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Abstract

Ischemia in the absence of obstructive coronary artery disease (INOCA) is an increasingly 

recognized cause of angina, which is more commonly diagnosed in women. Coronary 

microvascular dysfunction (CMD), or the abnormal dilation and constriction of the small vessels 

of the heart, is one such etiology of INOCA. This review discusses coronary microvascular 

pathophysiology, considerations for invasive coronary function testing (CFT) and non-invasive 

diagnostic modalities, implications for management and remaining knowledge gaps.
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Introduction

It is estimated that one-half to two-thirds of women with symptoms of angina who 

undergo coronary angiography for suspected ischemic heart disease have no obstructive 

coronary artery disease.1, 2 This condition, characterized by symptoms and objective signs of 

Ischemia in the setting of Non-Obstructive Coronary Artery disease (less than 50% stenosis 

on diagnostic angiography), is known as INOCA.3 Recent studies have estimated that in 

total, there are at least 3 to 4 million patients with stable INOCA in the United States.4 

Prevalence continues to increase as there is growing clinical recognition of this condition 

and utilization of diagnostic modalities for microvascular dysfunction.

Coronary microvascular dysfunction (CMD) and vasospasm of the epicardial arteries are the 

two most common causes of INOCA.5 In studies, nearly 50% of individuals with INOCA 

have been found to have abnormal vasomotor behavior of the coronary microvasculature.6 

While the condition is more common among women, CMD has also been shown to be 

prevalent in men, with a recent study finding 60% of males and 66% of females with 

non-obstructive CAD to have CMD on invasive testing.7, 8
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Historically, patients with INOCA were thought to have good prognosis and relatively 

low incidence of major adverse cardiac events (MACE). However, this understanding has 

since been refuted by many studies showing that patients with INOCA have elevated risk 

for cardiovascular events including acute coronary syndrome, heart failure hospitalizations, 

stroke and death.9

The Women’s Ischemia Syndrome Evaluation (WISE) Study was initiated by the National 

Institutes of Health-National Heart, Lung and Blood Institute in 1996 to investigate women 

with signs and symptoms of ischemia.10 To date, the evaluation has followed more than 

900 women for a median follow up of 9.5 years after clinically indicated coronary 

angiography. Of these women, 551 were found to have no obstructive coronary artery 

disease (CAD). Analysis of this cohort found that INOCA was associated with a 2.5% 

rate of MACE, including death, nonfatal myocardial infarction, nonfatal stroke and heart 

failure hospitalization at 5-year follow up.11 Angina hospitalizations continued at relatively 

constant rates at longer-term follow-up of 9.1 years.12 Furthermore, women with stable 

INOCA and non-obstructive CAD had 10-year all-cause death and cardiac death rates of 

17% and 11% respectively, compared to 10% and 6% in women with normal coronaries.13 

The WISE study has also demonstrated that females with CMD are at increased risk for 

progression to obstructive CAD.14

In addition to adverse clinical outcomes, CMD and persistent anginal symptoms affect 

quality of life, limit exercise capacity and may contribute to unnecessary testing, costs and 

frequent visits to healthcare providers.15 Thus, early diagnosis and intervention are crucial.

At present, invasive coronary function testing (CFT) is the gold standard to diagnose 

both CMD as well as coronary vasospasm. CFT identifies those at higher risk of MACE 

and facilitates medical management accordingly.16 This review will discuss the coronary 

microvasculature physiology, CFT and other non-invasive diagnostic modalities, treatment 

options, as well as knowledge gaps and future directions regarding CMD.

Tiny Vessels, Big Effects

The coronary microvasculature consists of the smaller vessels of the heart including the pre-

arterioles (100–500 μm) and intracardiac arterioles (< 100 μm) (Figure 1).17 These arterioles 

are regulated by different mechanisms that work in tandem to modulate blood flow to the 

heart: (1) larger proximal arterioles use endothelial-dependent vasodilatory mechanisms by 

which an increase in coronary blood flow leads to vasodilation and a decrease in blood 

flow leads to vasoconstriction, (2) medium-sized arterioles have vascular smooth muscle 

cell stretch receptors to detect intraluminal pressure and (3) the smallest distal arterioles are 

regulated by local metabolic activity.18

The endothelium, or the layer of cells lining the arteries and arterioles, play a vital 

role in regulating blood flow delivery to the myocardium.19 A healthy endothelium 

promotes vasodilation, antioxidant effects, inhibition of smooth muscle cell proliferation 

and anticoagulant effects. Furthermore, the cells act to regulate inflammation and also serve 

as a barrier to potentially toxic materials.20 An imbalance of nitric oxide consumption is 
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thought to be the primary driver of dysfunction, leading to an inability to properly dilate 

and subsequent ischemia.21 Dysfunction of the endothelium is a principal contributor to both 

macro- and microvascular coronary dysfunction and also thought to be a key player in the 

development of plaque progression and atherosclerosis.19

CMD may be characterized by heightened sensitivity of the small vessels to vasoconstrictor 

stimuli and/or decreased microvascular vasodilator capacity.22 In healthy vessels, 

adenosine, acetylcholine and nitroglycerin induce vasodilation.23 However, in CMD, the 

microvasculature may exhibit a blunted vasodilatory response to one or more of these 

agents. Coronary flow reserve (CFR), or the ratio of coronary blood flow at maximal 

dilation in response to intracoronary adenosine from baseline, is impaired in patients with 

CMD. In the setting of endothelial dysfunction, acetylcholine may induce paradoxical 

vasoconstriction and micro- or macrovascular vasospasm in compromised vessels. 

Nitroglycerin response is used to evaluate for non-endothelial dependent macrovascular 

function.

Risk Factors and Clinical Presentation

Traditional cardiovascular risk factors including hypertension, hyperlipidemia, advanced 

age, obesity, smoking, and diabetes have been found to be associated with CMD.22, 24 

Aging is associated with an increase in arterial wall stiffness, medial thickening and lumen 

enlargement that results in an increase in pulse pressure and hypertrophy of arteries –

ultimately contributing to endothelial dysfunction.25 Studies have demonstrated reduced 

CFR in diabetics, thought to be a consequence of the microvascular inflammation that 

also leads to diabetic retinopathy and nephropathy.26 Additionally, smokers and patients 

with chronic inflammatory conditions such as rheumatoid arthritis and systemic lupus 

erythematous have also been found to have lower CFR, with a 21% reduction observed 

amongst smokers.27, 28 There is increasing evidence that women who have history of 

adverse pregnancy outcomes including preeclampsia, gestational hypertension or diabetes 

may have an increased risk of microvascular dysfunction.14

Symptoms include chest discomfort, dyspnea and reduced exercise tolerance, with some 

patients having angina that persists after cessation of exertion.29 As nitroglycerin acts 

preferentially to dilate larger vessels of the heart and has little effect on the smaller 

arterioles, patients with CMD may not have symptom relief with its administration.30 

Objective clinical evidence of myocardial ischemia can include elevated troponin, ST-

segment or imaging abnormalities at rest or with stress.31

Coronary Function Testing

When is CFT Appropriate?

Testing for CMD should be considered for patients with persistent symptoms and objective 

signs suggestive of myocardial ischemia despite absence of obstructive CAD (<50% 

coronary artery diameter reduction).32 Prior to invasive testing, patients should be evaluated 

for alternative diagnostic explanations including hyperthyroidism, anemia, hypertensive 

urgency or substance abuse.
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For patients with persistent symptoms but angiographically normal coronary arteries or 

non-obstructive CAD, the 2019 European Society of Cardiology guidelines recommend 

consideration of guidewire-based CFR measurements (Class 2A recommendation) 

and consideration of intracoronary acetylcholine for assessment of spasm (Class 

2B recommendation).33 These guidelines also recommendation consideration of non-

invasive transthoracic Doppler of the left anterior descending artery, cardiac magnetic 

resonance imaging and positron emission tomography for CFR measurement (Class 2B 

recommendation).

The decision to proceed with invasive CFT depends on a variety of considerations including 

local hospital practices, patient preference, goals and availability of CFT and other non-

invasive diagnostic modalities. Discussion with the patient includes a comprehensive 

individualized evaluation, in order to determine whether there is more benefit than risk. 

In patients with prior myocardial infarction or high suspicion for vasospasm, invasive CFT 

with acetylcholine provocation testing is preferable due to its ability to delineate pathways 

and elicit spasm.

Procedure

CFT is an angiographic procedure to evaluate both endothelial and non-endothelial 

dependent macro- and micro-vasculature response to vasoactive agents (Figure 2). Following 

a diagnostic angiogram to exclude obstructive epicardial disease, myocardial bridging and 

other coronary anomalies, adenosine, acetylcholine and nitroglycerin are then administered 

sequentially to evaluate for microvascular function, vasospasm and smooth muscle response.

The functional testing involves insertion of a guiding catheter and positioning of a Doppler 

wire into the coronary artery to be studied. Typically, this evaluation is done in the left 

anterior descending artery, but testing can also be performed in the left circumflex and 

right coronary arteries. First, an intracoronary injection of adenosine is given to assess 

non-endothelial dependent dysfunction. Flow reserves are measured before and following 

administration. Graded doses are used to achieve maximum hyperemia. A CFR < 2.5 

is diagnostic for non-endothelial dependent microvascular dysfunction. When interpreting 

CFR results, it is important to note that this measurement has been shown to be a continuous 

predictor of MACE, similar to blood pressure and low-density lipoprotein cholesterol 

levels.11 It has also been shown that stable INOCA patients with a CFR<2 have more 

MACE in both females and males.8 In the WISE study, it was shown that a CFR < 2.32 best 

predicted adverse outcomes in women.11

Next, acetylcholine is given to assess for endothelial-dependent dysfunction. It is given in 

increasing concentrations to stimulate the release of nitric oxide. An increase in coronary 

blood flow <50% is diagnostic of endothelial-dependent microvascular dysfunction. Vessel 

diameter response is measured and a change of <5% is diagnostic for endothelial-dependent 

macrovascular dysfunction. A higher dose of acetylcholine is given to assess for coronary 

spasm. Coronary vasospasm is defined as >90% diameter reduction with chest pain and 

ischemic ST changes. Lastly, nitroglycerin is administered to test macrovascular function. A 

change in diameter less than 20% is indicative of abnormal smooth muscle reactivity and 
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non-endothelial dependent macrovascular dysfunction (Figure 2). A detailed description of 

the CFT protocol and methods is provided in Appendix A.

Heightened pain sensitivity at any point in the procedure, demonstrated by chest pain 

during catheter manipulation and/or contrast administration is suggestive of nociceptive 

abnormality. It is thought to be associated with altered afferent neuronal pathways, change in 

cerebral cortical activation or reduced endogenous opioid release.34

CFT has been shown to be overall safe and effective, with the WISE study reporting serious 

adverse events to be low (0.7%).35 These low event rates were observed at centers of 

excellence. A prospective multicenter study has reported cases of coronary artery dissection, 

ST-elevation myocardial infarction associated with vasospasm, transient air micro-embolism 

and deep venous thrombosis—but overall peri-procedural adverse event rates have been 

found to be low at 1.4%.35 As the reactivity testing prolongs the length of angiography, 

precautions must be taken for those at higher risk of contrast-induced nephropathy.36 

Adenosine should be avoided or used with caution in patients with history of asthma, as 

it may contribute to bronchospasm.

Other Diagnostic Modalities

Pharmacologic stress testing using positron emission tomography or cardiac magnetic 

resonance imaging, transthoracic Doppler echocardiography and empiric therapy can 

alternatively be used to assess for CMD. Positron emission tomography utilizes various 

radioactive tracers at rest and with vasodilator-stress to quantify absolute myocardial blood 

flow and detect regional variations suggestive of CMD. Computed tomography can also be 

concurrently performed, to determine coronary artery calcium score for risk stratification.37

Stress cardiac magnetic resonance imaging is a tool with high diagnostic accuracy, low 

ionizing radiation and high spatial resolution, which can also be used to quantify myocardial 

perfusion reserve index and assess for late gadolinium enhancement, a signal of myocardial 

damage and scar, associated with vasomotor dysfunction.38 The presence of scar is useful 

for risk stratification. This modality is more widely available than the invasive CFT.

Doppler echocardiogram of the left anterior descending artery can be used to quantify 

coronary blood flow. It has been demonstrated that CFR calculated by this procedure 

correlates well with measurements obtained through positron emission tomography and 

invasive techniques.39 This method is more inexpensive and accessible than other 

techniques, lacks ionizing radiation, but limits evaluation to that of the left anterior 

descending artery.

Implementation and assessment of the response to an empiric trial of therapy is another 

informative approach. For example, for sporadic angina responsive to nitrates suggestive of 

vasospasm, providers can implement and monitor symptomatic response to a trial of calcium 

channel blockade. For those with comorbid hyperlipidemia and hypertension and high pre-

test probability for endothelial dysfunction and CMD, anginal response to the initiation of 

statins and angiotensin converting enzyme inhibitors (ACEI), respectively, can be monitored. 
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This may be a suitable approach for patients who are hesitant to proceed with invasive 

testing or those with contraindications or allergies precluding diagnostic procedures.

Treatment

Identification of the affected pathway(s) by CFT guides selection of the best targeted 

therapeutic approaches (Figure 2).40 The CorMicA trial randomized patients with INOCA 

to stratified medical therapy guided by CFT results versus standard care (control blinded to 

interventional diagnostic procedure results) and found that those patients receiving stratified 

medical therapy had improved angina and quality of life.41 It is important to note that 

treatment strategies remain unclear and non-standardized, largely due to a lack of evidence-

based guidelines.

1. Non-endothelial-dependent dysfunction: Non-endothelial CMD is treated with 

medications targeting ischemia. Beta and alpha/beta blockers reduce frequency 

and severity of angina and improve CFR.42 They act by reducing myocardial 

oxygen consumption and increasing diastolic filling time. Both short acting 

and long acting nitrates help angina by promoting vasodilation and reducing 

preload.42 Ranolazine and ivabradine can be considered in patients with 

refractory angina with contraindications to traditional anti-anginal medications 

as they have less hemodynamic effect. More recently, phosphodiesterase-5 

inhibitors have been used to drive vasodilation in CMD.

2. Endothelial Dysfunction: Treatment options aimed at both macro- and micro-

vascular dysfunction are similar to those targeting atherosclerotic disease, 

including ACEI, angiotensin receptor blockers, statins and low-dose aspirin. 

High-dose quinapril has been associated with reduced angina among women 

with CMD, likely by benefiting vascular inflammation.43 Statins have been 

demonstrated to improve exercise tolerance and reduce angina due to anti-

inflammatory effects on endothelial function.44 Aspirin is recommended due 

to the observation that even in patients with no significant plaque burden 

seen on angiography, a majority of patients with CMD were demonstrated to 

have coronary atherosclerosis when evaluated by intravascular ultrasound.45 L-

arginine, a precursor for nitric oxide, has been shown to improve coronary blood 

flow.46

3. Vasospasm: Calcium channel blockers and nitrates are preferred in the setting 

of vasospastic angina.33 Such calcium channel blockers include amlodipine, 

diltiazem, verapamil or long-acting nifedipine. A randomized trial of patients 

with angina, small coronary arteries and limited vasodilator reserve showed that 

patients on verapamil and nifedipine had fewer episodes of angina, consumed 

less nitroglycerin tablets and had increased exercise tolerance compared to 

patients on placebo.47 Tachyphylaxis is a known risk with long-term nitrate use 

and thus drug-free intervals (12 hours daily) are recommended. Unopposed beta 

blockade should be avoided as it may contribute to spasm.48 If beta blockers 

are indicated in patients with vasospasm, combined alpha/beta agents such as 

carvedilol are favored.
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4. Nociceptive Abnormality: For nociceptive abnormality demonstrated by CFT, 

low-dose tricyclic antidepressants reduce the frequency of angina.42 In refractory 

cases, spinal cord stimulation, cognitive behavioral therapy and biofeedback can 

be considered.42

Non-pharmacologic Treatments

Multiple alternative non-pharmacologic approaches are available for CMD. Cardiac 

rehabilitation has been shown to improve diastolic resting blood pressure, body mass index 

and exercise capacity. These programs also improve overall quality of life and psychological 

morbidity.42, 49 Enhanced external counter-pulsation, a therapy consisting of the inflation 

and deflation of pneumatic stockings on the lower extremities during systole and diastole, 

respectively, can also improve CMD symptoms.42 This therapy promotes collateral coronary 

flow and improves endothelial function by reducing afterload and increasing preload. 

Therapeutic lifestyle recommendations include smoking cessation, nutrition counseling, 

weight reduction and regular moderate intensity physical therapy.

Knowledge Gaps Remain

Despite considerable evidence regarding MACE and long-term adverse prognosis associated 

with INOCA, neither the American College of Cardiology nor American Heart Association 

have guidelines to direct therapeutic strategies. As such, both internists and cardiologists 

alike may lack confidence in the recognition, diagnosis and management of this phenotype 

of ischemic heart disease. In 2017, the American College of Cardiology convened a group 

to review the current knowledge and provide next steps for evidence-based management.11 

In 2019, the European Society of Cardiology guidelines for chronic coronary syndromes 

include a discussion and recommendation for evaluation of vasospastic and microvascular 

disease.33

At present, no standardized diagnostic algorithm exists. Decisions regarding testing may 

depend on patient risk stratification (i.e. history of prior myocardial infarction), extent 

of anginal symptoms on quality of life and local availability of testing modalities. 

Compared to the noninvasive methods, functional reactivity testing has the benefit of 

identifying the specific mechanism of dysfunction (i.e. non-endothelial dependent vs. 

endothelial dependent, presence of spasm and nociceptive abnormality) to better direct 

therapeutics. However, this approach is invasive, can be time consuming and requires 

specially trained cardiac interventionalists.31 Further work is presently ongoing to evaluate 

how functional testing may be implemented following standard diagnostic angiogram, when 

no obstructive lesions are found. A streamlined and abbreviated protocol of adenosine for 

CFR measurement followed by acetylcholine to observe angiographically for vasospasm 

may be easily employed by interventionalists.

Lastly, gender differences remain evident and require further investigation. It has been 

postulated that women may have a greater ability to widen and narrow arteries perhaps as a 

result of the need to control blood flow during pregnancy. Additionally, women have been 

shown to have more pain sensation compared to men and thus may have more perceived 

pain and anginal symptoms.50 With regard to outcomes, females with INOCA have been 
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shown to have higher rates of cardiac events compared to men. One study of 13,695 subjects 

with INOCA found a 3-fold higher MACE rate in women compared to men in the first 

year.51 A significant knowledge gap remains on this matter.

Future Directions

Recent studies have suggested that cardiomyocyte injury and myocardial stiffness caused by 

CMD may play a role in the pathophysiology of patients with heart failure with preserved 

ejection fraction (HFpEF).52 It is hypothesized that microvascular endothelial dysfunction, 

decreased nitric oxide bioavailability and increased cytokine signaling may contribute to 

the increased microvascular inflammation and myocardial fibrosis observed in HFpEF.53, 54 

Clinically, it has been shown that a decreased CFR has been found to be associated with 

diastolic dysfunction, and also been associated with a five-fold increased rate of HFpEF 

hospitalizations.52 Clinical studies also suggest there is also a higher prevalence of HFpEF 

in females compared to men.55 The association between CMD and HFpEF is an area that 

lends itself to further investigation, specifically with regard to gender differences.

In order to better target prevention and treatment, a deeper understanding of risk factors 

is needed. While traditional co-morbid risk factors such as hypertension, hyperlipidemia 

and diabetes have been implicated, less is known regarding autoimmune conditions and 

adverse pregnancy outcomes. Additionally, much remains to be studied about novel risk 

markers including high-sensitivity C-reactive protein, lipoproteins, interleukins and other 

inflammatory markers.

Regarding treatment, more randomized trials are needed to guide an evidence-based 

approach. One such ongoing study is The Women’s Ischemia Trial to Reduce Events 

in Non-Obstructive CAD (WARRIOR) trial (NCT#03417388), a multicenter, prospective, 

randomized blinded outcome trial, to explore the long-term outcomes of intensive statin, 

ACEI and aspirin therapy versus usual care among women with INOCA.40 This trial aims 

to enroll 4,442 participants. Randomized stem cell trials are also presently underway to 

evaluate the effectiveness of coronary CD34+ infusions in improving CFR in patients with 

CMD and persistent refractory angina.56

Conclusion

In patients who present with anginal symptoms but who have no evidence of obstructive 

coronary artery disease, it is important to consider the diagnoses of INOCA and CMD 

due to the substantial morbidity associated with this condition. At present, there remains 

no uniform comprehensive diagnostic and therapeutic strategy or algorithm—but several 

options exist. Both non-invasive and invasive methods are available to establish the 

diagnosis. Coronary function testing is currently the gold standard. It provides a useful 

means to determine mechanistic pathways for coronary microvascular dysfunction, which 

then further guides targeted therapeutic options with the goal of preventing future adverse 

cardiac events. Our evolving understanding of CMD and its management considerations 

relies on ongoing investigation and outcome clinical trials.
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Appendix A: Coronary Function Testing Protocol

Several protocols exist for performance of coronary function testing (CFT) for the purposes 

of evaluating for coronary microvascular dysfunction (CMD) and coronary vasospasm. At 

our institution, we utilize the following outlined methods:

Patient Preparation:

Patients fast for 12 hours before the scheduled procedure.35 To avoid confounding of 

results, patients are asked to discontinue caffeine, long-acting nitrates, short-acting calcium 

channel blockers, alpha and beta blockers, angiotensin-converting enzyme inhibitors (ACEI) 

or angiotensin receptor blockade, renin and aldosterone inhibitors, ranolazine, diuretics, 

angiotensin-neprilysin inhibitors, ticagrelor and Aggrenox for 24 hours prior to the 

procedure. Long-acting calcium channel blockers (CCB) are withheld for 48 hours and 

sublingual nitroglycerin and nicotine for 4 hours prior to testing.

Vasoactive Agent Preparation:

Two concentrations of acetylcholine (0.182 μg/mL and 18.2 μg/mL, respectively) are 

premixed by the hospital pharmacy, within three hours of the scheduled procedure.35 Two 

doses of adenosine (18 μg and 100 μg, respectively) and 200 μg of nitroglycerin are prepared 

by the catheterization lab nursing staff. Of note, the precise agent dosages used may vary by 

institution.

Angiography to Confirm Non-Obstructive Disease:

Coronary angiography is performed to assess for atherosclerosis, myocardial bridging, 

anomalies or slow flow. Any catheter-induced spasm or chest pain observed during 

contrast administration or catheter manipulation are also documented. Left ventricular 

end-diastolic pressure is measured. Fractional flow reserve should be measured to rule 

out hemodynamically significant stenoses. Any obstructive disease or spontaneous spasm 

observed at this time may obviate the need for further testing.
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Intracoronary Vasoactive Agent Infusions:

Patients are given body-weight adjusted heparin to achieve activated clotting time above 

250.35 A 0.014” Volcano Doppler FloWire is placed into the proximal to mid left anterior 

descending artery until an adequate Doppler signal is obtained. Prior to each infusion, a 

baseline heart rate, blood pressure and average peak velocity of blood flow are recorded. 

At specified time intervals, the peak heart rate, blood pressure and average peak velocity 

are documented. The line is flushed and return to baseline average peak velocity permitted 

before infusion of subsequent dosages and agents. Any symptoms, ischemic ECG changes or 

arrhythmias during infusions are noted. Baseline and peak (immediately after peak average 

peak velocity taken) cine images are taken to allow quantitative coronary angiography 

measurements of the vessel diameter 5 mm distal to the Doppler FloWire tip.

Assessment of Mechanistic Pathways and Significance:

This assessment is most often performed to completion, in the specified order, to assess 

for the simultaneous presence of multiple pathways of coronary artery dysfunction. If the 

patient experiences a complication at any time, the procedure may be aborted.

1. Non-endothelial dependent microvascular function: First, 18 μg and 100 μg 

dosages of adenosine are consecutively delivered via intracoronary bolus, to 

induce maximal hyperemia.35 Volcano ComboMap calculates coronary flow 

reserve (CFR), which is equivalent to the ratio of the peak to baseline average 

peak velocities.35, 57 A peak CFR less than 2.5 is considered abnormal.

2. Endothelial-dependent macrovascular function: Next, the 0.182 and 18.2 μg/mL 

concentrations of acetylcholine are infused via infusion pump at a rate of 2 

to 3 mL over 3 minutes. The change in vessel diameter is then calculated 

by quantitative coronary angiography. A less than or equal to 5% increase in 

mean lumen diameter suggests dysfunction. Of note, the infusion rate may vary 

according to institutional protocol. Coronary angiography is performed after each 

dosage of acetylcholine, in order to evaluate for epicardial vasospasm. It is 

important to withdraw the contents of the guide catheter prior to angiography, in 

order to avoid inadvertently delivering a bolus of any acetylcholine that may be 

left in the guide following the slow infusion.

3. Endothelial-dependent microvascular function: The aforementioned infusion of 

the 18.2 μg/mL concentration of acetylcholine is used to calculate coronary 

blood flow, with 2 to 3mL infused over 3 minutes. Coronary angiography 

is performed following each dose of acetylcholine to evaluate for epicardial 

vasospasm. Again, it is important to withdraw the contents of the guide 

catheter prior to angiography. A < 50% increase in coronary blood flow is 

considered abnormal. As described above, the infusion rate may vary according 

to institutional protocol.

4. Vasospasm: As the graded 0.182 and 18.2 μg/mL dose infusions of acetylcholine 

occur, the operator assesses for signs of spasm. If no spasm is exhibited, a 

higher concentration of acetylcholine is infused at a rate of 2 mL/minute for 3 
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minutes. If spasm is provoked, subsequent higher acetylcholine dose testing is 

withheld, and nitroglycerin is administered immediately. Epicardial vasospasm is 

defined as >90% diameter reduction associated with chest pain and/or ischemic 

ST changes, while microvascular coronary spasm is suggested by chest pain and 

ischemic ST changes, without significant epicardial artery vasoconstriction.

5. Non-endothelial dependent macrovascular function: Following acetylcholine 

infusion, nitroglycerin (150–200 μg) is given, and quantitative coronary 

angiography is performed after 30 seconds. Dilation < 20% is considered 

abnormal. This measurement allows for assessment of the macrovascular 

responsiveness to treatment with nitrates.

6. Nociceptive abnormality: Heightened pain sensitivity at any point in the 

procedure, demonstrated by chest pain during catheter manipulation and/or 

contrast administration is suggestive of nociceptive abnormality.
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Key Points:

• Women presenting with signs and symptoms of myocardial ischemia are more 

likely to have no obstructive coronary artery disease (CAD) on coronary 

angiography compared to men.

• Coronary microvascular dysfunction (CMD) should be considered in patients 

presenting with persistent angina, evidence of ischemia and no obstructive 

CAD.

• The presence of CMD is associated with considerable risk of major adverse 

cardiac events (MACE) including heart failure, myocardial infarction, stroke 

and death.

• Coronary function testing (CFT) is the gold standard diagnostic test for CMD 

and characterizes the pathway(s) of dysfunction.

• Management of CMD, as guided by CFT, is currently aimed at reducing risk 

of MACE and improving quality of life. More clinical outcome trials are 

needed and presently ongoing.
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Figure 1. 
Schematic demonstrating the influence of acetylcholine and adenosine on the smooth muscle 

of the coronary vasculature. Acetylcholine binds to the muscarinic receptor, stimulating 

the release of calcium into the vascular smooth muscle cell, which drives both nitric 

oxide formation for vasodilation as well as contraction for vasoconstriction. Adenosine 

stimulates the conversion of adenosine triphosphate to cyclic adenosine monophosphate, 

leading to inhibition of calcium influx and induction of nitric oxide formation, both of which 

result in vasodilation. AC = adenylate cyclase; ACh = acetylcholine; ADE = adenosine; 

ATP – adenosine triphosphate; cAMP = cyclic adenosine monophosphate; cGMP = cyclic 

guanosine monophosphate; eNOS = endothelial nitric oxide synthase; GTP = guanosine 

triphosphate; iNOS = inducible nitric oxide synthase; M3 = muscarinic receptor’ NO = nitric 

oxide; PKA protein kinase activation; PKG = guanosine monophosphate-dependent protein 

kinase; sGC = soluble guanylate-cyclase; Ca+ = calcium; A2a = adenosine receptor. Adapted 

from Ref 14 with permissions.
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Figure 2. 
Coronary Microvascular Dysfunction: Diagnosis and Treatment
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Table 1.

CFT Assessment of Pathway Function

Pathway Vasoactive Agent Calculation Abnormality

Non-endothelial dependent 
microvascular Adenosine CFR = pAPV/bAPV CFR < 2.5

Endothelial-dependent 
macrovascular ACH

((Post ACH peak Dm – baseline Dm)/
baseline Dm) × 100 <5% increase in Dm

Endothelial-dependent 
microvascular ACH CBF = 3.14 × (Dm/2)^2 × (APV/2) ΔCBF < 50%

Vasospasm ACH N/A
>90% Dm reduction + chest pain/
ischemic ST changes

Non-endothelial dependent 
macrovascular NTG

((Post NTG peak Dm - baseline Dm)/baseline 
Dm) × 100 <20% increase in Dm

Nociceptive Abnormality N/A N/A Chest pain from catheter or contrast

*
ACH = acetylcholine, CFR = coronary flow reserve, pAPV = peak average peak velocity, bAPV = baseline average peak velocity, Dm = diameter, 

CBF = coronary blood flow, NTG = nitroglycerin
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Table 2.

Coronary Microvascular Dysfunction (CMD) Treatment Options

Endothelial Dysfunction 

Angiotensin Converting Enzyme Inhibitors (ACE-I)

HMG-CoA Reductase Inhibitors (Statins)

Cardiac Rehabilitation

Enhanced External Counterpulsation (EECP)

Non-Endothelial Dysfunction 

Beta-Blockers/Alpha-Beta Blockers

Nitrates

Ranolazine

Ivabradine

Phosphodiesterase-5 Inhibitors

Vasospasm or Abnormal Smooth Muscle Function (Prinzmetal’s Angina) 

Calcium Channel Blockers

Nitrates

Nociceptive Abnormality 

Low Dose Tricyclic Medication

Spinal Cord Stimulation

Cognitive Behavioral Therapy
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