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Angina and Ischemia in Women with No B
Obstructive Coronary Artery Disease
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Introduction

Cardiovascular disease (CVD) continues to be the leading cause of death in women,
regardless of race or ethnicity [1]. Among CVD, ischemic heart disease (IHD) is a
major contributor to death, and while IHD death rate has declined in older women
over the past several years, the death rates appear to be increasing in young women
[1]. IHD mortality in women has not fully been explained by ischemia from signifi-
cant obstructive coronary artery disease (CAD) [2]. In fact, data indicate that women
are more likely than men to have the finding of no obstructive CAD on coronary
angiography in the settings of unstable angina/acute coronary syndromes as well as
in stable ischemic heart disease (SIHD) [3]. Women with IHD experience a greater
symptom burden, greater disability, have more IHD risk factors, and more psycho-
social risk factors such as depression, anxiety, and post-traumatic stress disorder
compared to men [4-6]. Previously it was considered a benign finding when a
women is found to have no obstructive CAD despite signs and symptoms of isch-
emia, although mounting evidence from the past two decades indicates that coro-
nary microvascular dysfunction (CMD) may be an explanation in at least half of
these cases, and CMD is associated with an elevated cardiovascular risk, which
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includes myocardial infarction, stroke, and congestive heart failure [7-11]. CMD
occurs due to endothelial dependent and endothelial-independent mechanisms. In
addition to CMD, etiologies such as prolonged coronary vasospasm, spontaneous
coronary artery dissection (SCAD), stress cardiomyopathy (Takotsubo cardiomy-
opathy), plaque erosion and thrombi, and myocarditis should also be considered in
the differential when no obstructive CAD is found in the setting of acute coronary
syndrome (Table 8.1). This chapter focuses on CMD diagnosis and treatment in
symptomatic women with ischemia and no obstructive CAD.

Table 8.1 Differential diagnoses in myocardial infarction with non-obstructive coronary artery
disease

Diagnostic considerations in the evaluation of myocardial infarction with non-obstructive
coronary arteries (MINOCA)
Clinical disorder

Diagnostic investigation

Non-cardiac disorders

Renal impairment Serum creatinine

CTPA or ventilation/perfusion
imaging

Pulmonary embolism

Cardiac disorders

Myocardial disorders

Left ventriculography, Echo,
CMR

CRP, CMR, EMB

Cardiomyopathy (Takotsubo, dilated, hypertrophic)

Myocarditis

Myocardial trauma or injury

History (trauma,
chemotherapy), CMR

Tachyarrhythmia-induced infarct

Arrhythmia monitoring

Coronary disorders

Concealed coronary dissection (aortic dissection involving
valve, spontaneous coronary dissection)

Echo, CT angiogram

Sympathomimetic-induced spasm

Drug screen (eg, cocaine)

Epicardial coronary spasm

ACh provocation testing

Microvascular spasm

ACh provocation testing

Microvascular dysfunction

Coronary flow reserve

Coronary slow-flow phenomenon

TIMI frame count

Plaque disruption/coronary thrombus

Intravascular ultrasound

Coronary emboli

Echo (left ventricular or
valvular thrombus)

Thrombotic disorders

Factor V Leiden

Thrombophilia disorder
screen

Protein C & S deficiency

Pasupathy, S., Tavella, R., Beltrame, J.F. The What, When, Who, Why, How and Where of
Myocardial Infarction with Non-Obstructive Coronary Arteries (MINOCA) Circ J 2016; 80:11-16
ACh acetylcholine, CMR cardiac magnetic resonance imaging, CRP C-reactive protein, CT com-
puted tomography, CTPA computed tomographic pulmonary angiogram, Echo echocardiography,
EMB endomyocardial biopsy, T7IMI thrombolysis in myocardial infarction
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Definition and Classification

Previously, women with chest pain in the absence of obstructive CAD were labeled
with an ill-defined term, “cardiac syndrome X (CSX)”, which is now considered an
outdated term; improved diagnostic methods have shown us that at least half of
these CSX patients may have CMD [3, 12]. The coronary microvasculature contrib-
utes greater than 70% of resistance to coronary blood flow; microvascular dysfunc-
tion can occur due to structural, functional, and extravascular alterations, and results
in impaired coronary blood flow reserve (CFR) [13]. Plaque erosions, distal luminal
obstruction from micro-embolization, arterial remodeling with smooth muscle cell
hypertrophy, and capillary rarefaction contribute to CMD [13, 14]. Myocardial
structural abnormalities caused by etiologies including aortic stenosis, hypertrophic
or infiltrative cardiomyopathy can also lead to a reduction in myocardial blood flow
reserve [13]. Given that CMD is a heterogeneous disorder with many underlying
pathophysiologic mechanisms, four main classifications of CMD are proposed that
take into consideration primary CMD vs. secondary causes: (1) CMD in the absence
of obstructive CAD and myocardial diseases; (2) CMD in the presence of structural
myocardial diseases (such as hypertrophic or dilated cardiomyopathy); (3) CMD in
the presence of obstructive CAD; (4) iatrogenic CMD such as in the setting of post-
percutaneous coronary intervention [7, 13].

The microvasculature cannot be visually assessed on coronary angiography, but
the response of the microvasculature to vasoactive substances can be detected by
invasive Doppler flow and resistance measurements; advanced non-invasive cardiac
imaging can also quantify myocardial flow reserve and diagnose CMD. While coro-
nary endothelial dysfunction and CMD are important contributors in the pathophys-
iology of IHD in women, recent reports demonstrate that CMD is highly prevalent
in both men and women [15]. Contemporary registries are also documenting a high
prevalence of non-obstructive CAD during angiographic evaluation in men. Given
the emerging epidemic of non-obstructive CAD, systematic sex-specific studies of
CMD prevalence, risk, and evidence based treatment are needed [2, 16, 17]. An
important issue in the diagnosis and management of CMD is the confusion in the
literature to describe this group of patients, and lack of consistent terminology and
standardized diagnostic criteria. To address this problem and to improve CMD
research and patient care, the Coronary Vasomotion Disorders International Study
Group (COVADIS) investigators have proposed international standards for the diag-
nostic criteria of coronary vasomotor disorders [18, 19].

Pathophysiology

The vascular endothelium is a monolayer of cells that line the inside surface of
arteries, veins, and capillaries. It functions as a barrier and a dynamic organ respon-
sive to stimuli and responsible for the production of a number of regulatory factors
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Fig. 8.1 Diagram of endothelial function. Endothelium-derived dilating and constricting factors.
ACE angiotensin converting enzyme, cAMP cyclic adenosine monophosphate, cGMP cyclic gua-
nosine monophosphate, EDHF endothelium-derived hyperpolarizing factor, EDRF endothelium-
derived relaxing factor, GTP guanosine triphosphate, NO nitric oxide, NOS nitric oxide synthase,
PGI, prostacyclin, TxA, thromboxane A,. (Reprinted with permission from Elsevier) [21].
(Quyyumi AA. Endothelial function in health and disease: new insights into the genesis of cardio-
vascular disease. Am J Med. 1998; 105(1A): 32s-39s)

[20]. Through stimulation via shear stress, temperature changes, and factors such as
bradykinin and acetylcholine, the endothelium mediates vasomotor tone, effectively
altering the diameter of the lumen, changing vascular resistance and, consequently,
modifying blood flow (Fig. 8.1) [21, 22]. The endothelium also mediates hemato-
logic effects, including the inhibition of clotting factors, platelet aggregation, and
inflammatory cell adhesion [23]. Furthermore, the endothelium engages in vascular
regeneration through endothelial progenitor cells as mediators capable of vascular
repair [22].

Endothelial dysfunction (ED) occurs when homeostatic mechanisms are altered,
resulting in the loss of several key regulatory functions [20, 21]. ED plays a funda-
mental role in early atherosclerosis and plaque formation; peripheral as well as
coronary endothelial dysfunction are both associated with adverse cardiovascular
outcomes [24, 25]. The hallmark of endothelial dysfunction pertains to oxidative
stress, causing upregulation of renin-angiotensin system, release of pro-inflammatory
cytokines, and consequently, a reduction of NO [20, 21]. Lower NO bioavailability
results in a pro-thrombotic, pro-inflammatory environment, paving the way to the
development of atherosclerotic plaque lesions [21, 23]. Gender may also play a
significant role in the development of ED as certain single nucleotide polymorphisms
(SNPs) associated with a higher risk of coronary ED have been found to be sex
specific [26].
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ED is associated with cardiovascular risk factors, including aging, a sedentary life-
style, obesity, hypertension, hypercholesterolemia, diabetes mellitus, and tobacco use,
although CMD is not effectively reflected by traditional CVD risk factors [25, 27-32].
Impaired microvascular vasodilation and/or abnormal vasoconstriction which result in
failure to auto-regulate blood flow implicates autonomic nervous system dysfunction
as an important mechanistic pathway in CMD. Women with CMD also tend to have
angina at low cardiac workloads and mental stress-related angina, which likely involves
autonomic regulation [33-38]. Myocardial ischemia due to mental stress is indepen-
dent of CAD severity [39], and the normal increase in coronary diameter to mental
stress is blunted in those with endothelial dysfunction [40—42]. Psychosocial risk fac-
tors such as depression and anxiety are highly prevalent in women, are associated with
adverse outcomes and may mediate the link between mental stress and CMD [43-46].
Normally, epicardial coronary arteries contribute less than 10% of vascular resistance,
whereas the microcirculation accounts for the majority of resistance and thus regulates
blood flow according to the myocardial oxygen demand [13, 47]. In addition to meta-
bolic and local autoregulatory mechanisms that control coronary blood flow, the ANS,
via the sympathetic and the parasympathetic (vagal) systems, plays a critical role in
vasomotor regulation [33-36, 48]. Previous studies conducted in CSX have observed
impaired parasympathetic tone as well as sympathetic predominance [49-51]. In CSX
patients, abnormal cardiac adrenergic nerve function detected by using the sympa-
thetic nuclear imaging isotope, '*I-meta-iodobenzylguanidine (mIBG), has been
reported previously [52]; no associations have been found between a low measured
coronary flow reserve and abnormal cardiac sympathetic function [53].

Pathophysiologic links between CMD and progression to heart failure with pre-
served ejection fraction (HFpEF) have been proposed and are being investigated
[29-31]. It has been hypothesized that in patients with CMD, repetitive bouts of
microvascular ischemia may lead to microinfarctions, fibrosis, and diastolic dysfunc-
tion, and progressive heart failure. In the Women’s Ischemia Syndrome Evaluation
(WISE) study, those suspected of ischemia who had no obstructive CAD, one third
were found to have an elevated left ventricular end diastolic pressures. In WISE,
those women with signs and symptoms of ischemia who had no obstructive CAD and
were followed for 6-years, heart failure hospitalization was predominately due to
preserved ejection fraction [54]. In another WISE cohort, an elevated interleukin-6
level predicted heart failure hospitalization and all-cause mortality, suggesting that
inflammation may be a mediator in CMD-associated HFpEF [55]. Recently, acetyl-
choline-induced coronary microvascular spasm was shown to be associated with dia-
stolic dysfunction in patients with no obstructive CAD [56].

Other Etiologies of Angina, Ischemia, and No Obstructive CAD

In addition to CMD, when a woman presents with signs and symptoms of ischemia
in the setting of no obstructive CAD, etiologies such as coronary artery spasm,
spontaneous coronary artery dissection, and stress cardiomyopathy should be in the
differential and are briefly discussed here.
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Coronary Artery Spasm

Coronary artery spasm can occur in the presence of significant atheroma or in the
absence of angiographic lesions, and prolonged vasospasm can progress to myocar-
dial ischemia and infarction. While vasospastic angina can occur in both the epicar-
dial vessels and the microvasculature, the underlying cause of coronary artery
vasospasm remains unclear [57]. Several mechanisms, including autonomic nervous
system activation by stimuli, endothelial dysfunction, smooth muscle hypercontrac-
tility, inflammation, and oxidative stress have been implicated [58]. Medications such
as sympathomimetics, non-selective beta-blockers, and ergot alkaloids can also pre-
cipitate vasospasm [58]. In a porcine model, both adventitial inflammation and endo-
thelial dysfunction have been directly implicated in the pathogenesis of coronary
artery spasm [59]. While driven by a number of stimuli, the primary mechanism driv-
ing spasm is from vascular smooth muscle hyperreactivity [19]. In women with chest
pain and normal coronary arteries angiographically, there is increased prevalence of
both epicardial and microvascular coronary constriction [57]. A classic entity attrib-
uted to coronary artery spasm, Prinzmetal’s angina is a variant angina with preserved
exercise capacity and chest pain associated with transient ST elevations [57]. The
Coronary Vasomotion Disorders International Study Group has proposed diagnostic
criteria to define vasospastic angina which includes the presence of nitrate-responsive
angina, transient ischemic EKG changes (ST elevation, ST depression, negative U
waves) and coronary artery spasm in response to a provocative stimulus [18].

Spontaneous Coronary Artery Dissection (SCAD)

Predominantly occurring in young women, spontaneous dissections in the coronary
arteries occur when a separation of the arterial wall results in hemorrhage (Fig. 8.2),
subsequently causing myocardial infarction. The mechanisms that precipitate SCAD
are not well understood, and SCAD is not associated with CAD risk factors. Given

Fig. 8.2 Intracoronary Imaging of SCAD (a) False lumen with intramural hematoma (plus sign)
and intimal rupture (arrow). (b) False lumen with intramural hematoma (plus sign). (c¢) False
lumen with intramural hematoma (plus sign) (Saw J, Mancini GBJ, Humphries KH. Contemporary
review on spontaneous coronary artery dissection. J Am Coll Cardiol. 2016; 68(3):297-312)
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the predominance in young women and in peripartum females, hormonal changes
may potentially contribute to the development of SCAD [60]. SCAD can be either
due to an intimal tear or dissecting medial hematoma, possibly from rupture from the
vaso vasorum, and can occur in vessels with and without atherosclerosis. In fact, opti-
cal coherence tomography has distinguished two distinct subtypes of SCAD: (1) a
false lumen between the adventitia and media associated with an intimal tear and (2)
separation of the media and adventitia with an intramural hematoma with or without
an intimal tear [61]. Adventitial vaso vasorum proliferation has also been linked with
SCAD, but no causal relationship has been established [62]. In the absence of athero-
sclerosis, fibromuscular dysplasia (FMD), connective tissue disorders, the peripar-
tum state, extreme exertion, inflammatory disorders, and coronary artery vasospasm
have all been implicated as potential underlying etiologies [60, 63]. Furthermore,
coronary tortuosity and extracoronary vascular abnormalities such as aneurysms and
aortic tortuosity in the neck, abdomen, and pelvis often coincide with SCAD [60].

Stress Cardiomyopathy
Takotsubo cardiomyopathy is typically comprised of a transient, apical left ventricu-

lar dysfunction typically induced by strong emotional or physical stimuli (Fig. 8.3)
[64]. Patients present with signs of myocardial infarction with symptoms, EKG
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Fig. 8.3 Left ventriculogram and electrocardiogram in Takotsubo cardiomyopathy on left panel;
anterior acute myocardial infarction on right panel (Kurisu S, Kihara Y. Tako-tsubo cardiomyopa-
thy: clinical presentation and underlying mechanism. J Cardiol. 2012;60(6):429-437)
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changes, and cardiac biomarker elevations but are found to have no obstructive
CAD on angiography; mortality in the acute phase is comparable to acute myocar-
dial infarction due to obstructive CAD [65]. In addition to the apical-sparing variant,
there are other ventricular patterns that have been described including biventricular
pattern [64]. Most cases of Takotsubo cardiomyopathy involve post-menopausal
women, have normal coronary arteries, and is not associated with acute plaque rup-
ture from underlying atherosclerosis [64]. The underlying mechanisms are unclear,
but prolonged coronary spasm and CMD have been implicated in the setting of a
catecholamine surge [64]. Given the rare occurrence of coronary spasm, CMD is
more likely; however, the determination of CMD as the cause or a consequence has
been difficult [64]. It remains unclear why a majority of cases present in women [66,
67]. A possible mechanism for post-menopausal female prevalence may include the
age-specific decrease in vagal tone and baroreflex sensitivity from reduced estrogen
levels, thereby augmenting the catecholamine-mediated stress response. Recently,
increased SNS activity and impaired BRS has been shown in women with takotsubo
syndrome compared to women with chronic heart failure [68].

Clinical Presentation

Compared to acute myocardial infarction in men, stable angina is the most common
initial presentation of IHD in women [69]. The non-obstructive pattern of CAD, as
opposed to the detectable flow-limiting atherosclerotic disease, oftentimes delay
recognition of IHD in women, since routine diagnostic testing currently focuses on
obstructive CAD. Although both women and men have typical and atypical symp-
toms of angina, women are more likely to present atypically, including dyspnea,
upper back pain, nausea/vomiting, indigestion, palpitations, or unusual fatigue [70].
Women also verbalize symptoms more than men and have greater somatic aware-
ness [71]. In a recently published study of 155 women with no obstructive CAD
who had CMD, 30% were found to have typical angina (defined as substernal chest
pain precipitated by physical or emotional stress and relieved with rest or nitroglyc-
erin); and those with typical angina had worse endothelial dysfunction and quality
of life [72].

Risk Factors

A comprehensive discussion on traditional and novel IHD risk factors in women [5]
is not the focus of this chapter, but we highlight some unique risk factors below to
point out that current IHD risk assessment tools (i.e. the Framingham Risk Score,
the Reynold’s Risk Score [73], and the atherosclerotic cardiovascular disease
(ASCVD) risk score) do not take into account unique IHD risk factors that may
contribute to CMD [74, 75]. IHD in women is associated with traditional risk
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factors, such as age, hypertension, diabetes, cigarette smoking, dyslipidemia, obe-
sity, and physical inactivity. Patients with CMD are more likely to have these risk
factors compared to the general population; however, in the WISE study, cardiac risk
factors were modestly related to CMD (diagnosed by invasive coronary reactivity
testing or perfusion index by cardiac magnetic resonance imaging). In women sus-
pected of IHD with no obstructive CAD and with IVUS measured atherosclerosis,
waist circumference and systolic blood pressure were independently associated with
plaque severity (even after adjustment of factors such as age, diabetes, hyperlipid-
emia, hormone replacement, and tobacco smoking); thus, authors concluded that
metabolic syndrome by itself is not an independent IHD predictor in women [76].

There are unique ASCVD risk factors for women that should also be considered,
such as gestational hypertension, pre-eclampsia, gestational-diabetes, and pre-term
labor. Pre-eclampsia affects 3—7% of all pregnancies and has been shown to result
from vascular dysfunction—increased vascular resistance and vasoconstriction
occurs in vasculature of the mother [77]. A large meta-analysis showed that after
pre-eclampsia, women had an increased risk for ischemic heart disease after
11.7 years (RR: 2.16, 95% CI: 1.86-2.52), stroke after 10.4 years (RR: 1.81, 95%
CI: 1.45-2.27), and overall mortality after 14.5 years (RR: 1.49, 95% CI: 1.05—
2.14) [78]. The shared pathway of vascular dysfunction may explain the association
of pre-eclampsia and development of ASCVD and adverse cardiovascular events
that occur years later [77].

Autoimmune disorders, such as rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE), and depression are conditions that disproportionately affect
women and are also recognized risk factors for IHD, and were added to the Women'’s
Heart Disease Prevention guidelines in 2011 [79, 80]. SLE patients who present with
chest pain are often thought to have pericarditis even though there are often no objec-
tive EKG findings and the physical exam does not point to pericarditis. It may be
possible that some of these patients are having angina due to CMD [81-84]. Ishimori
et al. found that 44% of women with SLE with typical and atypical chest pain with-
out obstructive CAD had visual perfusion defects on stress cardiac magnetic reso-
nance, compared to 0% in 10 asymptomatic reference control subjects (p = 0.014).
The presence of SLE was a significant predictor of an abnormal myocardial perfu-
sion reserve index (MPRI) [82]. Carotid plaque determined by carotid ultrasonogra-
phy was found to be more prevalent in patients with SLE than in the matched controls
(37.1% vs. 15.2% respectively, p < 0.001) [85]. The diagnosis of RA was also associ-
ated with a 50% increased risk of ASCVD death in a meta-analysis of 111,758
patients (meta-standardized mortality ratio 1.59, 95% CI: 1.39-1.61) [86].

The American Heart Association (AHA) recognizes depression as a risk factor for
adverse outcomes in patients with acute coronary syndrome [87]. Women generally
have higher contributions of psychosocial risk factors (45.2% versus 28.8% in men)
to MI [88]. Depressive symptoms also predicted the presence of CAD in women
55 years-old or younger (OR: 1.07, 95% CI: 1.02-1.13) and increased the risk of
death in this group of women (adjusted HR 1.07; 95% CI: 1.02-1.14) [89]. In 514
women suspected of IHD, the WISE study reported that anxiety predicted cardiac
symptom severity and healthcare utilization in women [45]. Anxiety in this study was
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measured by the Spielberger Trait Anxiety Inventory (STAI), anxiolytic use, and
anxiety disorder treatment history. The use of anxiolytics predicted hospitalizations
for chest pain and catheterizations (HR: 2.0, 95% CI: 1.1-4.7), as well as symptoms
of nighttime angina and nitroglycerine use. STAI scores and anxiety treatment his-
tory correlated with nighttime angina, angina frequency and shortness of breath.
Furthermore, anxiolytic use and a higher STAI value (using a median of 18) pre-
dicted greater costs, including medications and hospitalizations, regardless of sever-
ity of CAD [45].

Assessment

Non-invasive Assessment
Exercise Treadmill Testing

One of the most widely available and relatively inexpensive forms of stress testing,
exercise treadmill testing (ETT), is recommended as the first step for evaluation of
women with suspected IHD, per the 2014 AHA consensus statement on stress testing
in women [90]. This test is appropriate for women who are able to physically achieve
adequate levels of exercise, defined as 4-5 metabolic equivalents (METSs) and for
those with a normal resting electrocardiogram (ECG). Significant ST-segment
depression with exercise is considered diagnostic for ischemia, either from obstruc-
tive CAD or from non-obstructive CAD; ETT is unable to accurately distinguish
between ischemia due to obstructive CAD vs. non-obstructive CAD [3, 91].
Reproduction of symptoms, heart rate and blood pressure responses, as well as heart
rate recovery should also be considered when assessing a women for IHD [92, 93].
ETT has been considered to be less accurate in women because of a higher false posi-
tive rate; it should be noted that the gold standard in these cases was evaluation with
angiography for detection of obstructive CAD, which is an anatomic assessment (and
not a physiologic assessment of impaired myocardial blood flow). Given that women
with THD often present with no obstructive CAD, the ST segment depressions may
represent ischemia due to CMD. Furthermore, mental stress induced angina is more
prevalent in women [40], and ETT may not be as accurate in detection of ST segment
changes due to mental stress [39, 40, 94, 95]. Despite limitations of ETT, it is an
excellent first-line test for detection of IHD, and functional capacity measured by
METs is an important prognostic indicator in both men and women [92].

Stress Echocardiography

Although not commonly used in the clinical setting, Doppler echocardiography is a
noninvasive means to measure CFR, which is the ratio of hyperemic to resting coro-
nary blood flow. CFR of the left anterior descending artery (LAD) in 1660 patients
(906 women and 754 men) with chest pain of unknown origin was measured by
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Doppler in response to dipyridamole. A CFR <2 was independently associated with
an adverse prognosis in women (hazard ratio [HR] 16.48, 95% confidence interval
[CI] 7.17-37.85, p < 0.0001) [96]. Patients with diabetes, obesity, hypertension, were
found to have a low CFR of the LAD on dobutamine stress echocardiography [97].
Furthermore, the degree of impairment of CFR was exaggerated as the number of
risk factors increased. Contrast echocardiography is another technique where micro-
bubbles can be used to generate time-acoustic intensity curves to calculate blood
flow velocity; this can detect myocardial perfusion abnormalities and quantify coro-
nary blood flow, however, is not routinely used in most clinical centers [98—100].

Cardiac Positron Emission Tomography (PET) Imaging

Rest/stress myocardial positron emission tomography (PET) is a well-validated and
reliable method for quantification of myocardial flow reserve and is used to diag-
nose CMD [101-108]. Stress agents include dipyridamole, dobutamine, adenosine,
or regadenoson, while commonly used nuclear tracers include N-13 ammonia or
rubidium-82. PET is also the preferred imaging choice for patients with a body
mass index (BMI) >40, with large breasts or breast implants, or chest wall deformi-
ties [109]. It can provide reproducible measurements of regional myocardial blood
flow in milliliters per minute per gram of tissue, which is a functional parameter
used to assess coronary microcirculation [110]. Normal CFR ranges from 2 to 4, i.e.
myocardial blood flow increases 2—4 times during peak hyperemia induced by vaso-
dilators such as adenosine [111, 112]. It should be noted that CFR is dependent on
rate pressure product, and thus blood pressure changes can impact CFR. A reduc-
tion in CFR can be due to obstructive epicardial stenosis or due to microvascular
dysfunction in a setting of non-obstructive CAD. A low CFR is associated with a
worse prognosis, and a preserved CFR has a very high negative predictive value for
excluding ischemia [15, 96, 113-117].

Given its high diagnostic accuracy, reproducibility, short tracer half-life, and fast
acquisition protocols that minimize radiation exposure, PET is an essential nuclear
testing modality to non-invasively diagnose CMD. One of the limitations of cardiac
PET is that it is not available at many centers and is often not covered by medical
insurance, which makes it challenging to diagnose a low coronary flow reserve non-
invasively at some centers. At centers where cardiac PET, CMR or invasive coronary
reactivity testing is not available, we recommend empiric symptom management with
anti-anginal medications based on symptoms, risk factor profile, and ETT results.
Women with persistent symptoms can also be referred to centers of excellence that
have the ability to diagnose CMD for a definitive diagnosis and a therapeutic plan.

Cardiac Magnetic Resonance (CMR) Imaging
CMR imaging is an emerging technique that has numerous advantages, including

high spatial resolution and evaluation of ventricular function, perfusion, viability
and scar assessment as well as myocardial tissue characterization in a single exam.
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A large, prospective trial compared CMR to single-photon emission computed
tomography (SPECT) in 752 patients with suspected CAD undergoing coronary
angiography. CMR consisted of rest and adenosine stress perfusion, cine imaging,
and late gadolinium enhancement. Its sensitivity and negative predictive value was
significantly superior, compared to SPECT (p < 0.0001 for both) [118]. CMR can
detect segmental as well as global ischemia and is being used as a technique to
detect CMD in some centers [119, 120]. In the WISE study, semi-quantitative myo-
cardial perfusion reserve index (MPRI) was determined from CMR in symptomatic
women with no obstructive CAD who were diagnosed by CMD by invasive coro-
nary reactivity testing (CRT). Women with symptoms had lower pharmacologic
stress MPRI compared to controls, and lower MPRI predicted one or more abnor-
mal CRT variables. The sensitivity and specificity of an MPRI threshold of 1.84
predicting CRT abnormality were 73% and 74%, respectively [121]. Although a
promising field of imaging, further studies assessing the diagnostic and prognostic
abilities of CMR are needed.

Biomarkers

Oxidative stress and inflammation are implicated in the pathogenesis of endothelial
dysfunction and IHD [122-125]. Glutathione maintains thiol groups of biomole-
cules in their reduced states and prevents peroxidation of membrane lipids [126]. It
also transports nitric oxide (NO), the major endogenous vasodilator, from larger
epicardial coronaries to the distal smaller vessels and microcirculation [127].
Studies have shown an association between glutathione levels and CFR, indicating
that lower glutathione levels reflect higher amounts of oxidative stress and endothe-
lial dysfunction [128, 129]. Markers of oxidative stress, such as aminothiols and
asymmetric dimethylarginine (ADMA) have been studied in endothelial injury and
dysfunction. Asymmetric ADMA is a byproduct of the metabolism of L-arginine,
the substrate for NO production, that has been found to be elevated in patients with
hypertension, dyslipidemia and atherosclerosis [130-133]. ADMA acts as a com-
petitive inhibitor to endothelial nitric oxide synthase, leading to decreased NO pro-
duction and bioavailability [130]. Plasma ADMA levels have correlated with
endothelial dysfunction [131] and subclinical atherosclerosis [134].

Markers of inflammation have also been studied as possible diagnostic or prog-
nostic tools. Highly sensitive-C reactive protein (hs-CRP) is a nonspecific marker
of inflammation that has been studied in the prediction of cardiovascular risk in
women [135]. Most notably, the Reynolds Risk Score used hs-CRP in addition to
traditional risk factors, to estimate the 10-year risk of major adverse cardiac events
from studying 24,558 initially healthy women for a median of 10.2 years [73].
However, hs-CRP can fluctuate with infections, inflammatory conditions, and even
throughout the day and reflects metabolic changes of many pathways [136]. While
hs-CRP has been linked to atherosclerosis, a study of women undergoing angiogra-
phy for suspected ischemia found that hs-CRP was not associated with angiography
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CAD, but was predictive of adverse CV outcomes [137]. In another WISE study of
women with ischemia and no obstructive CAD with preserved ejection fraction,
interleukin-6 levels predicted heart failure hospitalization and all-cause mortality
[55].

Progenitor cells (PC) are essential to endothelial cell regeneration and can be
measured peripherally. In 123 women with non-obstructive CAD enrolled in WISE
study, lower CFR was associated with higher levels of circulating PCs [138], imply-
ing that PCs are mobilized in response to the CMD and resultant chronic myocardial
ischemia.

Invasive Assessment
Coronary Reactivity Testing

Coronary reactivity testing (CRT) may be used in patients with angina and evidence
of myocardial ischemia to definitively diagnose coronary endothelial and microvas-
cular dysfunction. CRT can help clarify the etiology of symptoms and guide man-
agement in those with persistent symptoms and objective evidence of ischemia.
CRT involves intra-arterial infusions of non-endothelium-dependent vasodilators,
such as adenosine, or nitroglycerin, or endothelium-dependent vasodilators, such as
acetylcholine, bradykinin, or substance P (Fig. 8.4), although the latter two are not
commonly used. A Doppler flow wire, placed in the epicardial vessel, measures the
coronary flow velocity in response to vasoactive agents. Quantitative coronary

Baseline Vasoconstriction to ACH Post-Nitroglycerin

Fig. 8.4 Coronary Angiogram and coronary reactivity testing. (a) The figure shows Doppler flow
wire in the left anterior descending artery (red arrow). (b) In response to acetylcholine infusion,
there is abnormal coronary artery vasoconstriction (black arrows), indicating endothelial dysfunc-
tion. (¢) Resolution by intracoronary nitroglycerin (Wei, Mehta, Johnson, et al. Safety of coronary
reactivity testing in women with no obstructive coronary artery disease. Results from the NHLBI-
sponsored WISE study. JACC: Cardiovascular Interventions. 2012. 5(6): 646-652)
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angiographic response of epicardial diameter changes is also measured during
CRT. Coronary blood flow can then be calculated by the product of average peak
velocity and vessel diameter.

To test endothelial-dependent response of coronaries, acetylcholine is injected
into the coronary artery in increasing concentrations, and the diameter and velocity
changes are measured. Acetylcholine activates the endothelial muscarinic receptors
that metabolize L-arginine, stimulate NO synthase and thus generate NO [139],
which then activates cyclic GMP and mediates vascular smooth muscle cell relax-
ation. In normal or preserved endothelial function, coronary epicardial vessels dilate
in response to acetylcholine. However, with an impaired endothelial function, ace-
tylcholine’s direct smooth muscle constrictor effects on epicardial vessels overcome
the dilator effects of endothelium-dependent NO release [140]. The ratio between
coronary blood flow during maximal dilation with adenosine compared to baseline
is defined as the coronary flow reserve (CFR) [141]. CFR represents the coronary
circulation’s capacity to respond to an increase in oxygen demand with an appropri-
ate increase in blood flow, where an appropriate CFR is over 3 in healthy adults and
CFR <2 is considered impaired. It should be noted that CFR varies by factors such
as age, sex, and rate-pressure product [142]. There are multiple studies have reported
on the prognostic value of CFR, in those with and without obstructive CAD [143].
A CFR of less than 2.3 in a WISE study in women with no obstructive CAD was
prognostic of adverse outcomes, including death, nonfatal MI, nonfatal stroke, hos-
pitalization for congestive heart failure, angina and other vascular events (event rate
26.7% vs. event rate 12.2% for CFR >2.3; p=0.01) [115].

Patients in the lowest tertile of CFR had the largest number of adverse events,
when compared to those in the highest tertile [144]. Suwaidi et al. categorized
patients with insignificant CAD into normal endothelial function, mild and severe
endothelial dysfunction according to their response in coronary blood flow to
acetylcholine. Fourteen percent with severe endothelial dysfunction had a total of
ten cardiac events, whereas those with normal function and mild endothelial dys-
function had none (p < 0.05) [145]. The Women’s Ischemia Syndrome Evaluation
(WISE) study also found that an abnormal response to acetylcholine predicted car-
diac events in a median follow-up of approximately 4 years [146]. Approximately
half of patients with acute coronary syndrome with no obstructive CAD were found
to have coronary vasospasm on intracoronary acetylcholine provocation testing in
the Coronary Artery Spasm as a Frequent Cause for Acute Coronary Syndrome
(CASPAR) study [147].

Currently there are no standardized protocols assessing coronary microvascular
function and each institution performs these tests according to their own protocols.
The doses of the vasoactive agents used in the WISE study were 18 mcg and 64 mcg
for intracoronary adenosine, graded infusions of 0.364 and 36.4 mcg over 3 min for
acetylcholine and 200 mcg of nitroglycerin in the left coronary artery [148]. No
reactivity-testing related deaths were found in the 293 women in the WISE study,
and two serious adverse events (0.7%) occurred (one dissection and one MI result-
ing from spasm) [148].
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Management

Lifestyle Modifications

Women with THD should all be counseled on a Mediterranean diet, physical activity,
and tobacco cessation. The AHA and American College of Sports Medicine recom-
mend at least 30 min of moderate-intensity physical activity for at least 5 days of the
week, or 20 min of vigorous aerobic exercise 3 days a week, or a combination of the
two [149], and for those with metabolic syndrome, regular exercise is crucial [150].
Exercise has been shown to improve endothelial function, independently of its
reduction in cardiovascular risk factors [151]. Twelve weeks of aerobic interval
training and a low-calorie diet of 800-1000 kcal per day increased the CFR of 70
obese, non-diabetic patients with CAD and a baseline CFR below 2.5: CFR
increased by 0.26 (95% CI: 0.04-0.48) in the aerobic interval training group and by
0.39 (95% CI: 0.13-0.65) in the low-calorie diet group. Another study found a 29%
increase in CFR in patients with coronary endothelial dysfunction, diagnosed on
CRT, after only 4 weeks of exercise, compared to those in the control group [152].
Smoking is also a well-known and most important modifiable risk factor for
ASCVD, and the proposed mechanisms are thought to be secondary to smoking
increasing adherence of platelets and macrophages to the vessel wall, developing a
procoagulant and inflammatory environment [153]. Smoking cessation, for only 2
weeks, has been found to reduce platelet aggregations, and thus, decrease oxidative
stress [154], a major culprit in endothelial dysfunction.

Pharmacotherapy

While some medications have been shown to improve endothelial function and car-
diovascular outcomes in patients without obstructive CAD (Fig. 8.5), others have
been shown to improve symptoms. Here we discuss a variety of pharmacotherapies
that may be used in women with angina and IHD, although large outcomes based
clinical trials in those with CMD are needed. Our current strategy is to use anti-
ischemic, anti-anginal, and anti-atherosclerosis medications in those with signs and
symptoms of ischemia who have been diagnosed with CMD.

Statins

There are no large randomized controlled outcome trials of statins in subjects with
no obstructive CAD who have CMD. However, there are intermediate trials demon-
strating benefit of statins on endothelial function, and thus the current ACC/AHA
recommendations for statin therapy [155] can be followed for patients with CMD,
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especially given the high prevalence of subclinical coronary atherosclerosis. Patients
with CSX with dyslipidemia on simvastatin were found to have significant improve-
ment in endothelial function, measured by brachial artery flow-mediated dilatation,
as well as a decrease in LDL levels [156]. Studies have also shown that atorvastatin
improved CFR as early as 2 months [157]. Interestingly, independent of its effects
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on LDL cholesterol, statins have been shown to improve endothelial dysfunction, by
increasing the bioavailability of NO [158, 159] and by reducing circulating levels of
adhesion molecules P-selectin and ICAM-1 [160]. Statins have also been shown to
improve exercise tolerance and reduce angina [161].

Antiplatelet Agents

Although they may not have significant obstructive plaque burden, patients with
CMD have been shown to have coronary atherosclerosis by intravascular ultrasound
in the WISE study [76, 162]. In symptomatic patients with demonstrable ischemia,
aspirin can be used as recommended in ACC/AHA stable angina guidelines [163],
even if without obstructive CAD. There are no clinical trials of dual anti-platelet
therapy in women with no obstructive CAD, and thus a decision of adding clopido-
grel or another anti-platelet agent in addition to aspirin in women with no obstruc-
tive CAD should be made on an individual basis and clinical history.

Symptom Management
Beta-blockers

Beta-blockers reduce the frequency and severity of angina symptoms [163], and
specifically carvedilol and nebivolol are preferred in patients with non-obstructive
coronary disease with their anti-oxidant properties by stimulating the release of
endothelial NO [164]. In one study, four months of carvedilol improved flow-medi-
ated, endothelial-dependent dilatation in patients with CAD, while placebo and 2 h
after carvedilol had no significant effect on endothelial dysfunction [165].
Intracoronary administration of nebivolol also increased CFR, in a dose-dependent
response, in patients with CAD in another study [166].

Interestingly, in 24 men and women with angina and non-obstructive CAD,
nebivolol did not improve endothelial function. However, it did lead to plaque pro-
gression and constrictive remodeling assessed by intravascular ultrasound in 1 year,
likely from the higher number of low shear stress segments in those who received
nebivolol [167].

Angiotensin Converting Enzyme Inhibitors (ACE-I)

ACE-Is have also been shown to improve CFR and exercise capacity in patients
with CSX [168]. CFR improved in women with CMD (defined as CFR <3 after
intracoronary adenosine) and lower baseline CFR values who were assigned to
quinapril, as opposed to placebo. Those who received the ACE-I also reported
improved angina measured by the Seattle Angina Questionnaire [169]. The
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combination of atorvastatin and ramipril was used in a randomized trial of patients
with angina, normal coronary angiograms, and ischemia during stress testing. This
combination therapy improved both Seattle Angina Questionnaire scores and exer-
cise duration, compared to placebo. Increased brachial artery flow-mediated dila-
tion and decreased extracellular superoxide dismutase were found in these patients
on both a statin and an ACE-I [170]. After treatment with an angiotensin receptor
blocker, significant improvements in MBF in response to adenosine were noted in
patients with hypertension and CAD before a reduction in blood pressure was
seen, suggesting improvement on microvascular function [171]. Sixteen weeks of
treatment with pioglitazone, an insulin sensitizer thiazolidinedione, in 26 nondia-
betic patients also improved MBF in response to adenosine, as well as myocardial
glucose use—again suggesting a beneficial effect on coronary microvascular func-
tion [172].

Calcium Channel Blockers (CCBs)

CCBs improve angina and exercise tolerance in patients with CMD [173, 174].
However, several trials comparing beta-blockers, nitrates and CCBs have shown
that beta-blockade may be more effective compared to CCBs. Atenolol and pro-
pranolol were superior in improving angina, compared to amlodipine and vera-
pamil, respectively [175, 176]. However, in those who are suspected of coronary
vasospastic angina, CCBs are first line therapy in addition to nitrates [177]. Several
trials have shown that diltiazem, verapamil, and nifedipine reduce episodes of
Prinzmetal’s angina [178-180].

L-Arginine

L-Arginine is the substrate for endothelial NOS to produce NO. Thus, increasing
levels of the substrate and thus increasing NO production could possibly treat endo-
thelial dysfunction. Indeed, L-arginine treatment for 6 months improved endothelial
function in patients with non-obstructive CAD [181]. Randomized trials assessing
L-arginine’s role in management of CMD are needed.

Nitrates

Nitrates upregulate cGMP which leads to relaxation of vascular smooth muscle
cells and causes a vasodilatory effect. While there are no randomized trials, an
observational study of 99 patients with CSX showed that in 40-50% of the patients
nitrates were effective anti-anginals agent [182]. Physicians must advise patients to
take a nitrate-free interval of at least 12 h daily, as nitrate tolerance may develop
after continued use.
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Ranolazine

Ranolazine reduces calcium overload in myocytes by altering the sodium current
and is used as an anti-angina medication [183]. It has been specifically tested in
subjects with CMD and non-obstructive CAD. A randomized, placebo-controlled
pilot study in 20 women with CMD demonstrated improvement in angina by Seattle
Angina Questionnaire measures [184]. A subsequent larger RWISE trial in 128
patients (96% women) with CMD found that ranolazine improved angina and CMR
determined myocardial perfusion reserve index in those with more severe coronary
microvascular dysfunction (CFR <2.5), but did not significantly improve the sever-
ity or frequency of angina or CFR in the overall cohort [185].

Estrogen

The risk of IHD increases after menopause, along with the development of ASCVD
risk factors, such as hypertension, diabetes, and dyslipidemia. Thus, estrogen has
been implicated in the pathophysiology of CMD, especially as the mean age of
diagnosis of CSX patient was 48.5 years and 62% of the women were postmeno-
pausal [182]. Estrogen has been hypothesized to have a beneficial effect on vascular
reactivity, as well as lipid profiles [186]. Transdermal estrogen improved angina as
well as endothelium-dependent coronary vasomotion in 15 postmenopausal women
with normal coronary angiograms: in 24 h, there was no vasoconstriction with ace-
tylcholine with a mean diameter change significantly different from the pre-estrogen
diameter reduction that was observed (p = 0.003) [186].

However, the results of Women’s Health Initiative (WHI) and the Heart and
Estrogen/Progestin Replacement Study (HERS) led to the U.S. Preventive
Services Task Force (USPSTF) recommendations against the use of combined
estrogen and progestin or estrogen alone for prevention of ASCVD in menopausal
women. There was no difference in incidence of CHD events between the estro-
gen-progestin and placebo group in the HERS trial, despite a decrease in low-
density lipoprotein (LDL) and an increase in high-density lipoprotein (HDL) in
the experimental group [187]. The combined estrogen-progestin therapy group of
the WHI was at increased risk for total ASCVD, including CHD (HR: 1.29; 95%
CI 1.02-1.63), stroke (HR: 1.41; 95% CI 1.07-1.85), and total cardiovascular dis-
ease (HR: 1.22; 95% CI 1.09—1.36) over an average follow up of 5.2 years [188].
The use of unopposed estrogen increased the risk of stroke (HR: 1.39; 95% CI
1.10-1.77) and total cardiovascular disease (HR: 1.12; 95% CI 1.01-1.24) [189].
Women in the more recent Kronos Early Estrogen Prevention Study (KEEPS)
experienced improvement in menopausal vasomotor symptoms with hormonal
therapy, but again there was no improvement in subclinical markers of atheroscle-
rosis, measured by carotid intima-media thickness or coronary artery calcifica-
tions [190].
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Ivabradine

Ivabradine reduces heart rate by selectively inhibiting the funny channels () in the
sino-atrial node [191-193] and was recently approved for treatment of chronic sta-
ble angina in patients with normal sinus rhythm in the U.S. It was non-inferior to
atenolol at all doses in a randomized double-blind trial in 939 patients with stable
angina [194], and found to improve CFR in patients with stable CAD [195].
However, another study showed no effect on CMD, but an improvement of symp-
toms [196].

Other Medical Therapies

Low-dose tricyclic antidepressants (TCA) have also been studied, as impaired
cardiac nociception is thought to play a role in CMD. Imipramine has been stud-
ied and reported to reduce the frequency of pain [197, 198]. TCAs may modulate
the effects of norepinephrine uptake and anticholinergic effect that lead to
analgesia.

Nicorandil, an adenosine triphosphate sensitive nitrate-potassium channel ago-
nist used in Europe, was found to improve peak exercise capacity in patients with
cardiac syndrome X and angina, but failed to significantly improve exercise-induced
ST changes [199, 200]. Fasudil, a rho kinase inhibitor currently available in Japan,
inhibits smooth muscle vasoconstriction and has been shown to increase ischemic
threshold and exercise duration in patients with stable angina [201-204].
Trimetazidine inhibits cardiomyocyte free fatty acid beta-oxidation and promotes
glucose oxidation, which leads to decreased acidosis and preservation of energy by
the ischemic cell [205]. While its role in patients with CMD is not yet clear [206—
208], it has shown benefit in chronic stable angina as anti-ischemic and anti-anginal
therapy [209, 210]. Compared to placebo, trimetazidine reduced the number of
weekly angina attacks, weekly nitroglycerin tablet consumption and improved exer-
cise time to 1 mm segment depression [210].

Non-pharmacologic Treatments
Enhanced External Counterpulsation (EECP)

EECP is a non-invasive, FDA approved treatment for management of refractory
angina. It has been shown to improve functional capacity, anginal class, and time to
ST-segment depression during exercise stress testing in patients with CAD [211—
213], with its benefit lasting as long as 3 years [214]. Proposed mechanisms include
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improved collateral blood flow and endothelial function from the diastolic augmen-
tation of myocardial perfusion via inflation of pneumatic cuffs on the lower extremi-
ties during EECP [215-217].

Stem Cell Therapy

Bone-marrow stem-cell transplantation has improved exercise capacity, myocardial
perfusion, and cardiac function in patients with MI [218]. However, stem cell ther-
apy remains experimental and has not been studied in patients with angina and no
obstructive CAD. Microvascular rarefaction, a reduced number of arterioles and
capillaries [219] has been speculated to play a role in coronary microvascular angina
[220], and restoring impaired microvascular function has been a focus of pre-
clinical stem cell therapy studies [221].

Cognitive Behavioral Therapy and Group Support

An 8-week program of the cognitive behavioral therapy improved angina frequency
and severity in women with ischemia and non-obstructive CAD [222]. In a study of
49 women with CSX, 12 monthly group support meetings helped reduce health-care
demands and maintained social support for these individuals [223]. A multi-
disciplinary team approach of including psychiatrist/psychologist, a chronic pain
specialist, along with cardiologist is needed to provide comprehensive care to
women who have persistent symptoms of chest pain.

Conclusion

Women have a lower prevalence of obstructive CAD compared to men, yet have
high rates of myocardial ischemia and subsequent mortality. CMD is highly preva-
lent in women with signs and symptoms of ischemia, and CMD should be consid-
ered in the differential when no obstructive CAD is found. CMD can be definitively
diagnosed by invasive coronary reactivity testing, which assess endothelial and non-
endothelial dependent mechanisms. Non-invasive imaging with cardiac PET can
provide CFR and diagnose CMD, which is a diagnosis associated with adverse car-
diovascular prognosis. In addition to THD lifestyle modifications, CMD treatment
revolves around anti-anginal, anti-ischemic, and anti-atherosclerotic medications,
as well as non-pharmacologic strategies to improve symptoms and quality of life.
Larger clinical trials are needed in this population to determine therapeutic algo-
rithms and to improve CMD outcomes in women.
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