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Abstract

Many patients with angina and signs of myocardial ischemia on stress testing have no significant 

obstructive epicardial coronary disease. There are many potential coronary and non-coronary 

mechanisms for ischemia without obstructive epicardial coronary disease, and prominent among 

these is coronary microvascular and/or endothelial dysfunction. Patients with coronary 

microvascular and/or endothelial dysfunction are often at increased risk of adverse cardiovascular 

events, including ischemic events and heart failure despite preserved ventricular systolic function. 

In this article, we will review the diagnosis and treatment of coronary microvascular and 

endothelial dysfunction, discuss their potential contribution to heart failure with preserved ejection 

fraction, and highlight recent advances in the evaluation of atherosclerotic morphology in these 

patients, many of whom have non-obstructive epicardial disease.

Introduction: Microvascular Coronary Dysfunction and Ischemia Heart 

Disease

It is established that a mismatch between myocardial substrate supply and demand is the 

proximate mechanism responsible for myocardial ischemia. Based upon pathologic 

observations, clinicians initially thought that symptoms (eg, angina pectoris) and signs (eg, 

transient ST segment shifts, perfusion abnormalities, and/or wall motion abnormalities) of 

myocardial ischemia required a flow-limiting epicardial coronary stenosis. Although it was 

generally accepted that an occasional patient with severe aortic stenosis, severe 

hypertension, hypertrophic cardiomyopathy, and some other disorders (thyrotoxicosis, 

severe anemia, amyloidosis, Anderson Fabry Disease, etc.) could have such findings without 

a flow-limiting coronary stenosis, these were very infrequent cases. In 1967, Likoff et al. 

described a cohort of patients with angina pectoris and electrocardiographic abnormalities of 

myocardial ischemia but normal-appearing epicardial coronaries on angiography, and first 
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suggested a possible coronary microvascular disorder.1 In a 1973 editorial, Kemp first used 

the term “Syndrome X” when commenting on group X in a study of patients with angina 

and normal coronary angiograms.2 In the years to follow, important work accrued to 

demonstrate that dysfunction of the microvasculature likely contributed to signs and 

symptoms of myocardial ischemia in many such patients with angina who did not have 

obstructive epicardial coronary stenosis, and the term “microvascular angina” was 

recommended by Cannon and Epstein.3 While the ability of abnormal microvascular 

function to contribute to myocardial ischemia was long debated, microvacular disease 

leading to tissue injury has long been an accepted mechanism in other organ systems. For 

example, microvascular disease in the kidney caused by hypertension and diabetes has been 

shown to contribute to glomerular injury and nephrosclerosis4 as well as retina injury. It has 

become clear that there is no consensus in the literature regarding the definition of cardiac 

syndrome X5, so we strongly recommend abandoning the use of the term.

In the current era, patients with symptoms and signs of ischemia, referred for invasive 

coronary evaluation, increasingly appear without obstructive epicardial coronary artery 

disease (CAD).6–8 Symptomatic patients with non-obstructive CAD have an elevated risk of 

adverse outcomes compared with cohorts without symptoms and/or signs of ischemic heart 

disease.7 These individuals consume medical resources rivaling those for patients with 

obstructive CAD.9 At least half of such patients have quantifiable coronary vascular 

dysregulation (endothelial and/or non-endothelial dependent macro- or microvascular 

dysfunction) capable of causing ischemia with provocative testing.6,10 This is now usually 

referred to as microvascular coronary dysfunction (MCD). MCD is increasingly recognized 

as an essential component in the spectrum of ischemic heart disease, particularly its 

prognosis.11–14 (Figure 1)

Compared with healthy patients, patients with MCD more frequently have traditional risk 

factors for coronary disease, including hypertension and diabetes.15 However, in patients 

with angina and no obstructive epicardial coronary disease the prevalence of these 

traditional risk factors is not much different comparing those with or without quantifiable 

MCD.10,11 It is also likely that angiography referral-bias, related to the selection of patients 

thought to have high atherosclerosis, contributes to this risk factor prevalence. Additionally, 

MCD was long thought to be a disorder of women, but more recent reports indicate that the 

prevalence of MCD may be as high in men.14

Diagnosis of Microvascular Coronary Dysfunction

Many invasive and non-invasive techniques are available for assessment of MCD. Although 

not visualized by standard angiography, the coronary microcirculation may be indirectly 

assessed from the speed of radiographic contrast material movement through the coronary 

artery. This measure can be quantified as the TIMI frame count. This simple, objective, 

continuous contrast “transit-time” index is accurate, reproducible, highly correlated with 

Doppler blood flow measurements, and provides information for risk stratification.16 

(Figure 2) The microcirculation can be directly assessed, in the absence of flow-limiting 

stenoses upstream, by measuring coronary flow reserve (CFR). The CFR can be invasively 

determined by a Doppler-tipped guide wire in a coronary artery and measuring blood flow 
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velocity at baseline and after inducing hyperemia with a vasoactive agent. Typically the 

non–endothelium-dependent microvascular dilator adenosine (or regadenoson) is given by 

intracoronary or intravenous infusion. Dipyridamole may also be used intravenously to 

inhibit phosphodiesterases that break down cAMP (increasing cellular cAMP levels) and 

also block cellular reuptake of adenosine with increase in extracellular adenosine 

concentration.

The coronary microcirculatory response to adenosine is typically considered abnormal if the 

blood flow increase is less than 2.5 times that at baseline. We have shown that blood flow 

velocity, in women with suspected MCD, closely approximates volumetric flow, likely due 

to the fact that most of these patients also have endothelial dysfunction.17 Using velocity 

alone to determine the coronary flow velocity reserve (CFVR) simplifies the method since 

the cross-sectional area of the vessel, necessary for calculation of volumetric flow, is not 

required.

Fractional flow reserve (FFR) has emerged as an invasive method to measure the functional 

significance of obstructive epicardial disease. It is critically important to recognize that the 

presence of MCD may obscure information on functional epicardial stenosis severity 

derived from coronary pressure measurements (eg, FFR) alone. Recently, others have noted 

discordance between CFVR and FFR in a large proportion of cases.18 Patients with normal 

FFR but abnormal CFVR had significantly higher rates of adverse cardiovascular events 

compared with those patients who had a normal FFR and normal CFVR. Therefore, 

considering evaluation of microvascular function remains important even after invasive 

measures suggest no evidence of impaired flow in the epicardial coronary.

Invasive techniques are also used to evaluate endothelial-dependent mechanisms of vascular 

dysregulation. Intracoronary acetylcholine is commonly given to evaluate for lack of 

dilation or even paradoxical epicardial coronary constriction indicative of epicardial 

coronary endothelial dysfunction.12 When epicardial diameter reduction is excessive 

(usually defined as a reduction in post nitroglycerin coronary diameter of >70%) and 

associated with signs and/or symptoms of ischemia, epicardial spasm is considered present. 

More recently, higher doses of intracoronary acetylcholine have been used to evaluate for 

evidence of microvascular coronary spasm. The latter is suggested when ischemia, such as 

angina with abnormal ECG or LV wall motion, is precipitated in the absence of evidence for 

epicardial spasm.6

Non-invasive methods, such as positron emission tomography (PET), Doppler 

echocardiography, and gadolinium perfusion cardiac magnetic resonance imaging (MRI), 

are also increasingly being used to evaluate for the presence of MCD. Advanced, but well 

validated, techniques are available with PET to determine absolute myocardial blood flow 

reserve/gram of LV muscle.14 Transthoracic Doppler echocardiography provides assessment 

of coronary blood flow velocity in the left anterior descending (LAD) coronary that can be 

used to determine CFR after hyperemia. Doppler echocardiography–derived measures of 

CFR have been shown to correlate significantly with invasive measures of CFR.19 In 

contrast with PET, Doppler echocardiography does not require radiation exposure and is 

available at most centers. A limitation of transthoracic Doppler echocardiography–
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determined CFR is the feasibility of detecting LAD flow. Studies have reported that as few 

as 34% and as many as 96% of patients included in various cohorts have had successful 

evaluation of LAD flow.20 Contrast agents can enhance the Doppler signal and have led to 

improvement in measuring LAD flow responses.19 Finally, cardiac MRI is being used to 

record the first pass of intravenous gadolinium through the circulation. Given the high 

spatial resolution of cardiac MRI, relative perfusion is able to be determined in all layers of 

all of the ventricular segments and expressed as myocardial perfusion index. Previous work 

has shown a decrease in subendocardial perfusion in patients with suspected microvascular 

angina.21

Myocardial Ischemia and Ventricular Dysfunction

Many have questioned if the angina present in patients with MCD is due to true myocardial 

ischemia. Numerous studies have proven that objective evidence for myocardial ischemia is 

present in patients with angina who have no obstructive epicardial coronary disease.22 It 

remains unclear if the ischemia present in patients with MCD is caused strictly from isolated 

MCD or if other mechanisms contribute to simultaneously impair the myocardial substrate 

supply-demand relationship. Multiple mechanisms are likely to coexist in the same patent. 

For example, abnormal systemic vascular function is also known to contribute to impaired 

myocardial perfusion. Nichols et al. demonstrated that older women with angina and no 

obstructive epicardial CAD had findings suggestive of stiff central vessels with an 

associated increase in determinants of LV afterload.23 This would be expected to increase 

LV demand and could accentuate ischemia in patients who have MCD and an exhausted 

microvascular reserve.

Most patients with MCD have normal global measures of ventricular systolic function. 

However, diastolic dysfunction is the earliest functional abnormality documented in patients 

with ischemia caused by both obstructive coronary stenosis and in those patients with 

ischemia unrelated to obstructive stenosis.24 Previous work has demonstrated a high 

incidence of left ventricular diastolic dysfunction in patients with endothelial dysfunction.25 

Therefore, it is not surprising that ventricular diastolic dysfunction and heart failure with 

preserved ejection fraction (HFpEF) is common in patients with MCD.14,26 Interestingly, 

myocardial perfusion has also been shown to be abnormal in patients with stress-induced 

cardiomyopathy who have no evidence of significant epicardial coronary obstruction.27

Treatment of Microvascular Coronary Dysfunction

Unfortunately, because of lack of evidence-based results of treatment on patient outcomes, 

management of symptomatic patients with MCD is often frustrating for the patients and their 

physicians. Standard anti-angina therapy is considered initially. Short acting nitrate therapy 

has been reported to relieve symptoms in only about half of patients with symptomatic 

MCD.28 Maintenance therapy for angina commonly includes β-blockers and calcium 

antagonists. β-blockers are particularly considered for patients with evidence of a high 

sympathetic tone, such as a high resting heart rate, and in a small study were superior to both 

nitrates and calcium antagonists in the control of angina symptoms.29
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More novel anti-angina therapies also offer hope for the treatment of patients with MCD. 

Ivabradine specifically lowers heart rate by blocking the If current of the sinoatrial node. In 

patients with stable CAD, treatment with ivabradine has led to improved CFR, even after 

controlling for heart rate.30 In a study of 46 patients with normal coronary angiograms and 

MCD, treatment with ivabradine led to improvements in reported angina severity.31 

Ranolazine is another newer anti-angina therapy that may help patients with symptomatic 

MCD. The anti-ischemic mechanism of ranolazine is unknown, but some propose that 

ranolazine blocks detrimental calcium overload in ischemic myocytes by blocking the late 

INa channel.32 Ranolazine has been shown to improve symptoms in patients with significant 

epicardial coronary disease and angina.32 More recently, small studies have shown that in 

patients without obstructive CAD and angina, ranolazine has led to significant 

improvements in symptoms.33 Additionally, in patients with MCD, treatment with 

ranolazine led to more significant improvement in exercise duration without ischemia 

compared with treatment with ivabradine.31

In addition to anti-angina therapy, there are many other medications offered to patients with 

symptomatic MCD. Angiotensin converting enzyme (ACE) inhibitors stimulate the 

synthesis of nitric oxide which contributes significantly to vasodilation, improved vascular 

elasticity, and inhibition of vascular hypertrophy.34 Additionally, ACE inhibitors are known 

to reduce ventricular pressure and attenuate an increased sympathetic tone. For these reasons 

ACE inhibitors are commonly considered in the treatment of symptomatic MCD.35 We have 

shown that the ACE inhibitor quinapril improves CFR and angina symptoms assessed by the 

validated Seattle Angina Questionnaire over 16 weeks in patients with MCD.36 This 

improved angina was linked with improved CFR. Statins have also been shown to improve 

endothelial function and promote vasodilation, and are commonly considered for patients 

with MCD who also benefit from stabilization of non-obstructive atherosclerotic disease.37 

Statins combined with ACE inhibitors may offer the most benefit.

Epicardial Coronary Disease in Patients with Microvascular Coronary 

Disease

As previously discussed, many patients with angina without epicardial obstructive 

atherosclerotic disease are shown to have abnormal microvascular dysfunction and 

endothelial dysfunction of the epicardial coronary arteries.6 However, the poor outcomes 

seen in these patients may also relate to their epicardial atherosclerotic disease as more 

recent investigation has highlighted the true burden of epicardial coronary atherosclerosis in 

these patients who do not have significant luminal obstruction. In 100 patients with angina 

and normal standard angiography, intra-vascular ultrasound (IVUS) revealed that 

approximately 80% had atherosclerosis in their epicardial coronaries.38 (Figure 3) These 

non-obstructive atherosclerotic plaques can certainly lead to unstable coronary events.39 In 

women presenting with myocardial infarction but no obstructive epicardial coronary disease, 

IVUS revealed that nearly 40% had disruption of non-obstructive coronary plaques that 

included plaque rupture and plaque ulceration.40 Therefore, aggressive intervention aimed at 

stabilization of these plaques, with statins for example, are likely important for prevention of 

future events.
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Conclusions and Future Directions

Patients with angina but no significant obstructive epicardial coronary disease on standard 

coronary angiography are at increased risk of adverse cardiovascular events compared with 

people without angina. Many of these patients have myocardial ischemia caused by MCD 

and/or endothelial dysfunction of the epicardial coronaries that can be quantified using 

invasive and non-invasive methods.

• Future effort is necessary to refine non-invasive methods for evaluation of 

microvascular and endothelial function. PET perfusion, MRI perfusion, CT 

perfusion, and contrast-enhanced Doppler echocardiography offer significant 

promise.

These patients have a high prevalence of LV diastolic dysfunction and heart failure that is 

likely caused by myocardial ischemia. Given the significant prevalence of HFpEF, 

appropriate identification and successful treatment of vascular dysfunction could have a 

significant impact on outcomes in patients with HFpEF.

• Future study should define the prevalence of vascular dysfunction in patients with 

HFpEF, and should evaluate the response of ventricular function and clinical 

outcomes in patients treated for vascular dysfunction.

Treatment of MCD remains sub-optimal. Standard anti-angina therapy is appropriate, but 

more novel treatment offers promise.

• Future study should continue to investigate the impact of novel anti-angina 

therapies, such as ivabradine and ranolazine, on clinical outcomes in patients with 

MCD.

Additionally, IVUS has revealed that while these patients do not have obstructive lesions in 

their epicardial coronaries, they do have a high burden of epicardial atherosclerosis that can 

become unstable leading to acute coronary events.

• Future study should utilize invasive and non-invasive techniques to establish the 

burden and morphology of atherosclerosis in patients with angina and “normal” 

coronary angiograms. Future study will need to evaluate the improvement in 

clinical outcomes in patients who are treated with medications aimed at 

stabilization of non-obstructive atherosclerotic disease.
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Figure 1. 
Survival free of death, myocardial infarction, stroke, or heart failure hospitalization in those 

patients with a coronary flow reserve above or below a receiver operating curve–determined 

optimal cut-off value of 2.32. Reprinted with permission from Pepine et al. J Am Coll 

Cardiol. 2010;55:2825–2832.11
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Figure 2. 
TIMI Frame Count: The first frame used to determine the TIMI Frame Count is the frame in 

which dye fully enters the artery of interest (left, arrow). The last frame that is counted is the 

frame when dye enters the distal landmark branch (right, arrow). Reprinted with permission 

from Petersen et al. PLoS One. 2014;9:e96630.16
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Figure 3. 
Patient with normal lumen area on right coronary angiography (left) but significant plaque 

of the right coronary artery seen on intravascular ultrasound (right).
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