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Abstract

Background: Over half of women who present with angina are found to have negative coronary 

angiographic assessments. Of these patients, up to 50% are diagnosed with coronary 

microvascular dysfunction (CMD), which refers to pathologic changes within the small vessels of 

the coronary circulation. The hallmark of the pathophysiology of CMD is that endothelial damage, 

which occurs due to a multitude of conditions and risk factors, is the inciting event for the 

development and progression of CMD. CMD leads to a mismatch in myocardial demand and 

perfusion, leading to signs and symptoms of cardiac ischemia in the absence of obstructive lesions 

in the major vessels. CMD can be diagnosed through a variety of both invasive methods that allow 

a more specific evaluation of the microvasculature and non-invasive imaging techniques, such as 

cardiac positron emission tomography (PET) and magnetic resonance imaging (MRI). Risk factors 

for CMD overlap significantly with those of obstructive coronary artery disease (CAD) - 

hypertension, hypercholesterolemia, and diabetes remain salient predictors. However, these 

conditions only account for 20% of CMD cases in females.

Findings: Women have sex-specific risk factors such as menopause, pregnancy, polycystic 

ovarian syndrome (PCOS), and a higher proclivity toward chronic inflammatory disorders. 

Estrogen has a cardioprotective effect by increasing production of nitric oxide, a potent vasodilator 

released by endothelial cells. As a result, the hormonal changes of menopause may accelerate 

endothelial damage, and in turn, CMD. Current treatments focus on addressing the risk factors of 

cardiovascular disease, such as anti-hypertensive drugs, weight loss, and glucose control.

Conclusion: Given the multifactorial nature of CMD in women, and the extensive atypical risk 

factors for cardiac disease, a more nuanced approach is needed that addresses the varied 

pathophysiology of CMD.

Keywords

Coronary microvascular dysfunction; Microvasculature; Endothelial dysfunction; Endothelial 
sheer stress; Coronary flow reserve

This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited.
*Corresponding Author: Dr. Isabel M. McFarlane, Department of Internal Medicine, State University of New York, Downstate 
Health Sciences University, Brooklyn, NY 11203, USA, Tel: 718-270-2390, Fax: 718-270-1324; Isabel.McFarlane@downstate.edu. 

Competing Interests
The authors declare that they have no competing interests.

HHS Public Access
Author manuscript
Int J Clin Res Trials. Author manuscript; available in PMC 2021 January 13.

Published in final edited form as:
Int J Clin Res Trials. 2020 ; 5(2): . doi:10.15344/2456-8007/2020/152.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Nearly two-thirds of women presenting to the emergency department(ED) with complaining 

of angina do not have obstructive coronary artery disease on subsequent testing [1]. These 

patients are discharged after an observation period with the comfort of a normal angiogram. 

However, 1 out of 13 women will die from a cardiac etiology within the next 10 years, 

portending a poor prognosis despite a reassuring evaluation [2,3]. In this review, we explore 

what is known about the diagnosis of coronary microvascular dysfunction (CMD), a 

condition known to afflict these women presenting with angina with seemingly benign 

cardiac workups.

CMD is an umbrella term that refers to pathologic changes within small vessels that lead to 

structural and functional aberrations within coronary microvasculature as they accumulate 

over time. These abnormal vessels are diminished in their capacity to augment circulation 

when faced with increased myocardial demand, leading to angina and ischemia [4]. CMD 

refers to the general principle of these pathological processes that take place, leading to a 

mismatch in myocardial perfusion and oxygen demand - therefore an exact definition is 

difficult to pinpoint. Several pathogenic mechanisms are suspected in CMD, such as 

endothelial cell damage, autonomic nervous system imbalance, smooth muscle dysfunction, 

and inflammation [5].

Patients with CMD are hospitalized for cardiovascular events at a higher rate than the 

general population - including for heart failure, sudden cardiac death, and myocardial 

infarction [6]. They experience a higher incidence of these complications in the setting of 

negative angiographic assessment. Women suffer from non-obstructive cardiac ischemia at 

higher rates, and with a greater symptom burden than men [4]. Of these patients, 50% have 

evidence of CMD upon further testing [7].

Classification

Though several pathogenic mechanisms have been proposed as the underlying process 

behind CMD, the prevailing theory focuses on endothelial cell dysfunction as a major cause 

[4]. Therefore, the main classification scheme splits CMD into endothelial-dependent and 

endothelial-independent disease [8]. The reason for the dichotomy is that there are different 

regulatory mechanisms in place to facilitate matching of myocardial perfusion to demand - 

to ensure that coronary vasculature vasodilates and vasoconstricts according to coronary 

blood flow [9].

Vascular smooth muscle has stretch receptors capable of detecting and responding to 

intraluminal pressure [9]. Increased pressure signals increased coronary blood flow, and 

subsequently leads to vasodilation [8]. This represents an endothelial-independent regulatory 

mechanism, and is most present in medium-sized arterioles. Larger arterioles rely on 

endothelium-derived cytokines to mediate vasoconstriction and vasodilation, rendering that 

mechanism endothelium-dependent. Microcirculation is responsible for regulating the 

overwhelming majority of myocardial perfusion; therefore, significant angina can occur 

even in the absence of stenosis affecting the larger coronary vessels [10].
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An additional method of classification breaks down CMD into four categories: CMD 

without obstructive CAD or myocardial, CMD with myocardial disease, CMD with 

obstructive CAD, and iatrogenic CMD [4]. Here, we focus on CMD without obstructive 

CAD.

Pathogenesis

CMD likely arises from a constellation of aberrant physiologic processes [4]. The causes of 

ischemia in the absence of obstructive coronary disease have been a point of interest since 

1973, a phenomenon termed Cardiac Syndrome X was first written about [11]. The term was 

introduced in order to describe patients who experienced angina and a positive stress test, 

but a negative angiographic evaluation [12]. The diagnosis is one of exclusion, requiring that 

cardiac and non-cardiac explanations for the chest pain have been explored and ruled out 

[13]. The incidence of negative angiographic workup was 8% in men referred for evaluation, 

and up to 41% in women [14]. MCD has been proposed as a possible explanation for 

Cardiac Syndrome X [11].

The subjective experience of pain has also been implicated in Cardiac Syndrome X (CSX), 

and as a way to explain the variable presentation of patients whose chest pain may be 

attributed to MCD [15]. Many studies of patients who suffer from CSX do not exhibit 

objective measures of ischemia upon exposure stimuli that should usually elicit such as with 

exercise and pharmacological stress testing [16]. Multiple episodes of ischemia resulting 

from MCD were thought to have the potential to condition cardiac nerve endings, such that 

they react at a lower threshold to metabolic or inflammatory stimuli [17].

Endothelial Dysfunction

Coronary endothelial dysfunction is the inciting feature behind development of 

atherosclerotic plaques [18]. Luminal obstructions can be visualized with a number of 

techniques, while the functional changes that occur as a result of endothelial damage within 

the microvasculature cannot be detected [19].

While MCD does not result in significant stenosis on angiographic assessment, it is not a 

benign condition. Coronary microvascular response to acetylcholine correlates strongly with 

increased survival, in both obstructive and non-obstructive CAD [20]. Healthy endothelium 

regulates vascular tone by releasing nitric oxide (NO), a vasodilator, in response to increased 

myocardial demand [21]. Damage to the endothelium affects the ability of these cells to 

release NO in the presence of vasoconstrictor stimuli to maintain myocardial perfusion [20]. 

The augmentation of the normal endothelial response is net vasoconstriction, leading to the 

signs and symptoms of myocardial ischemia [22].

While an appropriate supply of NO is vital to maintaining a match between myocardial 

perfusion and demand, the balance of vasodilators and vasoconstrictors has also been 

implicated in CMD [16]. Endothelin-1 is a vasoconstrictor, which opposes the effects of NO. 

Increased concentrations of endothelin in patients with angina despite normal coronary 

arteriograms have been observed, clarifying a possible role for abnormal balance of these 

two endothelial-derived effectors in CMD [23].
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There are several clinically-validated means of measuring endothelial function - both 

invasively and non-invasively. The most reliable method is invasive, and consists of 

measuring the response of epicardial arteries and microcirculation to a vasodilator, with 

acetylcholine being used most often [24]. Exercise and the cold pressor test can also be used 

to induce flow-mediated reactive hyperemia [24]. The cold pressor test involves submerging 

the subject’s hand in ice water, activating the sympathetic nervous system, which should in 

turn, lead to NO release from functional endothelial cells [25]. In the present of 

dysfunctional endothelium, NO release will be blunted and the alpha-1 mediated response of 

vasoconstriction will predominate [25]. Microvasculature responses are evaluated by 

Doppler or a pressure wire that measures coronary flow reserve (CFR). CFR is a metric 

commonly employed in clinical studies to assess endothelial function. Where epicardial 

circulation is concerned, artery diameter can be measured with quantitative coronary 

angiography or intravascular ultrasound [26].

CFR is a critical metric that is regarded as a stand-in for microvascular function 

measurement [24]. It refers to the ratio of maximal coronary blood flow (CBF) following 

stimulation with acetylcholine, adenosine, or exercise, which are all expected to induce 

vasodilation, to resting CBF. CFR below 2.0 is considered abnormal [4]. The advantage of 

CFR measurement is that it can quantify both endothelial-dependent, and endothelial-

independent function, based on the vasodilator that is used. Acetylcholine will trigger an 

endothelium-dependent response requiring release of NO. Adenosine reflects more on 

smooth muscle function, and is therefore endothelium-independent [27].

Non-invasive methods are simpler to deploy as screening tools for an at-risk population. 

Techniques include use of cardiac MRI and PET to measure CFR, which are discussed in 

further detail in the section on diagnosis of CMD. These studies are predicated on the fact 

that the response of the endothelium is critical in inducing reactive hyperemia in the 

presence of a noxious stimulus, such as ischemia, which can be accomplished with use of a 

blood pressure cuff inflated tightly to restrict blood flow. Another principle underlying these 

methods is that measurements of peripheral endothelial function, which are easier to obtain 

non-invasively, are appropriate surrogates for coronary endothelial function. Therefore, 

peripheral assessments, such as radial or brachial artery ultrasound, can be employed as 

well.

One study examined the association with low endothelial sheer stress (ESS) and 

microvascular endothelial dysfunction, particularly in patients with nonobstructive coronary 

atherosclerosis [28]. Low ESS refers to the stress created by the friction at the interface of 

the endothelial surface and flowing blood. It is a hemodynamic phenomenon known to be a 

pro-inflammatory stimulus, and therefore, a driver of coronary atherosclerosis [29].

Patients who had been referred for angiography following an episode of chest pain were 

recruited to the study, and were subjected to evaluation of coronary vascular function, both 

endothelial-dependent, and endothelial independent [28]. CBF was calculated before and 

after administration of acetylcholine, keeping track of the peak change in coronary diameter 

as a result of acetylcholine and percent change in CBF [28]. These parameters represent 

epicardial endothelial function and microvascular endothelial function, respectively. The 
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authors found that vessels exhibiting a higher degree of endothelial dysfunction had lower 

maximal ESS, implicating low ESS, implicating low ESS as a contributing factor for the 

progression of non-obstructive atherosclerosis [28].

Diagnosis

Due to the limitations in imaging and histopathological assessment of microvasculature, 

diagnosis of CMD depends primarily on functional assessment, through a variety of 

modalities [30,31]. More extensive and invasive testing is also available to specifically 

evaluate the quality of a patient’s endothelium if CMD is suspected.

Imaging with cardiac PET can measure myocardial blood flow, which can be employed 

during rest and stress to approximate CFR. A radioactive tracer allows for continuous 

monitoring and visualization of vascular defects based on distribution. Cardiac MRI 

measures myocardial perfusion - patients with CMD have a lower perfusion index than 

healthy controls. Transthoracic echocardiogram gives comparable results to the more 

invasive methods of CFR measurement described in the section on endothelial dysfunction.

Clinical Presentation and Risk Factors

The most common presentation for CMD is angina, although it would not be unusual for a 

completely asymptomatic presentation [32]. The majority of these patients will not show 

ischemic changes on electrocardiogram (ECG) [33].

Risk factors for CMD have marked overlap with those of obstructive CAD, such as 

hypertension, diabetes, and hyperlipidemia. Hypertension and hyperlipidemia contribute to 

the development of obstructive CAD, and these risk factors have proven to correlate more 

strongly with disease progression in men than women [34]. However, diabetes and tobacco 

use confer a higher risk for CAD in women than men [35,36]. Given that many hallmarks of 

diabetes involve microvascular dysfunction, we expect a similar pathologic process for the 

coronary microvasculature [37]. The prevalence of CMD among women compared to male 

patients may provide a reason for the discrepancy in how the risk factor affects each sex. 

Chronic hyperglycemia negatively affects both endothelial-dependent and independent 

vasodilation, both of which are hallmarks in pathogenesis of CMD [38]. See Figure 1.

Chronic inflammatory conditions also pose greater risk of cardiovascular disease - patients 

with rheumatoid arthritis face a 1.5 fold higher risk than the general population [39]. One 

study looked at the incidence of decreased CFR, considered a surrogate for microvascular 

function among rheumatoid arthritis (RA) and diabetes mellitus (DM) patients. They 

observed that the CMD burden, approximated by CFR obtained from stress myocardial 

perfusion PET scans was similar in both groups of patients. The authors concluded that their 

data suggests a cause and effect relationship between persistent inflammation present in RA 

and CMD. Prior studies have shown an association between higher levels of RA disease 

burden and markers of endothelial dysfunction, such as flow mediated dilatation [40,41]. 

Females were overrepresented in the RA arm of the study, which is consistent with RA 

predominance in women in the general population, identifying the chronic inflammatory 

state of RA as a risk factor that preferentially affects women. Other studies have positively 
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correlated systemic lupus erythematous with increased rates of CMD compared with control 

subjects [42].

The WISE study found that under 20% of cases of non-obstructive CAD in women could be 

accounted for by the typical risk factors associated with CAD [43]. The prevalence of CMD 

among women, in the absence of classic predisposing factors, suggests that other, sex-

specific factors are at play in determining the initiation and progression of CMD in women 

[44]. The WISE study also discovered that CMD was most common in women in 

perimenopause and menopause, highlighting estrogen deficiency as a possible risk factor for 

CMD [45].

Another salient risk factor for development of CMD is aging. Aging is associated with many 

physiologic changes that affect hemodynamic parameters, namely increased arterial stiffness 

and thickening, as well as remodeling that all contribute to lower CFR [46].

Sex Differences

Aging has been implicated as a culprit behind endothelial dysfunction - while both men and 

women age, CMD is more prevalent in middle-aged women than men. There is 

overwhelming consensus in the literature that women present with angina despite normal 

coronaries at a higher rate than men. The WISE study indicated that microvascular 

dysfunction produced the signs and symptoms of angina in women [47].

There are also differences in pathophysiology between males and females to account for, as 

well as life cycle events like menopause and pregnancy, in addition to disease states such as 

preeclampsia, gestational diabetes, PCOS, and inflammatory disorders, that women 

experience at a higher rate than men. Women typically begin to experience endothelial 

dysfunction in the period leading up to menopause, and continue to experience a decline in 

the postmenopausal period [48]. For most women, these transitions are extrinsically linked 

to age. Studies have shown that women who have had oophorectomy exhibit endothelial 

dysfunction as evidenced by blunted endothelial dependent dilation. More severe symptoms 

of menopause may also be related specifically, vasomotor symptoms, which studies have 

linked to subclinical atherosclerosis [49]. Severe episodes of vasomotor symptoms involve 

increased sympathetic activation, and decreased parasympathetic activation, which can speed 

progression of endothelial dysfunction, as well as disturb an already delicate balance of 

vasoconstrictor and vasodilator stimuli [48]. Estrogen is thought to have a protective effect 

on the endothelium by inducing nitric oxide release, and the drop in circulating hormone 

during this transition is also thought to allow endothelial dysfunction and CMD to proceed 

more quickly.

Pregnancy is a high-output state characterized by increased maternal blood volume that is 

known to alter several hemodynamic parameters. As a result, pregnancy may unmask 

previously subclinical cardiovascular disease, or identify women who are at higher risk later 

in their lives. Up to 10% of pregnancies are affected by hypertensive disorders [48].

Several studies have shown that pregnant patients who develop preeclampsia have decreased 

capacity for vasodilation, which is largely a function of intact endothelium. The hypertensive 
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component of preeclampsia is thought to be the result of increased blood volume without the 

resulting decreased in systemic vascular resistance, which would be facilitated by 

vasodilation [50]. Several studies point to NO as a culprit in defective vasodilation in 

preeclampsia - with endothelial cells of non-preeclamptic women producing more NO than 

endothelium from individuals experiencing preeclampsia [51]. Some researchers 

characterize preeclampsia as a chronic inflammatory state, in which TNF-alpha is elevated, 

which affects endothelial cells by decreasing responsiveness to vasodilator stimuli [52]. 

While preeclampsia is pathologic condition of pregnancy, the endothelium can sustain long-

term damage. One study posits that prolonged exposure of the endothelium to inflammatory 

cytokines and growth factors can affect the endothelial monolayer by causing cell junction 

proteins to degrade and retract, leading to increased vascular permeability and endothelial 

dysfunction [53]. This proposed mechanism makes sense in the context of preeclampsia - 

one of the condition’s hallmarks is proteinuria, resulting from leaky glomerular endothelial 

cells. In addition, endothelial damage incurred during pregnancy, particularly in the ovarian 

circulation, has been linked to ovarian insufficiency, lessening the protective effects afforded 

by premenopausal levels of circulating estrogen [53]. Chronic hypertension risk is 

significant elevated in women who experience preeclampsia - a meta-analysis found such 

patients to be four times more likely to receive a hypertension diagnosis, which is a typical 

risk factor for development of both obstructive and non-obstructive CAD, and particularly 

salient in endothelial dysfunction and CMD progression [54]. Preeclampsia is recognized as 

a serious disorder of pregnancy, but its prolonged effects on women’s vascular health 

deserves attention as well.

Gestational diabetes mellitus (GDM) can be similarly linked to dysfunction in maternal 

circulation. The combination of insulin resistance, as well as the derangement of coagulation 

and inflammatory factors, is suspected to contribute to GDM leading to an increased risk 

profile [55]. Vascular endothelial dysfunction, and therefore CMD, become more likely, 

much in the same way that non-pregnancy related diabetes induces changes in the 

microcirculation. The Cardiovascular Health After Maternal Placental Syndromes 

(CHAMPS) study, which retrospectively analyzed the records of 1 million women, 

concluded that women with any gestational complication were twice as likely to experience 

CVD in the 90 days following delivery compared with patients who had uneventful 

pregnancies [48]. GDM and hypertensive disorders of pregnancy present a valuable 

opportunity to address future CVD risk and potential risk factor modification and mitigation.

A study of 50 healthy men and women was configured to assess their coronary endothelial 

function with cardiac MRI in response to an endothelial-dependent stressor. When the 

results were stratified based on age and sex, the authors concluded that premenopausal 

women had superior coronary endothelial function by nearly twofold, leading them to 

believe that a fundamental age difference was relevant in the development of CMD [56]. 

Further strengthening the connection between menopause and endothelial dysfunction is the 

face that early onset ovarian dysfunction, which affects up to 1% of women increases risk 

for ischemic heart disease [57]. While this idea validates a relationship where ovarian 

insufficiency predates endothelial dysfunction, and therefore CMD, some researchers have 

also posited that women who experience vascular dysfunction may experience menopause at 

a younger age due to compromise of the ovarian blood supply [58]. In these instances, 
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ovarian insufficiency resulting from vascular damage would further compound the hormonal 

deficiencies known to contribute to the progression of MCD in women [59].

Conclusion

The prevalence of MCD in women compared to men suggests the need to target the 

microcirculation early on in atherogenesis, specifically when women present with cardiac 

angina in the absence of luminal obstruction. However, cardiovascular disease is the leading 

cause of morbidity and mortality for women. Many risk factors that are unique to women 

have been identified that help to explain the predominance of CMD in women, beyond the 

typical risk factors for atherosclerosis, which only account for a minority of CMD cases.

Current treatment paradigms focus on mainstays in cardiovascular disease and on modifiable 

risk factors, such as weight loss and regular physical activity. Due to the multifactorial 

nature of CMD pathogenesis, a multipronged approach is needed to treat patients, depending 

on the pathologic features of the disease. Since estrogen deficiency is a risk factor for CMD 

development, it has potential as anantianginal treatment, but is currently contraindicated as a 

preventive measure for cardiovascular disease [60].

However, for women with primary ovarian insufficiency, hormonal therapy is currently 

recommended until they reach the average age of menopause.

Given that there is little consensus on the appropriate treatment for CMD, this gives further 

credence to the necessity of representation of women in clinical trials. Further studies are 

needed to clarify why aging seems to selectively affect the microvasculature of women, and 

whether there is a connection between the hormonal changes typical of menopause and 

endothelial dysfunction. In addition, further research is necessary to establish a mechanistic 

relationship between GDM and hypertensive diseases of pregnancy and endothelial 

dysfunction, and subsequent CMD, as such information could guide early interventions and 

monitoring initiatives for otherwise healthy, mostly young women, who are at increased risk 

for ischemic heart disease later in life.
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Figure 1: 
Risk factors for development and progression of coronary microvascular dysfunction in 

women.
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