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Abstract

A large proportion of patients with suspected obstructive coronary artery disease (CAD) is 

found to have ischemia with no obstructive coronary artery disease (INOCA). Based on current 

evidence, these patients are at increased risk of adverse cardiovascular events, even though they 

have no obstructive CAD. Importantly, INOCA is associated with recurrent clinical presentations 

with chest pain, impaired functional capacity, reduced health-related quality of life, and high 

healthcare costs. Underlying coronary microvascular dysfunction (CMD), through endothelium-

dependent and independent mechanisms contribute to these adverse outcomes in INOCA. While 

non-invasive and invasive diagnostic testing has typically focused on identification of obstructive 

CAD in symptomatic patients, functional testing to detect coronary epicardial and microvascular 

dysfunction should be considered in those with INOCA who have persistent angina. Current 

diagnostic methods to clarify functional abnormalities and treatment strategies for epicardial 

and/or microvascular dysfunction in INOCA are reviewed.
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Introduction

Symptomatic patients who have evidence of myocardial ischemia during stress testing 

routinely undergo coronary angiography to define coronary anatomy and identify significant 

obstructive epicardial coronary stenoses. Determining the presence, extent, and severity of 

obstructive coronary artery disease (CAD) has historically been performed with invasive 

coronary angiography. However, this approach has been increasingly replaced by non-

invasive coronary computed tomography angiography (CCTA) over the past decade. 

Whereas optimal medical therapy and life-style based recommendations are the cornerstone 

of management of stable ischemic heart disease (SIHD), the focus on diagnostic testing 

to detect obstructive CAD is largely because therapy for obstructive lesions is available 

with revascularization, either with percutaneous coronary intervention (PCI) and stenting or 

coronary artery bypass grafting (CABG). For patients with obstructive CAD, diagnostic and 

treatment algorithms are relatively well-defined and evidence-based guidelines are available 

to clinicians for patient management.1,2

However, there is a large group of symptomatic patients who have myocardial ischemia 

on routine stress testing but are found to have no obstructed coronary arteries (INOCA).3 

Historically, absence of obstructive CAD is typically defined as ≤50% stenosis in any major 

epicardial coronary vessel; therefore, “no obstructive CAD” should not be interpreted as 

the absence of CAD. Data show that even in patients with no obstructive CAD evident 

on coronary angiography, coronary intravascular ultrasound often detects a high plaque 

burden.4 There are an estimated 3–4 million Americans with INOCA,4 likely a conservative 

estimate since nonobstructive CAD on angiography is not always systematically reported 

or coded as a diagnosis. An expert consensus document from the European Association 

of Percutaneous Cardiovascular Interventions (EAPCI) and the European Society of 

Cardiology Working Group on Coronary Pathophysiology & Microcirculation recently 

highlighted the importance of INOCA, and the need for larger studies and registries to 

help improve our understanding and management of this under-diagnosed and challenging 

condition that is associated with adverse outcomes.5

Mounting evidence indicates that INOCA is not benign; multiple studies have documented 

an adverse cardiovascular prognosis in this population.4,6 INOCA is associated with an 

elevated risk of major adverse cardiovascular events (MACE) such as myocardial infarction, 

stroke, sudden cardiac death, and new heart failure, as well as hospitalizations for heart 

failure and angina.6–9 Hospitalizations for angina and repeat diagnostic testing are frequent 

because of recurrent presentations to physician offices and emergency rooms.9 Women 

are more likely than men to have non-obstructive CAD, but often have adverse cardiac 

outcomes.10 Although the pathophysiology of INOCA is incompletely understood, a large 

majority of these patients demonstrate dysfunction of epicardial coronary arteries or 

the microcirculation when they undergo functional testing during angiography. Indeed, 
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invasive testing often demonstrates a range of abnormalities, including coronary epicardial 

endothelial dysfunction, coronary microvascular dysfunction (CMD), or enhanced vascular 

smooth muscle hyperactivity, that can all contribute to limit coronary blood flow during 

various stimuli such as exercise or mental stress. These abnormalities can be inter-

related, and can be further exacerbated by factors such as local changes in shear stress, 

inflammation, or catecholamines. While there are many factors that contribute to ischemic 

heart disease (Figure 1), this review focuses on patients with INOCA who have persistent 

angina without, clear structural or valvular cardiac abnormality. While there is no consensus 

on the definition of persistent angina, we suggest that in stable out-patients, angina episode 

at least once a month without obstructive CAD could trigger further evaluation for coronary 

vascular dysfunction,11 as persistent angina at one-year follow-up in these patients has an 

adverse prognosis.12 This review focuses on the role of non-invasive and invasive functional 

testing to detect disorders of coronary vascular function ranging from the epicardial arteries 

to the microcirculation in symptomatic patients with INOCA.

INOCA Symptoms and Quality of Life (QoL)

Patients with INOCA have a high symptom burden which contributes to poor physical 

functioning and a reduced QoL.11,13–15 INOCA patients can present with typical and 

atypical angina symptoms, similar to those with obstructive CAD.15,16 While effort-induced 

chest discomfort or dyspnea is often elicited in the history of presentation, patients with 

INOCA often report chest discomfort at rest, which can last for prolonged periods.12,17,18 

Patients with INOCA tend to have angina at low hemodynamic workloads and mental 

stress-related angina, which has implicated abnormal microvascular vasoreactivity.19–27 

While some INOCA patients may experience only a single symptom such as chest pain 

or discomfort, many experience multiple physical and psychological symptoms such as 

dyspnea, fatigue, headaches, sleep disturbance, somatic pain, anxiety, and depression.28–33 

Comorbid psychological factors are highly prevalent in these patients, and psychosocial 

stress can contribute to and exacerbate angina.12,34–36 In the Women’s Ischemia Syndrome 

Evaluation (WISE) study, chest pain symptoms were more important determinants of health-

related quality of life than the severity of CAD.37

Persistent angina in patients with INOCA may prompt further investigation to assess 

for functional abnormalities in vascular function, beyond anatomic imaging alone. A 

detailed review on non-invasive cardiac imaging modalities to assess coronary microvascular 

dysfunction has recently been published.38 Practical considerations include availability of 

the test at the individual centers, specific local expertise, and test affordability (i.e. insurance 

coverage). Invasive coronary functional testing can be pursued for objective evidence of 

ischemia on a non-invasive stress test, or a Type II myocardial infarction. However, it should 

be noted that when a patient has unexplained chest pain with equivocal or unrevealing stress 

testing, it is reasonable to pursue invasive coronary function testing, especially in relatively 

younger patients who otherwise might not be treated for cardiac risk factor management due 

to absence of obstructive CAD. While it is unclear why women have more symptoms with 

INOCA, emerging data indicate that microvascular dysfunction is quite prevalent in both 

men and women.39,40 Therefore, in symptomatic patients with persistent chest pain, invasive 

coronary functional testing should be equally pursued in both men and women.
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Non-Invasive Functional Testing in INOCA

Stress Echocardiography

Patients with INOCA can have wall motion abnormalities induced by exercise or 

pharmacologic agents administered during echocardiographic imaging, but may also have 

a normal stress echocardiogram (STE). In patients with intermediate to high coronary 

risk, STE has 85% sensitivity and 77% specificity for detection of obstructive CAD.41 

Often, CMD may be patchy and/or diffuse, limiting echocardiographic detection. Doppler 

echocardiography can be used to measure coronary flow velocity reserve (CFVR), and 

this method has been validated against invasive coronary flow assessment.42 Exercise, 

dipyridamole, or adenosine stress echo have been used to detect blood flow limitations 

indicative of CMD.43,44 Contrast echocardiography with microbubble technique can also 

be used to evaluate myocardial blood flow, but this is not widely utilized.45 Additional 

information obtained from STE can provide alternative diagnoses for chest pain or dyspnea 

in symptomatic patients, including diastolic dysfunction, valvular regurgitation, pulmonary 

hypertension, and ventricular hypertrophy.

Cardiac Positron Emission Tomography (PET)

Cardiac PET is a well-validated and reliable method for quantification of rest/stress 

myocardial blood flow to assess CMD.46–49 Cardiac PET is preferred in women and those 

who are obese to reduce non-cardiac tissue artifacts. Myocardial flow reserve (MFR) is 

defined as the ratio of myocardial blood flow (measured in milliliters/minute/gram of 

tissue) at peak hyperemia when the coronary vasculature is maximally dilated compared 

to baseline myocardial blood flow. Normal MFR ranges from 2 to 4, i.e. myocardial 

blood flow increases 2 to 4 times during peak hyperemia induced by vasodilators such 

as adenosine.50,51 Reduction in MFR may be due to obstructive epicardial stenosis or due 

to CMD in a setting of non-obstructive CAD. Either way, a low MFR is associated with 

a worse prognosis, and a preserved MFR has a high negative predictive value (97%) for 

excluding ischemia.40,52–57 In 704 patients referred for evaluation of ischemia, those with 

abnormal MFR had significantly higher cardiac events at 1-year follow up; this included 

patients with and without obstructive CAD.58 Furthermore, a larger study included more 

than 2700 subjects showed that global MFR adds an incremental prognostic value beyond 

the traditional clinical risk factors. In this study, subjects with MFR <1.5 had approximately 

6-fold increased risk of cardiac death independent of other risk factors.53 Taqueti et al. 

reported that in patients with INOCA, an impaired MFR was independently associated with 

hospitalization for heart failure with preserved ejection fraction (HFpEF).59

Cardiac Magnetic Resonance Imaging (CMRI)

Stress CMRI is a powerful tool for investigation of myocardial causes of persistent chest 

pain as well as detection of myocardial scar.60 CMRI has superior tissue characterization, 

no radiation exposure, and ability to detect myocardial edema/fibrosis. In the setting of 

troponin elevation and no obstructive CAD, CMRI is helpful to rule out myocarditis. 

Vasodilator stress perfusion CMRI using gadolinium contrast is particularly useful in 

women, providing higher accuracy than exercise ECG and single photon emission computed 

tomography (SPECT) MPI.61 Myocardial perfusion reserve index (MPRI) with CMRI is 
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a semi-quantitative method used to estimate coronary blood flow reserve; at experienced 

centers, MPRI appears to be correlated with CMD detected by invasive coronary functional 

testing.62 An MPRI cut-off of 1.84 predicted functional abnormalities with sensitivity 73% 

and specificity 74%.62

Invasive Coronary Functional Testing

When non-invasive testing is unrevealing, but patient continues to have unexplained angina 

symptoms, invasive coronary functional testing should be pursued and can help diagnose 

vascular dysfunction (micro- or macro-vascular), due to endothelium- and nonendothelium-

dependent pathways. Diagnosing specific vasomotor pathway abnormalities allows for 

a tailored therapeutic approach and improves angina and quality of life.63 Vasoactive 

medications such as adenosine, acetylcholine, and nitroglycerin are used to test vascular 

responses, as well as ECG changes and symptoms.8,64,65 Coronary functional testing can 

also help with a diagnosis of abnormal cardiac nociception, i.e. pain perception. Patients 

who report chest pain with contrast or saline injection (even before exposure to any 

vasoactive medications during functional testing) could have a nociceptive abnormality. 

Prior studies have reported that women with INOCA have enhanced pain sensitivity and 

experience more pain with contrast injection during angiography, with right ventricular 

pacing, and with adenosine infusion, and pain is felt at a lower stimulus intensity compared 

to obstructive CAD patients.17,66–68 Neuro-cardiac origins of sex-differences in pain 

perception and differences in cardiac afferent pain signal processing in INOCA remain 

to be investigated.69 Functional testing is a safe diagnostic procedure when it is performed 

by trained interventional cardiologists at experienced catheterization laboratories.64 For 

example, in the WISE study of 293 women who underwent invasive functional testing, 

there was no mortality related to functional testing; two serious adverse events occurred 

in 2 women (0.7%), which included coronary artery dissection and myocardial infarction 

associated with coronary spasm.64 Similarly, others have also reported a low complication 

rate with intracoronary acetylcholine testing in INOCA patients in the setting of myocardial 

infarction vs. stable angina.70

Currently, there is no standardized protocol for coronary functional testing, and individual 

centers perform testing based on the local experience and expertise,71 although the Coronary 

Artery Vasomotor International Summit (COVADIS) group is working to define terminology 

and unify protocols.18,72 A decision to pursue functional testing should be considered on 

an individual basis, weighing the risks and benefits of such testing. Prior authorization 

for payment by insurance companies is often necessary prior to testing. The European 

Society of Cardiology guidelines on the management of stable CAD has a Class IIb (level 

of evidence C) recommendation for coronary functional testing in patients suspected of 

CMD.73–75

Abnormal hyperemic response to adenosine with a diminished coronary flow reserve (CFR) 

is associated with MACE (cardiovascular death, myocardial infarction, stroke, and heart 

failure).7,8 However, it is important to understand that the coronary blood flow response to 

adenosine infusion is reduced by about a quarter when endothelial nitric oxide is blocked 

by pretreatment with L-NAME (an L-arginine analogue). Thus, a component of the CFR is 
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secondary to endothelial-mediated dilation. This is important because many studies using 

adenosine do not test with acetylcholine for endothelial dysfunction. While CFR is a well-

accepted prognostic measure in both men and women, it is a combined measure of epicardial 

and microvascular flow; in the absence of obstructive CAD (with a normal fractional flow 

reserve), CFR reflects microvascular function, and values that are under ≤2.0 and ≤2.5 are 

considered abnormal depending on the methodology.76 The index of myocardial resistance 

(IMR) is a pressure-wire based measure that specifically tests microvascular function and 

a value >25 is considered abnormal;76–78 IMR provides additional prognostic information 

when combined with CFR.79 The microcirculation is impacted by cardiac risk factors such 

as hypertension and diabetes, and it is likely that duration and number of risk factors matter, 

such that over time, CFR starts to diminish due to endothelial dysfunction and arteriolar 

remodeling.80–82 Of note, CFR is prognostic beyond traditional cardiac risk factors.53,83,84

Abnormal coronary endothelial function response to acetylcholine testing is also associated 

with adverse prognosis.7,71,85 Halcox et al86 investigated the relationship between coronary 

endothelial dysfunction and MACE (defined as death, myocardial infarction, stroke and 

unstable angina). Subjects were considered to have normal epicardial endothelial function if 

they dilated in response to intracoronary acetylcholine (15 mcg/min, infused over 2 minutes, 

10−6 mol/L). Those who showed epicardial endothelial dysfunction (i.e. any reduction in 

diameter in response to acetylcholine) had higher rate of adverse events compared to those 

who had intact endothelial function (13% versus 9.4%, p=0.003). Additionally, subjects with 

the greatest microvascular vasodilatation in response to acetylcholine infusions (indicating 

intact microvascular endothelial function) had better cardiovascular outcomes compared to 

those with less dilatation. The relationship between endothelial dysfunction and adverse 

outcomes was independent of the severity of CAD.

Impaired coronary blood flow to acetylcholine predicts MACE in women.7 In 224 women 

with signs and symptoms of ischemia (179 with <50% coronary epicardial artery stenosis), 

endothelial function was assessed using intracoronary acetylcholine infusion (18.2 mcg/ml, 

infused over 3 minutes, 10−4 mol/L). A normal response in this study was defined as 

change in coronary cross-sectional area > 0% (i.e. any vasodilation to acetylcholine was 

normal). Change in coronary blood flow to acetylcholine was also calculated (a change 

≥50% is normal). Two composite outcomes for MACE were evaluated: 1) a 4-component 

MACE of cardiovascular death, nonfatal myocardial infarction (MI), nonfatal stroke, or 

heart failure hospitalization; and 2) a 3-component MACE of cardiovascular death, nonfatal 

MI, and nonfatal stroke. For each 10% reduction in coronary blood flow there was a 12% 

significant increased risk of all-cause mortality (p= 0.038), 11% increase in the 4-component 

MACE (p=0.006), and 12% increase in the 3-component MACE (p < 0.01). These findings 

were significant after adjusting for confounding factors such as age and other cardiac risk 

factors such as hypertension, diabetes, smoking, and hyperlipidemia.7 Among the subset 

with INOCA, every 10% decrease in coronary blood flow to acetylcholine, there was 

23% increase in risk of all-cause mortality (p =0.015), a 16% excess risk for both the 

4-component MACE (p=0.001), and 3-component MACE (p=0.003). Additionally, for each 

1% decrease in cross sectional area of epicardial coronary artery diameter in response to 

acetylcholine infusions (indicating abnormal epicardial endothelium-dependent function), 

there was 5% higher risk of angina hospitalization (p < 0.0001). Similarly, epicardial 
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vasoconstriction to acetylcholine in those with INOCA was associated with higher rates of 

hospitalization due to angina (p= 0.0002) (Figure 2). Of note, acetylcholine testing protocols 

vary in various catheterization laboratories in terms of doses of acetylcholine and infusion 

vs. bolus, which makes it difficult to interpret and combine studies.71 Among symptomatic 

patients who don’t have visible epicardial spasm, myocardial lactate production in response 

to acetylcholine may indicate ischemia from microvascular spasm; one approach is to obtain 

myocardial lactate extraction ratio, calculated with blood collected from the left coronary 

artery ostium and coronary sinus, to diagnose microvascular spasm.87

Therapeutic Strategies in INOCA

Treatment of patients with INOCA should focus on two main goals: 1) anti-atherosclerotic 

and anti-ischemic strategies to prevent or reduce adverse cardiac event risk and 2) 

relief of angina to improve physical functioning and quality of life. Therapeutic lifestyle 

changes and treatment of cardiovascular disease risk factors is the cornerstone of treatment 

in SIHD. Due to the high prevalence of non-obstructive plaque in INOCA, low dose 

aspirin and lipid lowering therapy are reasonable. In addition to traditional anti-anginals 

such as beta-blockers and calcium channel blockers, agents such as ranolazine and 

ivabradine can be helpful in persistent angina.88 Figure 3 summarizes strategies that can 

be considered to manage symptoms in CMD, which can be particularly difficult, since 

the underlying mechanisms of the angina can be diverse, including atheroma, coronary 

vasospasm, endothelial dysfunction, and abnormal nociception. The landmark Coronary 

Microvascular Angina (CorMicA) trial demonstrated that medical management that is 

guided by information from invasive functional testing has a positive impact on angina 

in patients with INOCA in as little as 6 months.63

A systematic review of treatment of patients with INOCA concluded that there is limited 

data on the efficacy of therapies used.89 Only 8 published articles out of more than 

8000 articles on CMD met criteria to evaluate efficacy of therapy for microvascular 

dysfunction (defined as CFR <2.5).18,89–91 These studies had small sample sizes, thus 

limiting the power of their conclusions. Nevertheless, the review found that sildenafil, 

quinapril, estrogen, and transcutaneous electrical nerve stimulation (TENS) application may 

have some benefits.89 EECP has been shown to improve angina class in CMD patients 

with refractory angina.92 It has also been shown to have durable effects in improving 

endothelial function, coronary flow, and vascular inflammation.93 Also, dysregulation of the 

endothelin system is associated with coronary vascular dysfunction, both of the epicardial 

vessels and the microcirculation.94,95 A single nucleotide polymorphism (SNP) (rs9349379) 

enhances circulating concentrations of ET-196 and provides rational for the PRIZE trial 

(ClinicalTrials.gov: NCT04097314) using zibotentan, a potent selective inhibitor of the 

endothelin A (ET-A) receptor, in patients with microvascular angina. A pilot study testing 

autologous intracoronary CD34+ stem cell therapy in INOCA patients showed promise in 

improving angina and CFR (NCT03508609),97 and this strategy is being tested in a larger 

trial (NCT04614467).

Intensive medical therapy (IMT) including potent statins in combination with angiotensin 

converting enzyme inhibitors (ACE-I) or angiotensin-receptor blockers (ARB), at maximally 
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tolerated doses, were found to be effective (improved angina, stress testing, myocardial 

perfusion) and had beneficial coronary endothelial and microvascular effects in pilot 

studies.4 The Department of Defense is collaborating with University of Florida to conduct a 

study of military and civilian women to test the efficacy of IMT in those with INOCA. The 

ongoing Women’s Ischemia Trial to Reduce Events in Non-Obstructive CAD (WARRIOR) 

is a multicenter, prospective, randomized, blinded outcome evaluation (PROBE design) 

evaluating IMT vs. usual care in 4,422 symptomatic women with INOCA. The hypothesis 

is that IMT will reduce MACE by 20% compared to usual care (NCT03417388). 

The Randomized Evaluation of Beta Blocker and ACEI/ARB Treatment in Myocardial 

Infarction with No Obstructive Coronary Artery disease (MINOCA-BAT, NCT03686696) is 

also currently ongoing.

Conclusions

Given our increased understanding of INOCA, clinicians should be aware that absence 

of significant CAD on anatomic testing does not necessarily indicate a benign prognosis 

in symptomatic patients with ischemia. Coronary functional testing to detect underlying 

vascular dysfunction (epicardial and/or microvascular) is helpful for clarifying diagnosis, for 

prognostication, and for guiding management of INOCA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Patients with evidence of myocardial ischemia and no obstructive coronary 

artery disease (INOCA) are at increased risk of major cardiovascular events.

• Coronary vascular dysfunction, of the epicardial vessels and/or the 

microcirculation, may contribute to abnormal coronary blood flow and 

ischemia.

• Currently available non-invasive stress testing modalities can help detect 

abnormal vasodilatory reserve, but invasive testing is needed to assess 

coronary endothelial and vasomotor function.

• Invasive functional coronary angiography can provide a diagnosis and guide 

therapeutic management in patients with persistent symptoms.

• Anti-anginal and anti-atherosclerotic medications are used to manage 

INOCA, while large, therapeutic trials of outcomes in INOCA are underway.
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Figure 1. Mechanisms Contributing to INOCA
In addition to epicardial atherosclerosis and epicardial coronary vasospasm, CMD is a major 

cause of abnormal coronary blood flow regulation. CMD-related functional and structural 

mechanisms contribute to impaired blood flow and ischemia. CAD: coronary artery disease; 

CMD: coronary microvascular dysfunction; VSMC: vascular smooth muscle cell. Created 

with BioRender.com.
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Figure 2. Abnormal Coronary Vascular Function in INOCA and Outcomes
In women with no obstructive coronary artery disease, functional coronary angiography 

identifies those at higher risk for adverse events and angina hospitalizations. Epicardial 

coronary vascular reactivity can impact microvascular resistance to flow. A majority of 

patients with low coronary flow reserve also had abnormal epicardial coronary artery 

response to acetylcholine, and these pathways are inter-related. Reprinted with Permission 

from AlBadri et al.7

Mehta et al. Page 17

Int J Cardiol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Therapeutic Considerations in CMD Management
Treatment of CMD and associated abnormal vasoreactivity includes traditional anti-anginal 

medications to lower myocardial oxygen demand, as well as medications that improve 

endothelial function. Anti-nociceptive strategies can be helpful given the role of enhanced 

pain perception described in a subset of CMD subjects. ACE-I: angiotensin converting 

enzyme-inhibitors; EECP: Enhanced external counter pulsation

*Patients may have overlapping abnormal pathways with low coronary flow reserve + 

smooth muscle dysfunction.
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