative 
blood volume (a measure of the intravascular volume fraction), and 
its exchange frequency (a measure of the resistance to MBF). Hyper-
tensive patients had a lower relative blood volume and a significantly 
higher exchange frequency compared with athletes or sedentary 
persons. MCE can differentiate between LVH in hypertensive heart 
disease and an athlete’s heart.38 Increased coronary microcirculatory 
resistance in hypertensive heart disease has been supported by quan-
titative MCE, in which isolated coronary microvascular abnormali-
ties are evident by reduced CFR despite normal epicardial coronary 
arteries.44 In another study, long-term therapy with the angiotensin 
converting enzyme inhibitor perindopril induced structural repair of 
coronary arterioles, which is mainly characterized by the regression 
of periarteriolar fibrosis and is associated with a marked improve-
ment in coronary reserve,45 supporting the importance of structural 
vascular changes in impaired myocardial function.

Lysosomal Storage Disease (Mb Fabry)

Genetics
Anderson-Fabry’s disease is an X-linked lysosomal storage 

disorder caused by α-galactosidaseA deficiency and subsequent 
globotriaosylceramide accumulation. Cardiac abnormalities are 
frequent and patients exhibit concentric nonobstructive LVH with 
end-diastolic wall thickness that is mildly increased, leading to LV 
systolic dysfunction as the disease progresses. Lipid storage is pres-
ent in all the cells of the heart, including the myocytes, conduction 
system, heart valves, and the endothelium.46 Classically, LVH mani-
fests in the fourth decade; however, signs of cardiovascular disease 
are observed also later in life in “cardiac variant” patients and symp-
tomatic female heterozygotes.47

Coronary Microcirculatory Impairment in Anderson-Fabry 
Disease

Patients with Fabry disease have a very abnormal coronary 
microvascular function. They present with accelerated coronary ath-
erosclerosis. Globotriaosylceramide is deposited in interstitial capillary 
endothelial cells and large, laminated inclusions within cardiomyocytes 
that have been associated with elevations in markers of endothelial 
injury and activation, leukocyte activation, and coagulation.48,49 In a 
study by Elliott et al,50 mean MBFs at rest and during hyperemia (ade-
nosine 140 μg/kg/min) were measured in 10 male, nonsmoking patients 
(53.8 [10.9] years, cholesterol 5.5 [1.3] mmol/l) and in 24 age-matched 
male, nonsmoking controls (52.0 [7.6] years, cholesterol 4.5 [0.6] 
mmol/l) by PET. Resting and hyperemic MBF and CFR (hyperemic/
resting MBF) were reduced in patients compared with controls (0.99  
[0.17] vs 1.17 [0.25] mL/g/min, P < 0.05; 1.37 [0.32] vs 3.44 [0.78] mL/g/
min, P < 0.0001; and 1.41 [0.39] vs 3.03 [0.85], P < 0.0001, respec-
tively) and resting and hyperemic MBF and CFR were not affected by 
enzyme replacement therapy (MBF 0.99 [0.16] vs 0.99 [0.16] mL/g/min; 
1.56 [0.29] vs 1.71 [0.3] mL/g/min; and CRF 1.6 [0.37] vs 1.74 [0.28], 
respectively). Results suggest that treatment in the earlier stage of the 
disease is needed to improve coronary microvascular function in these 
patients.

DILATED CARDIOMYOPATHY
Despite the advances in pharmacologic al therapies and device 

interventions, dilated cardiomyopathy (DCM) is still a major cause of 
sudden cardiac death and HF, and is the leading indication for car-
diac transplantation in children and adults worldwide.51 Its prevalence 

is about 1:2500,52 and is clinically characterized by enlargement of 
1 or both of the ventricles and associated with systolic dysfunction. 
Macroscopically, DCM consists of hearts that are heavy (increased LV 
mass) with geometric changes indicating eccentricity (defined as low 
relative wall thickness—eg, normal or reduced wall thickness in rela-
tion to dilated LV chamber size).53 Microscopically, cardiomyocytes in 
DCM often consist of a classic histological triad—myocyte hypertro-
phy, myocyte loss, and interstitial fibrosis.54 However, these findings 
are imprecise in identifying underlying etiologies for CMs.

Many diverse etiologies, either primary (genetic, mixed or pre-
dominantly familial nongenetic, or acquired) or secondary (inflamma-
tory, autoimmune, or thyrotoxic) may lead to the DCM phenotype.55 
This disease can be diagnosed in association with recognized cardio-
vascular disease; however, to qualify as DCM, the extent of myocar-
dial dysfunction cannot be explained exclusively by abnormal loading 
conditions (hypertension or valve disease) or ischemic heart disease. 
A diagnosis of DCM requires evidence of dilation and impaired con-
traction of the LV or both ventricles (eg, LV ejection fraction <40%).56

As mentioned above, a large number of cardiac and systemic 
diseases can cause systolic dysfunction and LV dilation, but in the 
majority of cases no definite cause is found. This has led to the com-
mon terminology of idiopathic DCM (IDCM).55 IDCM is frequent 
and distinct from specific forms of the disease caused by toxic agents 
(ie, alcoholic CM), systemic (ie, diabetic CM), or other cardiovas-
cular disorders (ie, ischemic CM). Although its incidence is not as 
high as that of other specific forms of DCM, it represents one of 
the most frequent indications for heart transplantation.51 The mecha-
nisms involved in the progressive deterioration of cardiac function 
are largely unknown. Because of the epidemiologic and prognostic 
relevance of IDCM, intensive clinical and experimental research is 
ongoing to understand the mechanisms of the condition.

Primary Dilated Cardiomyopathy
Classical pathogenic mechanisms in IDCM include a genetic 

etiology, a viral etiology, and autoimmunity.57 These pathogenic 
mechanisms may be considered the leading cause of IDCM in only a 
minority of patients in whom a clear genetic disease or viral myocar-
ditis can be documented. However, even in these patients, progres-
sive cardiac dilation and HF cannot be completely attributed to the 
same factors. Other mechanisms are more likely involved, both in the 
genesis of the disease and in its progression.

Coronary Microcirculatory Impairment in DCM
It has been hypothesized that impairment of the coronary blood 

flow has a potential role in the pathogenesis of IDCM. This hypothesis 
is derived from the common clinical observations that CM patients 
frequently come to the attention of physicians before the occurrence 
of overt HF, because of chest pain symptoms or ventricular arrhyth-
mias. Horwitz et al58 first demonstrated a decreased response of 
coronary blood flow to an isoproterenol infusion in IDCM patients, 
and many investigators thereafter documented impaired coronary 
reserve in response to different stimuli.59 In 1987, Yamaguchi et al60 
reported regional wall motion abnormalities and resting and stress-
induced perfusion defects detected by stress perfusion scintigraphy 
in DCM. These findings commonly suggest the presence of coronary 
artery stenosis, which is not seen at cardiac catheterization in these 
patients. However, abnormalities at the coronary microvascular level 
might similarly be responsible for these observations. In this context, 
Cannon et al61 found that DCM patients with chest pain showed an 
increased sensitivity of coronary microvessels to vasoconstriction 
as compared with those having no chest symptoms. Furthermore, 3 
years later, Treasure et al.62 demonstrated impaired relaxation of the 
coronary microcirculation in response to intracoronary infusion of 
the endothelium-dependent vasodilator acetylcholine (measured by 
Doppler catheter) in patients with DCM. They postulated that there 
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might be pathogenic links between dysfunction of the endothelium 
and myocardial failure.

In CMs, alterations of the coronary microvascular component 
may also be secondary to the structural and functional alterations of 
the myocardium, or damage to the coronary microcirculation may be 
a cause of the CM progression and HF development. In HCM, as in 
hypertension, structural alterations of the microvessels, characterized 
by hypertrophy of the arteriolar wall, can be documented.27 However, 
in explanted hearts from patients with end-stage HF due to DCM, 
MBF is severely reduced at rest, independently of myocardial fibro-
sis which does not involve more than 20% of the myocardial mass.63 
Furthermore, in DCM, similar structural abnormalities like those in 
HCM have never been demonstrated, hence much evidence exists in 
favor of functional abnormalities of the coronary microvasculature.

As mentioned above, an increasing number of different clini-
cal studies have demonstrated an impaired response of the coronary 
microvasculature to the endothelium-dependent vasodilator62 as part of 
a systemic alteration of the vascular endothelium.64 Thus, it has been 
proposed that an impairment of coronary endothelial function may be 
responsible for the marked decrease in CFR. Endothelial dysfunction is 
able to limit the coronary vasodilator response to stress and to cause an 
imbalance between myocardial oxygen demand and blood flow delivery. 
A relevant question is whether endothelial dysfunction arises late in the 
natural history of the disease, as a consequence of HF, or may occur 
earlier, participating in the progression of ventricular dysfunction toward 
HF. An answer to this question was provided by the studies of Neglia and 
L’Abbate57 who reported LV MBF impairment in patients with DCM 
before clinical and hemodynamic evidence of HF. MBF values were 
reduced at baseline or in response to stress in most of the patients stud-
ied (82%) and even in the presence of normal LV end-diastolic volumes. 
These results demonstrate that myocardial perfusion may be abnormal 
in IDCM patients even before the occurrence of hemodynamic changes 
that can further limit blood flow delivery to the myocardium.57 Moreover, 
the severity of MBF abnormalities (probably due to primary coronary 
microcirculatory dysfunction), is able to predict the evolution of the dis-
ease toward progressive ventricular dysfunction and HF.65 It becomes 
more evident that an understanding of the changes of the pathological 
microcirculation at different stages of IDCM could provide a reliable 
background for making proper therapeutic decisions.

The most recent study from 2015 has shown that the condition 
of the coronary microcirculation corresponds with the progression 
of HF in patients with IDCM.66 Another research group reported that 
altered function of the subresolution intramyocardial microcircula-
tion can be quantified by myocardial perfusion computed tomogra-
phy and that significant changes in these parameters occur in IDCM 
subjects with LV wall thickness >11.5 mm.67

Therefore, it is now more evident that IDCM is characterized 
by dysfunction of the coronary microvessels related to its very early 
onset. Recent studies have shown that coronary microcirculatory 
dysfunction is not due to myocardial damage, but it seems to be the 
cause of progressive contractile impairment, ventricular dilation, and 
HF.57,64–66 Because the coronary microcirculation is involved in the 
pathogenesis of IDCM, it should be considered as a new target for the 
treatment of those cardiac diseases that evolve in the development HF.

Secondary Dilated Cardiomyopathy

Ischemic DCM
Ischemic CM is an anatomic condition emanating from a sus-

tained imbalance between oxygen supply and demand of the heart, 
which, in turn, leads to myocyte loss with resultant myocardial 
scarring and ventricular failure. Cell loss can occur as a result of 
(a) focal narrowing or occlusion of the main coronary arteries by 
atherosclerosis, (b) spasm of the epicardial or intramural branches 

of the coronary circulation (CAS), and (c) primary CMVD. These 
pathological processes affecting the large, intermediate, and small-
sized arteries and arterioles, and the capillary microcirculation, are 
responsible for a variety of clinical conditions ranging from acute 
myocardial infarction to chronic ischemic CM.68 Patients with isch-
emic CM cannot be distinguished from those with IDCM by clinical 
features. Coronary angiography is recommended for patients without 
a defined etiology for their DCM or for those in whom an endomyo-
cardial biopsy demonstrates replacement fibrosis.69

Atherosclerosis
Atherosclerosis is the major cause of ischemic heart diseases. 

Originally thought to be dominantly a lipid storage disease, our cur-
rent understanding of the pathogenesis of atherosclerosis implicates 
endothelial injury and inflammation.70 In the largest diameter epicar-
dial coronary vessels, coronary blood flow is primarily limited due to 
obstructive atherosclerotic CAD. Inflammation-induced atherosclero-
sis does not occur linearly. Instead, bursts of atherosclerotic plaque pro-
gression occur and are triggered by physical disruption to endothelial 
cells, hemorrhage into the plaque, clot formation, and vascular remod-
eling. As atheromatous plaque continues to increase, deposition occurs 
principally within the vascular wall, with compensatory enlargement 
of the external diameter of vessel. This positive outward vessel remod-
eling phenomenon, described by Glagov et al,71 permits maintenance 
of the lumen size and delays stenosis until the plaque occupies 40% of 
the internal elastic lamina area. Once this compensatory mechanism is 
exhausted, the plaque begins to bulge into the lumen, causing obstruc-
tion of coronary blood flow, which becomes important during periods 
of increased oxygen demand.71 However, this notion is in sharp con-
trast with the observation that about 40% of patients with ischemic CM 
have low or very low plasma levels of C-reactive protein, a very sensi-
tive marker of inflammation.70 In these patients, other mechanisms are 
likely to play key pathogenic roles, which include extreme emotional 
disturbance, and local mechanical stress at the level of the arterial wall, 
that is, both circumferential stress and shear stress.72

Abela et al73 proposed an intriguing working hypothesis that 
shifts in environmental factors, including local saturation of choles-
terol, temperature, pH, and hydration status, could alone or in vari-
ous combinations lead to cholesterol crystallization with sudden and 
forceful volume expansion causing plaque fissure and thrombosis. 
Intraplaque hemorrhage can enhance this mechanism by triggering 
the crystallization of free cholesterol from erythrocyte membranes, 
causing abrupt enlargement of the necrotic core.74 Although elevated 
low-density lipoprotein cholesterol still remains a major contributor 
to atherosclerosis and adverse ischemic heart disease events, thera-
pies which target low-density lipoprotein reduced coronary events by 
only 33% over a 5-year treatment period. This observation has led to 
the conclusion that additional chemical and mechanical insults also 
trigger endothelial injury, including altered sheer stress, high oxida-
tive stress, smoking, and insulin resistance.75

Coronary Microcirculatory Impairment in Ischemic DCM
The role of abnormalities of the microcirculation as a cause of 

atherosclerotic heart disease is less well established, and it is tradition-
ally accepted that the microcirculation is not affected by the athero-
sclerotic process. Although the microcirculation does not exhibit gross 
atherosclerotic lesions, they show altered responses to pharmacologi-
cal stimulation by endothelium-dependent agonists. The results of 
studies on animal models indicate that coronary microvessels that do 
not develop lesions are nevertheless exposed to the abnormally high 
levels of circulating lipid and circulating cholesterol incorporated into 
specific lipoproteins, which may be a sufficient pathological stimu-
lus to produce the observed attenuated endothelium-dependent vaso-
dilation to adenosine triphosphate (ATP), histamine, and serotonin, 
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as well as an absent FMD of coronary arterioles.76 An impairment 
of endothelial function could have 2 important consequences in the 
coronary circulation: first, as the mechanism preceding and leading 
to the development of atherosclerosis of the epicardial vessels, and 
second, as a mechanism responsible for vasoconstriction (or reduced 
vasodilation) of the segment of the coronary microvasculature under 
endothelial control.77

Primary Coronary Microvascular Dysfunction
Myocardial ischemia can produce anginal chest pain without 

angiographically obstructive CAD, often due to CMVD. Autopsy 
reports in patients with normal angiograms and angina pectoris have 
revealed myointimal proliferation, endothelial degeneration, and lipid 
deposits in the microvasculature.78 Coronary blood flow abnormalities 
and the consequent myocardial alterations related to CMVD may dif-
fer substantially from those caused by flow-limiting stenosis in large 
coronary arteries. In the latter case, the impairment of myocardial 
perfusion is homogeneously distributed within the myocardial lay-
ers perfused by the stenosed artery, resulting in detectable segmental 
impairment of contractile function. In contrast, in the case of CMVD, 
the abnormality may not involve all coronary microvessels of a major 
coronary branch uniformly, but may be distributed in the myocardium 
in a scattered manner.1,4 Structural abnormalities of small coronary 
arteries have been described, including smooth muscle hypertrophy,79 
but other studies have failed to show significant structural alterations.

Functional abnormalities of coronary resistance vessels have 
instead been reported in a large number of studies. An impairment 
of endothelium-dependent vasodilation due to reduced nitric oxide 
release is among the most commonly proposed mechanisms of CMVD 
and it has been suggested to occur mainly by a reduced coronary blood 
flow response to acetylcholine.80 Furthermore, some evidence for 
endothelial progenitor cell abnormalities has also been suggested.81 
However, the reduced endothelium-dependent vasodilation does not 
seem to fully account for CMVD. Because of the potential direct vaso-
constrictor effects of acetylcholine, tests with this drug are, in fact, 
not highly specific for the assessment of endothelial function, and in 
some studies the metabolic pathway of nitric oxide did not seem to 
be affected.82 Moreover, the reduced coronary blood flow response to 
endothelium-independent vasodilators (eg, adenosine, dipyridamole, 
papaverine) has been reported repeatedly,83 suggesting an important 
role for a primary impairment of smooth muscle cell relaxation.

Coronary Artery Spasm
CAS is defined as the abnormal contraction of an epicardial 

coronary artery resulting in myocardial ischemia. The causes and 
the mechanisms underlying the development of CAS are still poorly 
defined and are likely to be multifactorial. In the 1980s, the auto-
nomic nervous system was found to play an important role in the 
pathophysiology of CAS.84 In the 1990s, inflammation, endothelial 
dysfunction, oxidative stress, respiratory alkalosis, and magnesium 
deficiency were identified as predisposing factors.85 In the late 1990s 
and early 2000s, genetic mutations were found to be associated with 
CAS.85 Nonetheless, coronary vascular smooth muscle cell hyperac-
tivity seems to constitute the basis or reason for CAS. Inflammation 
is thought to initiate vascular damage as patients with CAS tend to 
have higher levels of circulating leukocytes, C-reactive protein, and 
interleukin-6 (IL-6), as compared with control populations. Inflam-
matory mediators promote smooth muscle cell migration into the 
intima. Endothelial damage exposes smooth muscle cells to agents 
that cause vasoconstriction.86 However, the direct involvement of the 
coronary microcirculation in CAS is not clear.

Myocarditis
Myocarditis represents a nonischemic inflammatory heart dis-

ease with a highly variable clinical outcome. The major long-term 
consequence of myocarditis is inflammatory DCM.87 Moreover, in 
the WHO 1996 classification of cardiomyopathies, inflammatory 
DCM was included as a subtype of the specific cardiomyopathies 
and defined as “myocarditis associated with cardiac dysfunction.”56 
Infectious causes of DCM are predominantly viruses, most com-
monly the Coxsackie viruses, especially group B Coxsackie viruses. 
Other viruses include various respiratory tract viruses, cytomegalovi-
rus, parvovirus, mumps virus, and hepatitis C virus. Endomyocardial 
biopsy represents the standard for the in vivo diagnosis of myocar-
ditis, and should be considered in patients with unexplained cardiac 
dysfunction of recent onset.87

Coronary Microcirculatory Impairment in Myocarditis
Most studies investigating the pathophysiological link between 

myocarditis and later inflammatory DCM have focused on intramyo-
cardial infiltrates. However, endothelial cells are probably infected 
before cardiotropic viruses invade the myocardium. Thus, it was 
hypothesized that endothelial inflammation may have an important 
role in the pathogenesis of an inflammatory DCM progression. This 
hypothesis was confirmed by Noutsias et al88 who brought evidence 
for endothelial activation in inflammatory DCM. They have reported 
that inflammatory endothelial activation is present in 67% of DCM 
patients. The immunohistological evaluation of myocardial biopsies in 
patients with myocardial inflammation (myocarditis) demonstrated a 
myocardial lymphocyte infiltrate and endothelial activation that can be 
detected by enhanced expression of cell adhesion molecules (CAMs). 
Thus, the vessel wall is involved in the inflammatory process. Klein 
et al89 reported diminished coronary reserve due to reduced coronary 
vasodilator capacity in patients with biopsy-proven inflammatory 
infiltrates. Several studies reported that in these patients, endothelial 
activation [estimated by the increased level of soluble intercellular 
AMs (ICAM-1) or an enhanced expression of human leukocyte anti-
gen] of peripheral arteries correlated with endothelial expression of 
inflammatory markers in myocardial biopsies.90,91 Subsequently, Vall-
bracht et al92,93 aimed to investigate the impact of myocardial virus 
persistence in patients with inflammatory DCM on endothelial func-
tion. They have found a relationship between the presence of viral 
myocardial disease and an impaired FMD of systemic arteries.

Thus, it became evident that myocardial inflammatory 
immune responses observed in patients with inflammatory DCM are 
associated with reduced coronary blood flow and increased coronary 
resistance, as well as with impaired FMD in systemic arteries. More-
over, further studies have demonstrated that inhibition of inflamma-
tion (demonstrated as decreased serum ICAM-1, C-reactive protein, 
and von Willebrand factor levels), alleviating impaired FMD of the 
brachial artery, and LV ejection fraction might comprise part of the 
underlying mechanisms leading to the improvement of LV function 
in patients with inflammatory DCM.94

The results from the above mentioned studies suggest that 
endothelial function of the coronary microcirculation is impaired in 
patients with myocardial virus persistence and in patients with myo-
cardial leukocyte infiltrates and endothelial activation. This finding 
may be clinically important, as endothelial function represents an 
important predictor of prognosis and may influence therapeutic deci-
sions in patients with inflammatory DCM.

RESTRICTIVE CARDIOMYOPATHY
The definition of restrictive cardiomyopathy (RCM) is based 

on hemodynamic abnormalities (myocardial relaxation abnormal-
ity), characterized by impaired ventricular filling and diastolic HF. 
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Restrictive filling is due to higher diastolic pressure and causes pas-
sive venous congestion. RCMs may be classified as primary [endo-
myocardial fibrosis (EMF)] or secondary (caused by infiltrative 
diseases, such as amyloidosis, sarcoidosis, and storage diseases, such 
as hemochromatosis, Fabry’s disease).87

Endomyocardial Fibrosis
EMF is a RCM of unknown etiology, having a poor prognosis. 

It is geographically restricted to some economically poor regions of 
Africa, Latin America, and Asia, affecting primarily children and ado-
lescents.95 The major risk factors for developing EMF seem to be age, 
ethnicity, poverty, cassava, magnesium deficiency, autoimmunity, and 
eosinophilia.96 The primary target of injury in EMF is not known. It has 
been suggested that the endomyocardial lesions may be the result of a 
primary injury to the endocardial endothelium, subendocardial fibro-
blast, coronary microcirculation, or myocytes.97 Antibodies against 
myocardial proteins were demonstrated in a subset of EMF patients.98

The pathological hallmark of established EMF is focal or 
diffuse endocardial thickening. Right ventricular (RV) EMF is the 
most common form of presentation,99 either in isolation or as part of 
biventricular disease. Microscopically, there is deposition of dense 
fibrous tissue underneath the endothelial layer of the endocardium 
with superimposed thrombosis and calcification in advanced stage.100 
Examination of intramural coronary arteries may show involvement 
with medial degeneration, deposition of fibrin, and fibrosis.101 Mac-
roscopically, there is cardiomegaly due to severe atrial dilatation that 
is related to both impedance of ventricular filling and massive atrio-
ventricular valve regurgitation.102 The LV apex is frequently scarred 
and thrombosed, but never contracted. The semilunar valves and 
the great vessels are usually not involved. The pulmonary valve and 
arteries are spared from the fibrotic process.96,103

The pathophysiology of EMF is associated with the restric-
tion of diastolic filling of the ventricle, caused by endocardial fibro-
sis, with severe atrioventricular valve regurgitation. The endocardial 
scarring of the RV wall not only reduces ventricular cavity size and 
impedes adequate filling but also impairs systolic function to a vari-
able degree.104 The process usually does not involve the epicardium, 
and coronary artery obstruction is distinctly uncommon.101 Myocardial 
fibrosis increases the stiffness of the heart and results in atrial enlarge-
ment which is linked to atrial arrhythmias (atrial fibrillation occurs 
in more than 30% of patients with EMF).104 Poor vascularization in 
the apices may result in failure of cardiac cell repair, endomyocardial 
degeneration, and fibrosis, which lead to thrombosis and thromboem-
bolism. In right-sided cases, patients remain asymptomatic for long 
periods.105 There is an increase in pressure inside the right atrium that 
is transmitted backwards to the systemic veins and is responsible for 
some characteristic signs of this condition.104,106 LV EMF presents with 
severe pulmonary hypertension and RV EMF presents with very high 
systemic venous pressure and congestive cardiac failure.107,108

Coronary Microcirculatory Impairment in EMF
There are many studies that have investigated the appearance of 

the heart, but little is known about the microvasculature in EMF. Some 
studies have shown that coronary blood flow was normal,109 whereas 
other studies reported that generalized tortuosity of the coronary 
arteries, considered to be a nonspecific change associated with ven-
tricular enlargement and hypertrophy, was seen in 50% of patients.110 
The findings of Farrer-Brown et al111 suggest that a vascular pathol-
ogy is unlikely. No significant abnormality was seen in the medium 
sized or large portions of coronary arteries, only occasionally small 
abnormal vessels were present, and these were within fibrous tissue in 
the subendocardial zone or in papillary muscle, where the “straight” 
type arteries entering the base of the papillary muscles might have 
been constricted by surrounding endocardial fibrosis. Initially, the 
endocardial vascularization is dense with an irregular network of 

capillary-like vessels, but at a later stage, the fibrous tissue becomes 
devascularized and relatively few vessels remain.111

Due to a lack of conclusive data, more attention should be 
directed at establishing the condition of the coronary vasculature and 
its changes in structure, as well as in blood flow, due to EMF.

Systemic Diseases
A number of systemic diseases can lead to RCM, where the 

infiltration of the heart by abnormal substances is the hallmark of the 
pathophysiologic process.112 The most relevant diseases include amy-
loidosis, sarcoidosis, and hemochromatosis/iron overload, but there 
are also other conditions that can lead to infiltrative CMs, such as sys-
temic sclerosis or the aforementioned Fabry disease (which besides 
inducing hypertrophy, leads also to RCM because of glycosphin-
golipid infiltration into the myocardium).112,113 Infiltrative processes 
lead to increased stiffness of the myocardium that causes pressure 
within the ventricle to rise sharply with only a small increase in vol-
ume.113 There are few data about coronary microvascular changes in 
RCMs being associated with systemic disease.

Amyloidosis
Amyloidosis, a disorder of protein metabolism in which abnor-

mal extracellular proteins are deposited in organs and tissues, is the 
most common cause of RCM.113 Amyloid deposition, which begins in 
the subendocardium with focal amyloid accumulations and extends 
within the myocardium between the muscle fibers, can cause both 
diastolic and systolic LV dysfunction and interstitial infiltration of the 
atria and ventricles, leading to a firm and “rubbery” consistency of 
the myocardium in the most advanced cases.113 The walls of intramu-
ral coronary arteries, as well as the conductive system, are also infil-
trated,113 with histochemical and electron microscopic observations 
showing that light chain deposits can also form layers adjacent to 
plasma membranes of arteriolar endothelial and smooth muscle cells 
and neural elements.114 The major types of amyloidosis, defined by 
their precursor proteins, are (a) primary amyloid light chain amyloido-
sis where cardiac involvement is common, (b) secondary amyloidosis 
(amyloid A), (c) hereditary transthyretin-derived amyloidosis, (d) age-
related amyloidosis, and (e) isolated atrial amyloidosis.112,113,115 Effort 
angina is common in patients with cardiac amyloidosis, even in the 
absence of occlusive CAD. Dorbala et al7 conducted rest and vasodi-
lator stress N-13 ammonia PET and 2-dimensional echocardiography 
on cardiac amyloidosis patients without epicardial CAD. Global LV 
MBF at rest and during peak hyperemia and CFR were determined, 
with amyloidosis patients showing lower resting MBF, stress MBF, 
and CFR and higher minimal coronary vascular resistance compared 
with hypertensive LVH patients. Almost all subjects with amyloidosis 
(>95%) had significantly reduced peak stress MBF.

Coronary Microcirculatory Impairment in Amyloidosis
The data have shown that CMVD is highly prevalent in sub-

jects with cardiac amyloidosis.7 In their experiments on cannulated 
human adipose arterioles and atrial coronary arterioles, Migrino et 
al116 found that amyloidosis light chain proteins cause microvascular 
dysfunction, as well as apoptotic injury of coronary artery endothelial 
cells as a result of oxidative stress, reduced nitric oxide bioavailability, 
and increased peroxynitrite production. MCE (useful in the evalua-
tion of flow in the microvasculature, detecting microbubble contrast 
agents that are solely confined to the intravascular space) suggested a 
reduction in total MBF and reserve values in biopsy-proven primary 
cardiac amyloidosis and angiographically-normal coronary arteries.117

Sarcoidosis
Sarcoidosis, a multisystemic granulomatous disease of 

unknown etiology that may affect organ systems (most often lungs, 
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eyes, and skin), can lead to infiltrative CM. Sarcoidal granulomas 
may persist, resolve, or lead to fibrosis, causing regional LV dys-
function and/or impaired diastolic function to a variable extent from 
impaired relaxation to restrictive filling in the most advanced cases. 
Systolic dysfunction predominates in later stages.112,113

Coronary Microcirculatory Impairment in Sarcoidosis
Data regarding the cardiac microvascular function in sarcoid-

osis are limited. For example, in addition to inflammation and tis-
sue destruction, endothelial dysfunction and arterial wall properties 
are also believed to play a role in the pathophysiology of sarcoidosis, 
including cardiac, ocular, and other manifestations, as suggested by 
decreased brachial artery FMD and increased arterial stiffness.118,119 
A significant correlation of serum levels of intercellular ICAM-1 and 
tumor necrosis factor alpha with augmentation index (as a measure of 
arterial wave reflections) suggests a correlation between inflamma-
tory processes and vascular function impairment.119 Studies of cyto-
kine expression in cardiac sarcoidosis determined that type 1 helper 
T-cell cytokines may be involved in the pathogenesis, with enhanced 
mRNA expression in the myocardium. Immunohistochemistry of the 
myocardial tissue in sarcoidosis showed positive staining for IL-12 
and interferon-gamma. IL-12 was localized in multinucleated giant 
cells and macrophages of the sarcoid granulomas, whereas interferon-
gamma was detected in lymphocytes and vascular endothelial cells.120 
Rafiq et al121 presented a case report linking sarcoidosis to microvas-
cular angina in a 41-year-old woman. The patient had a history of 
anginal symptoms for years, with a normal coronary angiogram, and 
an electrocardiogram exercise-induced inferior ST segment depres-
sion of 2 mm at 6 min was associated with pain (modified Bruce pro-
tocol).121 In a study by Tellier et al,122 the significance of anginal pain 
and myocardial thallium-201 scan defects in cardiac sarcoidosis was 
investigated. These investigators performed thallium-201 myocardial 
scintigraphy at rest and after 0.56 mg/kg intravenous dipyridamole 
at 4 min in 16 patients with sarcoidosis. Thirteen of the 16 patients 
demonstrated partial or total reversal of their thallium-201 defects on 
redistribution scanning either at rest or after dipyridamole. They con-
cluded that the reversibility of defects makes the role of scar fibrosis 
or extensive confluent granulomas as a mechanism for such defects 
unlikely, and that the effect of dipyridamole suggests the presence of 
reversible disorders lying at the coronary microvascular level.122

Hemochromatosis
Hereditary hemochromatosis (where mutations in various iron 

homeostasis signaling genes such as HFE cause dysregulation of 
iron absorption), as well as other states with iron overload (such as 
increased catabolism of erythrocytes in transfusion iron overload etc.), 
lead to fibrosis in many tissues. In the heart, this manifests as myo-
cardial fibrosis and impaired ventricular function with either a restric-
tive type or DCM.113 In iron overload CMs, deposition of excess iron 
begins in the epicardium and then progresses into the myocardium and 
endocardium, with formation of reactive oxygen species, lipid peroxi-
dation, membrane permeability alteration, and myocyte death.112

Coronary Microcirculatory Impairment in Hemochromatosis
Marques et al123 demonstrated that chronic iron overload is 

associated with altered vascular reactivity and the loss of endothe-
lial modulation of vascular tone. They used rat aortic rings as an 
experimental model after the animals were treated with 100 mg/kg/
day iron-dextran, 5 days a week for 4 weeks. Iron overload signifi-
cantly increased the vasoconstrictor response, with reduced influence 
of endothelial denudation or N-nitroarginine methyl ester (L-NAME) 
incubation on aortic vascular reactivity. An in vitro assay with 
4,5-diaminofluorescein indicated reduced nitric oxide production 
in the iron overload group, and indicators of oxidative stress were 

elevated. Iron overload-induced vascular hyperactivity was reversed 
by incubation with tiron, catalase, apocynin, allopurinol, and losar-
tan (possibly suggesting an important role of local renin–angiotensin 
system activation).123 Hereditary hemochromatosis patients were 
shown to have decreased endothelium-dependent dilation of the 
brachial artery and increased intima-media thickness of the carotid 
artery, which was positively correlated with iron overload and indica-
tors of oxidative stress, whereas iron depletion therapy can normalize 
endothelial function.124 Direct experiments investigating endothelial 
function in the coronary microvascular bed in iron overload have, to 
our knowledge, not yet been published.

AGING-INDUCED CARDIOMYOPATHY
Age is one of the main risk factors for cardiovascular disease 

and HF, but the exact mechanisms are not fully understood.125 The 
pathogenesis of cardiovascular diseases share common mechanisms 
with those of aging. The prevalence of cardiovascular diseases starts to 
increase at the age of 60.126 Two main processes underlie aging mecha-
nisms: limited capacity for regeneration, and genetic determinants of 
the cardiomyocytes.127,128 The changes are due to necrosis and apopto-
sis with reduced regenerative possibilities of cardiac progenitor cells.129

From physiologic and pathophysiologic points of view, oxi-
dative stress, DNA damage, insulin signaling, inflammation, protein 
homeostasis, and caloric restriction are the key point for understand-
ing molecular pathways related to CM in aging.125 At the cellular 
level, the main findings are myocyte hypertrophy, interstitial fibrosis, 
microvascular rarefaction, increased stiffness, systemic and myocar-
dial inflammation, and intramyocardial fat deposition.130–133

Coronary Microcirculatory Impairment in Aging CM
Comorbidities, besides genetic and regenerative predisposi-

tion, are the key for a systemic proinflammatory state, microvas-
cular endothelial inflammation, and an impairment in nitric oxide 
signaling, inflammatory cell infiltration, and profibrotic cytokine 
production, resulting in altered extracellular matrix, and dimin-
ished cardiomyocyte and microvascular function.9,134 Hanna et al135 
reported that arteriolar stiffness and impaired myogenic responsive-
ness in coronary resistance arteries are advanced with age. At the 
clinical level, aging heart CM presents with impaired LV relaxation, 
increased diastolic stiffness, left atrial remodeling, fibrosis of the 
cardiac conduction system, and valve calcification.9,125 Increased LV 
stiffness is attributable to fibrosis, altered cardiomyocytes, microvas-
cular rarefaction, chronic ischemia, and scarring, resulting in various 
forms of CMs, with reduced EF or with preserved EF.136,137

DISCUSSION AND CONCLUSION
In clinical practice, physicians encounter patients with chest 

discomfort symptoms resembling anginal pain, often with elevated 
cardioselective enzyme concentration, but without clear electro-
cardiogram changes consistent with acute coronary syndrome. At 
admission, these patients’ coronary angiograms often show normal 
epicardial coronary artery morphology, or only insignificant athero-
sclerotic changes (except, of course, in ischemic cardiac disease), 
whereas echocardiography shows an altered myocardium consistent 
with various CMs. Because the coronary microcirculation cannot 
be readily imaged in routine practice, one may ask where the patho-
physiological or pathomorphological origin of the disorder is, which 
manifests as “angina like chest pain.” It seems that the answer is in 
the microcirculation, where a unifying pathophysiology may explain 
seemingly homogenous clinical presentation across CMs. Figure 2 
depicts the potential or hypothetical factors in CMs influencing the 
most important mechanism that govern coronary microcirculatory 
homeostasis. The gear wheels represent the normal interactions of 
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physiological stimuli and mediators that govern coronary microvas-
cular responses, maintaining microcirculatory homeostasis in the 
coronary vascular bed. Endothelial factors, the most important being 
nitric oxide, arachidonic acid metabolites, and other possible endo-
thelial-derived hyperpolarizing factors (EDHFs) directly affect cor-
onary microvascular responses, but also have effects on each other. 
Wall shear stress leads to microvascular dilation via nitric oxide, 
and is itself affected by hemodynamic factors. Metabolic stimuli 
regulate microvascular responses partly through endothelium-
dependent mechanisms such as nitric oxide, but also through other 
mechanisms (adenosine, which can itself be considered an EDHF). 
Metabolites produced in proportion to oxidative metabolism, such 
as reactive oxygen species, can also control coronary microcircula-
tory blood flow. The blue arrows emphasize processes that disrupt 
this normal interaction of microcirculatory control mechanisms. For 
instance, endothelial dysfunction in various CMs disrupts normal 
nitric oxide control mechanisms (reduced bioavailability etc.) and 
EDHF and reactive oxygen species functioning. Another example of 
disruptive processes is inflammation, which can lead to changes in 
humoral factors, growth factors, etc. which normally control struc-
tural remodeling and angiogenesis (resulting, for instance, in vas-
cular rarefaction). Structural changes can in turn cause functional 
changes.

Table  1 presents a list of coronary microcirculatory impair-
ments described in various types of CMs. Certain common microvas-
cular functional changes, such as an impaired endothelium-dependent 
response to vasodilators and vasoconstrictors, as well as an increase 
in microcirculatory resistance and a decrease in flow reserve, are 
encountered in primary and secondary HCM and DCM, in some 
forms of RCM and also in aging CM. Furthermore, inflammation 
is an important component of microcirculatory changes in CMs as 
a result of systemic diseases (lysosomal storage disease CM or in 
sarcoidosis with resulting RCM) and also in myocarditis. Changes of 
hemodynamics (pressure and volume load) caused by a CM can then 
manifest as clinical symptoms and present a significant challenge in 
diagnosis and management. Although microvascular function is sig-
nificantly affected in every type of CM, and contributes to the clinical 
presentation of patients’ symptoms and potential outcome of disease, 
a current therapeutic approach does not include specific treatments of 
CMVD in any of the listed CMs (Table 1, third column).

Because CMs may present with common features in rela-
tion to microcirculatory function (Fig. 3), an important question is 
whether the damage of the coronary microcirculation is a cause or 
a consequence of CM progression and HF development. The answer 
to this question is still unresolved or A question, which should be 
answered by future investigations.

FIGURE 2.  The potential or hypothetical factors responsible for the development of cardiomyopathies and influencing the most 
important mechanisms that govern coronary microcirculatory homeostasis. AA indicates arachidonic acid; NO, nitric oxide; 
ROS, reactive oxygen species.
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TABLE 1.  List of Coronary Microcirculatory Impairment Described in Various Types of Cardiomyopathies

Cardiomyopathies Coronary Microcirculation Impairment
Possibility to Modify Outcome by Therapy Importance in 

Prognosis of Disease

Hypertrophic
 � Primary: idiopathic 

HCM
-	 Increased vascular resistance due to reduced capillary density caused 

by hypertrophy and vascular remodeling, and
-	 Extravascular compressive forces caused by elevated LV cavity 

pressure and wall stress

-	 Therapy not related to microvascular function: Therapy 
of adverse HCM complication, including surgical 
myectomyor selective septal ablation by alcohol to reduce 
outflow obstruction, catheter-based procedures to control 
atrial fibrillation, implantable cardioverter-defibrillators 
for sudden death prevention and heart transplantation in 
the case of end-stage heart failure16

 � Secondary: 
hypertensive CM

-	 Small artery remodeling and microvascular rarefaction
-	 Cross-	 sectional medial area of arterioles and the periarteriolar 

collagen area significantly increased, periarteriolar fibrosis
-	 Impaired endothelium-dependent response to vasodilators and 

vasoconstrictors
-	 Increased coronary microcirculatory resistance, decreased coronary 

flow reserve

-	 Angiotensin converting enzyme inhibitors shown to 
decrease periarteriolar fibrosis which is associated with a 
marked improvement in coronary reserve45

 � Secondary: 
lysosomal storage 
disease CM (Mb 
Anderson-Fabry)

-	 Accelerated coronary atherosclerosis;
-	 GL-3 deposits in interstitial capillary endothelial cells
-	 Elevations in markers of endothelial injury and activation, leukocyte 

activation, and increased coagulation

-	 Enzyme replacement therapy not successful in 
microvascular function repair

-	 Necessity of start at the onset of disease?50

Dilated
 � Primary DCM -	 Myocardial blood flow severely reduced at rest independently of 

myocardial fibrosis →functional abnormalities of the coronary 
microvasculature

-	 Impairment of coronary endothelial function, as part of a systemic 
alteration of the vascular endothelium, may be responsible of the 
marked decrease in coronary flow reserve in DCM

-	 Therapy not related to microvascular function: as with 
other forms of heart failure, medical therapies, and 
implantable cardiac device therapy are used to reduce risk 
of cardiac arrest patients with DCM.

-	 Because coronary microcirculation is involved in the 
pathogenesis of DCM, it should be considered as a new 
target in treatment in those cardiac diseases at risk to 
evolve toward heart failure87

 � Secondary:  
ischemic CM

-	 Atherosclerosis-abnormally high levels of circulating lipid and 
circulating cholesterol incorporated into specific lipoproteins

	 Primary coronary microvascular dysfunction-impairment of 
endothelium-dependent vasodilation due to reduced nitric oxide 
release; endothelial progenitor cell abnormalities

-	 Coronary artery spasm-endothelial damage exposes smooth muscle 
cell to agents that cause vasoconstriction, data on microvessel 
involvement lacking

-	 Effective therapies which target low-density lipoprtein 
reduce coronary events by only 33%

-	 Vasodilators
-	 Anti-ischemic agent (trimetazidine)
-	 Future perspective: cardiac stem cells75,81

 � Secondary: 
myocarditis

-	 Inflammatory endothelial activation;
-	 Myocardial lymphocyte infiltration and endothelial activation
-	 The vessel wall is involved in the inflammatory process

-	 Therapy not related to microvascular function
-	 General concepts of chronic heart failure treatment: 

pharmacotherapy and implantable cardiac device therapy
-	 Etiological antiviral treatment of inflammatory 

cardiomyopathies87

Restrictive
 � Systemic disease: 

amyloidosis
-	 Lower rest myocardial blood flow
-	 Lower stress myocardial blood flow and coronary flows reserve
-	 Higher coronary vascular resistance
-	 Apoptotic injury of coronary artery endothelial cells (oxidative 

stress, reduced nitric oxidebioavailability, and increased peroxynitrite 
production), no data on microcirculatory vessels

-	 Therapy not related to microvascular function
-	 Treating underlying systemic disorder (generally poor 

prognosis)113

 � Sarcoidosis -	 Reversible microvascular disorders as evidenced by reversible 
thallium-201 myocardial redistribution defects on scintigraphy at rest 
and after dipyridamole

-	 Inflammation

-	 Therapy not related to microvascular function
-	 Treating underlying systemic disorder (corticosteroids/

immunosuppression etc.)112

 � Hemochromatosis -	 Decreased endothelium-dependent dilation in animal vascular models 
and larger human arteries as a result of iron overload, oxidative stress; 
direct evidence in coronary microcirculation lacking

-	 Therapy not related to microvascular function
-	 Treating underlying systemic disorder (mostly iron 

depletion therapy)111

 � Endomyocardial 
fibrosis

-	 Little is known about microvasculature in EMF;
-	 Coronary blood flow was normal (in some studies)/no significant 

abnormality in the medium sized or large portions of the coronary 
arteries (only occasionally were abnormal small vessels present)

-	 Endocardial vascularization is dense with an irregular network of 
capillary-like vessels (initially); fibrous tissue becomes devascularized 
and relatively few vessels remain (later stage)

-	 Therapy not related to microvascular function
-	 Medical therapy andinvasive procedures (for relief of 

pleural, pericardial and peritonealeffusions); only a 
few hospitals are able to perform open heart surgery 
(resecting the fibrous endocardium and correcting the 
atrioventricular valve abnormalities)96,102,104

Cardiomyopathy as 
aging consequence

-	 Increased arteriolar stiffness
-	 Impaired myogenic responsiveness
-	 Microvascular rarefaction
-	 Endothelial dysfunction

-	 Therapy not related to microvascular function
-	 Need for genetic and cardiomyocyte regeneration 

possibility research
-	 Life-long prevention and comorbidities treatment125

DCM indicates dilated cardiomyopathy; EMF, endomyocardial fibrosis; GL-3; globotriaosylceramide; HCM, hypertrophic cardiomyopathy; LV, left ventricle.
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