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A B S T R A C T   

The coronary vascular system has a unique structure and function that is adaptive to myocardial demand. It is 
composed of a continuous network of vessels receding in size from epicardial arteries to the microvascular 
circulation. Failure to meet myocardial demand results in ischemia, angina, and adverse myocardial outcomes. It 
is evident that 50 % of patients with angina have a non-obstructive coronary disease and 66 % of these patients 
have coronary microvascular dysfunction (CMD). The impact of CMD on the atria and ventricles is exhibited 
through its association with atrial fibrillation and distortion of ventricular repolarization. Ultimately, this in-
fluence increases the risk of mortality, morbidity, and sudden cardiac arrest. CMD serves as an independent risk 
for atrial fibrillation, increases ventricular electrical inhomogeneity, and contributes to the progression of cardiac 
disease. The underlying pathogenesis may be attributed to oxidative stress evident through reactive oxygen 
species, impaired vasoactive function, and structural disorders such as fibrotic changes. Myocardial ischemia, 
brought about by a demand-supply mismatch in CMD, may create a milieu for ventricular arrythmia and sudden 
cardiac arrest through distortion of ventricular repolarization parameters such as QT dispersion and corrected QT 
dispersion.   

1. Background 

The coronary vascular system has a unique structure and function 
which allows for adaptive circulation. Transmural perfusion is almost 
limited to diastole due to the compressing force present in systole, and as 
such diastolic abnormalities have a strong effect on myocardial perfu-
sion. Vatner, Chilian, Marcus and their colleagues were among the first 
to document that epicardial arteries function as capacitance vessels. The 
myocardium requires a relatively high blood flow and short O2 diffusion 
distance to accommodate the need for rapid changes in oxygen con-
sumption [1,2]. 

We can describe three compartments of the coronary arterial system. 
The first is formed of the most proximal vascular structures, the 
epicardial coronary arteries, which have a diameter ranging from 500 
μm to 5 mm. They are visible using coronary angiography and can 
maintain a given level of shear stress by endothelial-dependent dilata-
tion. It is followed by the intermediate compartment that is formed of 
pre-arterioles that are 100 to 500 μm in diameter. The latter is a lower- 
pressure system without direct vasomotor control, which is regulated by 
diffusible metabolites that cause them to undergo myogenic 

constriction. The most distal compartment is comprised of intramural 
arterioles that are of <100 μm in diameter, offer a considerable drop in 
pressure along their path and a fundamental role in the metabolic 
regulation of coronary blood flow [3]. 

The coronary slow flow (CSF) phenomenon is defined as a micro-
vascular disorder characterized by the slow filling of the opaque mate-
rial applied during coronary angiography into the distal vasculature in 
patients with normal or near-normal epicardial coronary arteries [4]. 
Furthermore, this phenomenon may be explained by endothelial 
dysfunction, impaired micro-vascularization functions, and atheroscle-
rosis, as they have been directly linked to CSF. Patients with CSF may 
present with exertional angina, unstable angina pectoris, myocardial 
infarction, life-threatening arrhythmias, and sudden cardiac death. This 
suggests another underlying etiology for patients with angina and pos-
itive coronary stress test than the classical coronary artery disease 
(CAD). Vermeltfoort et al. in 2010 defined the term cardiac syndrome X 
(CSX) to include all patients with typical angina, one or more abnormal 
cardiac stress tests, and normal epicardial arteries on coronary angiog-
raphy [5]. Causes might be related to microvascular dysfunction and 
augmented sensitivity to pain [6]. 
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Patients with microvascular dysfunction are often unable to increase 
their coronary flow in response to any stressors, putting them at high 
risk for ischemia, which in turn promotes arrhythmogenesis. There is a 
scarcity in the literature regarding the underlying link between coronary 
microvascular dysfunction (CMD), arrhythmias, and sudden cardiac 
death. In this review, we aim to explore this potential association. 

2. Mechanism of coronary microvascular dysfunction 

Understanding the pathophysiology of CMD is important for a more 
targeted approach to therapy. There are two broad classifications of 
CMD pathological mechanisms, functional and structural. The func-
tional mechanisms are related to enhanced vasoconstriction and 
impaired vasodilation. Enhanced coronary vasoconstriction reproduces 
angina and ischemic changes on ECG without apparent changes to 
epicardial coronary arteries when certain pharmacological agents, such 
as acetylcholine, are administered [7]. This microvascular spasm is 
mediated by serotonin, Endothelin-1, Rho-Kinase-induced myosin light- 
chain phosphorylation, and inflammatory conditions in the small vessels 
[8]. Secondly, endothelium-derived relaxing factors like vasodilator 
prostaglandins, nitric oxide, and endothelium-dependent hyperpolar-
ization factor (EDHF) alter the resistance of coronary micro-vessels 
[8,9]. Hence, diminished production of these endothelium-derived fac-
tors contributes to the impairment in vasodilation seen in CMD. Also, 
this impairment has been associated with endothelium-dependent 
mechanisms that are linked to diabetes mellitus, obesity, and tobacco 
smoking among other cardiovascular risk factors, as well as 
endothelium-independent mechanism such as nitric oxide resistance 
[10]. Furthermore, structural factors in the coronary microvasculature 
cause stiffer and thicker walls at the expense of vessel lumen that in-
creases resistance to blood flow. These factors include perivascular 
fibrosis, vascular wall infiltration, vascular remodeling, and luminal 
obstruction [10]. Finally, decreased myocardial capillary density in 
patients with dilated cardiomyopathy correlates with reduced coronary 
flow reserve and may lead to perfusion abnormalities [11]. It is note-
worthy that an increased heart rate, reduced diastolic time, decreased 
driving blood pressure, and left ventricular inotropism can influence the 
microcirculation's functional response. Therefore, we need to consider 
these factors when we assess the microvascular function. Fig. 1. provides 
a schematic diagram of the classification of CMD. 

3. Diagnosis of CMD 

Almost 50 % of those with angina exhibit angina with non- 
obstructive coronary artery disease (ANOCA). This is a broad classifi-
cation including a variety of vascular illnesses that differ in terms of 
their underlying mechanisms and long-term outcomes [12]. Among 

these ANOCA cases approximately 66 % are attributed to CMD [12]. 
Therefore, the accurate diagnosis of microvascular angina necessitates 
the exclusion of obstructive CAD. However, due to the current limita-
tions in directly visualizing the coronary microvasculature, diagnostic 
measures for CMD mainly rely on surrogate markers of myocardial 
perfusion and microvascular resistance. This involves the assessment of 
physiological indicators of microvascular function, employing both 
invasive and non-invasive techniques such as positron emission to-
mography (PET), cardiovascular magnetic resonance (CMR), and 
echocardiography [13]. 

The utilization of invasive coronary angiography helps in assessing 
patients with CMD due to its capacity to both rule out obstructive CAD 
and to investigate the physiological aspects of both epicardial and 
microvascular coronary systems. One crucial parameter used is the 
coronary flow reserve (CFR), which measures the ratio between 
maximal hyperemic and baseline coronary blood flow (CBF). It provides 
insights into the heart's ability to increase blood supply in response to 
heightened demand, a capacity significantly affected in CMD. CBF is 
measured both at rest and in the presence of pharmacological agents 
such as adenosine and acetylcholine (Functional coronary angiography). 
These measurements help distinguish between endothelium- 
independent and endothelium-dependent vasodilation, respectively 
[12–14]. Other indices such as the index of microvascular resistance 
(IMR) can also be used alternatively. Following the exclusion of 
obstructive CAD, a diagnosis of endothelium-independent CMD is 
confirmed when the CFR falls below 2 or 2.5 in response to adenosine, as 
defined by the COVADIS (Coronary Vasomotion Disorders International 
Study) group and agreed upon by experts in the field [7,15]. On the 
other hand, the diagnosis of coronary endothelial dysfunction is 
confirmed when the acetylcholine flow reserve (AChFR) is impaired, 
defined as equal to or <1.5 [14]. 

Coronary microvascular abnormalities are important prognostic 
factors in many cardiac pathologies. Therefore, considerable research 
efforts study the most reliable non-invasive diagnostic method, which 
relies on assessing global and focal blood supply to the myocardium, as 
well as CFR and resistance in the microvasculature. One of the most 
validated methods is PET myocardial perfusion stress testing. Such 
modalities can compare between rest and vasodilator-stress myocardial 
perfusion studies following the administration of a radiotracer [16,17]. 
CMR can also be used, by injecting gadolinium contrast, therefore 
assessing the CFR or the myocardial perfusion reserve index. Also, a 
gadolinium-free stress CMR can be employed using T1 mapping [18]. 
Similarly, another modality is using dynamic myocardial perfusion 
computed tomography (CT) after injecting iodine contrast with pro-
spective electrocardiographic triggering to capture the first pass of the 
contrast through the heart. CT has better spatial resolution and allows 
the assessment of both the myocardium and the coronaries at once [17]. 

Fig. 1. Classification of CMD.  
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Finally, measuring the coronary flow velocity reserve index of the left 
anterior descending artery by Doppler is an operator-dependent tech-
nique and it allows for risk stratification [19]. 

4. CMD and atrial fibrillation 

Globally, atrial fibrillation (AF) is the most common sustained 
arrhythmia [20]. It constitutes a major cause of morbidity and mortality, 
with a mortality rate twice that of individuals of the same age and sex 
without AF [21]. Several risk factors have been identified to be associ-
ated with AF including advanced age, family history, hyperthyroidism, 
excessive alcohol intake, and various cardiovascular conditions [20]. 
CMD is considered one of the etiologies for AF. 

A recent study by Corban et al. was conducted to determine the 
relationship between CMD and AF [22]. The study recruited around 400 
patients who suffered from ANOCA, and who were diagnosed with 

coronary microvascular endothelial dysfunction via invasive evaluation. 
After >10 years of follow up, it was demonstrated that patients with 
CMD had a 5.8-fold increase in the relative risk of developing new-onset 
AF, underscoring CMD as an independent predictor for the incidence of 
AF. Similarly, abnormal CFR, used as a marker for CMD, has been found 
to play a significant role in the association between AF, CMD, and heart 
failure with preserved ejection fraction (HFpEF) [23,24]. CMD was 
highly observed in patients with AF independent of HFpEF status. 
However, there were more unfavourable clinical outcomes in cases of 
their co-existence [24]. In 2021, Ahmad et al. implemented an artificial 
intelligence (AI)-based ECG algorithm to detect paroxysmal AF in pa-
tients with CMD. Despite its limitations, the study was able to identify 
CMD patients who were at a heightened risk of developing long-term 
incident AF, thus providing future insights for the potential uses of AI 
in the field [25]. 

Several studies have suggested an association between endothelial 
dysfunction and AF, but they failed to determine which was a conse-
quence of the other. In a recent prospective study that included patients 
with persistent AF, Bentea et al. concluded that all studied patients with 
AF had a CFR of <2.5 and a mean value of 1.74, indicating the presence 
of CMD [26]. After 5 years of follow-up, it was also observed that such 
patients with low CFR values were at higher risk for major adverse 
cardiovascular events (MACE). A similar study done by Kochiadakis 
et al. using invasive coronary physiology testing provided evidence of 
reduced CFR in individuals with normal angiographic coronary arteries 
who were experiencing induced atrial fibrillation (AF) [27]. This was 
hypothesized to be a result of insufficient compensation for the increase 
in myocardial oxygen demand due to the irregular ventricular rhythm 
during AF. Such findings of aberrant CFR in patients with AF also align 
with prior research documenting reduced hyperemic myocardial blood 
flow in AF using non-invasive techniques [28–31]. Table 1. summarizes 
the main findings of studies describing the association between AF and 
CMD. 

4.1. Pathophysiology and biomarkers linked to AF and CMD 

There are several underlying pathophysiological factors and bio-
markers that might explain the correlation between AF and CMD, which 
is marked by endothelial dysfunction and increased coronary vasocon-
strictive reactivity [32]. 

The involvement of oxidative stress in the pathogenesis and associ-
ation between AF and CMD has been suggested as being of paramount 
significance. Research has demonstrated that acute episodes of AF have 
the capacity to generate oxidative stress in the left ventricular myocar-
dium, hence compromising microvascular blood flow [33–35]. The 
administration of dronedarone has been shown to effectively eliminate 
ventricular microcirculatory abnormalities generated by rapid atrial 
pacing (RAP) [34]. This was determined to be achieved through the 
reduction of oxidative stress and downregulation of the expression of 
genes and proteins associated with ventricular ischemia, proving the 
role of oxidative stress in compromising coronary flow [34]. In fact, a 
potential link of this association is angiotensin II (ANG-II). In 2009, 
Goette et al. demonstrated that RAP causes ANG-II-mediated Nicotin-
amide Adenine Dinucleotide Phosphate Hydrogen (NADPH) oxidase 
activation, leading to oxidative stress and resulting in microvascular 
flow abnormalities [33]. Administering irbesartan, an angiotensin II 
receptor type 1 (AT1), could prevent the expression of NADPH oxidase 
in this pig model. ANG-II has been proven to initiate the activation of 
NADPH oxidase, resulting in the production of reactive oxygen species 
(ROS). These ROS can quickly interact with nitric oxide (NO), leading to 
the generation of peroxynitrite, a reduction in the availability of NO, and 
subsequent endothelial dysfunction [36,37]. 

The role of potential biomarkers in the context of CMD and AF is also 
critical in providing insights into the underlying pathophysiological 
mechanisms. Among the most studied CMD biomarkers are asymmetric 
dimethylarginine (ADMA), NO and endothelin-1. ADMA, an inhibitor of 

Table 1 
Summary of studies on the association between AF and CMD.  

Reference Authors Year of 
publication 

Study Main findings 

[22] Corban et al. 2020 Patients with 
chest pain, non- 
obstructive CAD, 
and CMD 

CMD patients 
had a 5.8-fold 
increase in the 
relative risk for 
new-onset AF 

[23,24] Pena, A.d.l., 
et al.; Ozcan 
et al. 

2019; 2021 Patients 
undergoing 
invasive 
coronary studies 

CMD was 
observed in 
patients with 
AF, and in 
patients with 
AF and 
concomitant 
heart failure 
with preserved 
ejection 
fraction 

[25] Ahmad et al. 2021 CMD patients 
using AI-based 
ECG algorithm 

Successful 
identification 
of CMD 
patients at a 
heightened risk 
for long-term 
incident AF 

[26] Bentea et al. 2023 Patients with 
persistent AF 

All patients 
with AF had a 
CFR < 2.5, 
indicating CMD 
presence. Low 
CFR was 
associated with 
a higher risk of 
MACE during 
5-year follow- 
up 

[27] Kochiadakis 
et al. 

2002 Individuals with 
normal 
angiographic 
coronary 
arteries and 
experimentally- 
induced AF 

Reduced CFR 
observed, 
suggesting 
inadequate 
compensation 
for increased 
myocardial 
oxygen demand 
during 
irregular 
ventricular 
rhythm in AF 
patients 

[28–31] Byrne et al.; 
Wijesurendra 
et al.; 
Sugimoto 
et al.; Range 
et al. 

2019; 
2018; 
2021; 2007 

Patients with AF 
undergoing non- 
invasive studies 

Reduced 
hyperemic 
myocardial 
blood flow 
observed in AF 
patients  
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NO synthesis, has been found to be significantly higher in individuals 
with CMD as compared to controls, contributing to a marked decrease in 
NO levels, impaired vasodilation, and flow abnormalities [38–41]. This 
NO imbalance is similarly observed in AF, as demonstrated in both an-
imal and human studies. For instance, in a pig model with AF, it was 
demonstrated that AF is associated with a decrease in NO synthesis and 
bioavailability [42]. Similarly, patients with AF have been found to have 
significantly lower levels of nitrite and nitrate (NOx) than healthy 
controls [43,44]. Interestingly though, after cardioversion, a normali-
zation of the NOx levels was observed within 30 days of regaining a 
sinus rhythm [43]. 

Endothelin-1 is also suggested in the association between CMD and 
AF. Endothelin-1 is a potent vasoconstrictor peptide produced by 
endothelial cells. Endothelin-1 levels have been found to be markedly 
increased in individuals with CMD versus controls, indicating abnormal 
coronary vasomotor responses [45–47]. Similarly, plasma endothelin-1 
has been positively associated with AF and linked to worse clinical 
outcomes, all-cause mortality, and cardiovascular death in patients with 
AF [48–50]. 

In 2022, Dixit et al. studied the plasma proteomic profile of 18 in-
dividuals with concomitant AF, CMD and HFpEF, to identify novel 
biomarkers involved in the association between the conditions [51]. The 
research identified 35 potential biomarkers, and it was found that in the 
coexistence of the 3 conditions, there were elevated levels of serum 
amyloid A1 (SAA1), Leucine-Rich α-2-Glycoprotein-1 (LRG1), and 
apolipoprotein C3 (APOC3) proteins [51]. These proteins are found to 
be linked to inflammation, oxidative stress, and coagulation. This sheds 
light on the underlying molecular pathways in the concomitant presence 
of AF, CMD, and HFpEF [51]. 

5. CMD and ventricular arrhythmia 

Changes in ventricular repolarization (VR) noted on surface ECG are 
linked to ventricular arrhythmias and sudden cardiac death in patients 
with underlying cardiac disease. The latter includes CAD, idiopathic 
dilated cardiomyopathy, and mitral valve prolapse, among others 
[52–56]. Although studies with a direct focus on microvascular 
dysfunction and sudden cardiac death or ventricular arrhythmias are 
lacking, a relationship can be inferred from its effect on repolarization 
parameters. This hypothesis is supported by the finding that patients 
with CXS and CAD exhibit an increase in QT dispersion (QTd), corrected 
QT dispersion (QTcd), and adjusted QT dispersion (AdQTd) when 
compared to reference ranges [57]. Another study noted a greater QTcd 
at rest in women with CXS and CAD compared to healthy subjects, and 
this dispersion was augmented by exercise [58]. However, these studies 
failed to differentiate between the two disorders based on these pa-
rameters [58]. 

Hence, it is possible that a common underlying pathological mech-
anism to microvascular dysfunction and CAD results in the congruent 
effect on repolarization parameters. Myocardial ischemia augments the 
inhomogeneity of VR, which is reflected by an increase in QTd [55,59]. 
Patients with acute myocardial infarction exhibit a rise in QTd compared 
to those who are healthy, which drops following revascularization [55]. 
Similarly, the stress of atrial pacing in patients with CAD shows an in-
crease in QTd, which correlates with coronary sinus lactate levels 
[60,61]. This further solidifies the effect of ischemia on repolarization 
parameters. However, this pathological mechanism is not limited to 
macrovascular changes, as coronary microvascular dysfunction has been 
depicted as a major cause of ischemic heart disease [62,63]. This 
negative impact on the myocardium is exerted through a demand-supply 
mismatch, which results in hypoperfusion and ischemia [62]. The effect 
of myocardial ischemia can be seen in patients with microvascular 
dysfunction through a dynamic rise in QTd during peak exercise 
[58,59]. Also, those with CSF, an angiographic phenomenon indicative 
of microvascular dysfunction, show higher values of QTcd in the absence 
of significant coronary obstruction [64]. Although another study 

Table 2 
Summary of studies on the effect of CMD on repolarization parameters.  

Reference Authors Year of 
publication 

Title Main findings 

[57] Lutfi MF 
et al. 

2016 QT Interval 
Derived 
Measurements in 
Patients with 
Cardiac 
Syndrome X 
Compared to 
Coronary Artery 
Disease 

Comparable QT 
intervals and 
QTd in CAD and 
CSX patients 
even after 
adjustment for 
the possible 
variations in 
gender, age and 
body mass 
index of the 
studied groups. 
Patients with 
CXS and CAD 
exhibit an 
increase in 
QTd, QTcd, and 
AdQTd when 
compared to 
reference 
ranges 

[58] Tomkiewicz- 
Pajak L et al. 

2001 [Changes in QT 
dispersion during 
the exercise test 
in women with 
syndrome X] 

At rest QTcd is 
significantly 
greater in 
women with 
CXS and CAD in 
comparison 
with control 
subjects. 
Exercise causes 
an increase in 
the value of 
QTd and QTcd 
both in women 
with CXS and 
CAD. 
The value of 
QTd and QTcd 
cannot 
differentiate 
between 
women with 
CXS and 
women with 
CAD. 

[59] Alıcı G et al. 2011 Measurement of 
the QT dispersion 
in patients with 
cardiac syndrome 
X for the 
investigation of 
ischemia as an 
etiological factor 

No difference in 
QTd noted at 
rest between 
patients with 
CXS and 
controls 
Peak exercise 
QTd was found 
to be higher in 
patients with 
CSX compared 
to the control 
group, 
especially when 
peak exercise 
QTd ≥ 60 msec 

[63] Sara JD et al. 2016 Coronary 
microvascular 
dysfunction is 
associated with 
baseline QTc 
prolongation 
among patients 
with chest pain 
and non- 
obstructive 
coronary artery 
disease 

In a linear 
regression 
model adjusting 
for age and sex, 
CMD was 
associated with 
an increase in 
QTc 
QTc was 
significantly 
longer in those 
with an 

(continued on next page) 
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indicated a greater QTd rather than QTcd in these patients, the fact re-
mains that the impact of CSF is evident on repolarization [65]. 

Furthermore, microvascular dysfunction is implicated in both the 
pathogenesis and progression of several cardiac diseases, including hy-
pertrophic cardiomyopathy (HCM). These patients are at an increased 
risk of ventricular arrhythmia and sudden cardiac death. This could be 
explained by repolarization inhomogeneity, as they exhibit greater QTd 
and QTcd dispersion when compared to healthy controls [62,66,67]. 
Also, patients with HCM seem to show coronary microvascular 
dysfunction that colocalizes to fibrotic scars within the myocardium and 
exhibit fibrotic changes in the perivascular space of small arteries and 
arterioles [68,69]. This can also explain their propensity for arrhythmia 
through fibrotic substrates that serve as re-entry sites and are the result 
of chronic ischemia inflicted by microvascular dysfunction [69,70]. 
Table 2. provides a summary of the studies assessing the repolarization 
parameters in CMD. In the setting of a paced surface ECG, many pa-
rameters can still be analyzed including the QTc interval [71,72]. 

6. Conclusion and perspectives 

Coronary microvascular dysfunction is a complex pathology with 
numerous underlying factors that contribute to abnormal coronary cir-
culation. While substantial progress has been made in unraveling the 
mechanisms of CMD and its association with arrhythmia and sudden 
cardiac death, much remains to be explored. It is important to also note 
that no specific treatment agent has yet been identified for CMD and that 
clinical management primarily involves addressing the contributing risk 
factors. Therefore, it is crucial to develop more specific therapeutic 
strategies, moving beyond risk factor control. The progression in 
knowledge and the integration of innovative and more targeted treat-
ment approaches holds great promise in providing patients with more 

tailored and effective therapeutic options, and in protecting them from 
arrhythmic outcomes. 
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