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dysfunction:

Considerations for diagnosis and treatment

ABSTRACT

Ischemia and no obstructive coronary artery disease (INOCA)
is an increasingly recognized cause of angina, and it is more
commonly diagnosed in women. Coronary microvascular
dysfunction (CMD), or the abnormal dilation and constriction
of the small vessels of the heart, is the underlying cause of
INOCA in one-half of cases. This review discusses coronary
microvascular pathophysiology, considerations for invasive
coronary function testing and noninvasive diagnostic modali-
ties, implications for management, and remaining knowledge

gaps.
KEY POINTS
Women presenting with signs and symptoms of myo-

cardial ischemia are more likely than men to have no
obstructive coronary artery disease.

CMD should be considered in patients presenting with
persistent angina, evidence of ischemia, and no obstruc-
tive coronary artery disease.

CMD is associated with considerable risk of major adverse
cardiac events including heart failure, myocardial infarction,
stroke, and death.

*These authors contributed equally to this work.
doi:10.3949/ccjm.88a.20140

F rom one-half to two-thirds of women with
angina symptoms who undergo coronary
angiography for suspected ischemic heart dis-
ease have no obstructive coronary artery dis-
ease (CAD), according to some estimates.'”
This condition, characterized by signs and
symptoms of ischemia in the setting of nonob-
structive CAD (defined as < 50% stenosis on
diagnostic angiography),*is termed “ischemia
and no obstructive coronary artery disease”
(INOCA).> Recent studies have estimated
that there are at least 3 to 4 million patients
with stable INOCA in the United States,® and
it is more prevalent in women than in men.”
The overall prevalence of INOCA has been
increasing as clinical recognition grows, along
with expanded use of diagnostic tests to assess
microvascular dysfunction.

Coronary microvascular dysfunction (CMD)
and vasospasm of the epicardial arteries are the
2 most common causes of INOCA.? In studies,
nearly 50% of patients with INOCA have been
found to have abnormal vasomotor behavior of
the coronary microvasculature.” Although CMD
occurs in both men and women, it is more preva-
lent in women, with a 2015 study showing that
66% of females and 60% of males with nonob-
structive CAD had CMD on invasive testing.'°
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Historically, patients with INOCA were
thought to have a good prognosis and rela-
tively low incidence of a major adverse car-
diac event (MACE). However, this under-
standing has since been refuted by studies
showing that patients with INOCA have
elevated risk for cardiovascular events in-
cluding acute coronary syndrome, heart fail-
ure hospitalization, stroke, and death.® The
Women’s Ischemia Syndrome Evaluation
(WISE) study, started in 1996, has followed
more than 900 women with signs and symp-
toms of myocardial ischemia who had under-
gone clinically indicated coronary angiogra-
phy. Of these women, nearly two-thirds were
found to have no obstructive CAD.!! An
analysis of this cohort found that INOCA
was associated with a higher rate of MACE
than in patients with normal coronary arter-
ies, with a 2.5% rate of death, nonfatal myo-
cardial infarction, nonfatal stroke, and heart
failure hospitalization at the 5-year follow-
up.’

Hospitalizations for angina were found to
have occurred at relatively constant rates dur-
ing a 9.1-year follow-up study.!! Furthermore,
women with stable INOCA and nonobstruc-
tive CAD had 10-year all-cause mortality
and cardiac mortality rates of 17% and 11%,
respectively, compared with 10% and 6% in
women with normal coronary arteries.!? The
WISE study has also shown that females with
INOCA are at increased risk for progression
to obstructive CAD.P

In addition to adverse clinical outcomes,
CMD and persistent anginal symptoms affect
patients’ quality of life, limit their exercise
capacity, and may contribute to unnecessary
testing, costs, and more frequent healthcare
visits.'* Thus, early diagnosis and intervention
are crucial to improving outcomes.

At present, invasive coronary function
testing (CFT) is the technical standard for
diagnosing CMD and coronary vasospasm.
[t can identify those at higher risk of MACE
and help facilitate medical management. This
review will discuss coronary microvascula-
ture physiology, CFT, noninvasive diagnostic
modalities, and treatment options, as well as
knowledge gaps and future directions regard-

ing CMD.
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I TINY VESSELS, BIG EFFECTS

The coronary microvasculature consists of the
smaller cardiac vessels including the pre-arte-
rioles (diameter 100-500 pm) and intracar-
diac arterioles (< 100 pm)." These arterioles
are regulated by different mechanisms (Figure
1) that work in tandem to modulate cardiac
blood flow, as follows:

e Larger proximal arterioles use endothelial-
dependent vasodilatory mechanisms by
which an increase in coronary blood flow
leads to vasodilation and a decrease in
blood flow leads to vasoconstriction

e Medium-sized arterioles have vascular
smooth muscle cell stretch receptors to de-
tect intraluminal pressure

e The smallest distal arterioles are regulated
by local metabolic activity.®
The endothelium, or the layer of cells lin-

ing the arteries and arterioles, plays a vital role

in regulating blood flow to the myocardium.'®

A healthy endothelium promotes vasodila-

tion, antioxidant effects, inhibition of smooth

muscle cell proliferation, and anticoagulant
effects. Furthermore, endothelial cells act to
regulate inflammation and serve as a barrier
to potentially toxic materials.!” An imbalance
of nitric oxide consumption is thought to be
the primary driver of dysfunction, leading to
the inability to properly dilate and to subse-
quent ischemia.'® Endothelium dysfunction
is a principal contributor to both macro- and
microvascular coronary dysfunction and is
thought to be a key player in the development
of plaque progression and atherosclerosis.'®
CMD may be characterized by heightened
sensitivity of the small vessels to vasocon-
strictor stimuli and decreased microvascu-
lar vasodilator capacity.!” In healthy vessels,
adenosine, acetylcholine, and nitroglycerin
induce vasodilation.®® However, in patients
with CMD, the microvasculature may ex-
hibit a blunted vasodilatory response to these
agents. Coronary flow reserve (CFR)—the
ratio of coronary blood flow at maximal dila-
tion in response to intracoronary adenosine
from baseline—is impaired in patients with

CMD. In the setting of endothelial dysfunc-

tion, acetylcholine may induce paradoxical

vasoconstriction and micro- or macrovascular
vasospasm in compromised vessels. Nitroglyc-
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Figure 1. The effects of acetylcholine (ACH) and adenosine (ADE) on the smooth muscle of
the coronary vasculature. ACH binds to the muscarinic receptor (M3), stimulating the re-
lease of calcium (Ca?*) into the vascular smooth muscle cell, which drives nitric oxide (NO)
formation for vasodilation and also drives contraction for vasoconstriction. ADE stimu-
lates the conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate
(cAMP), leading to inhibition of calcium influx and induction of nitric oxide formation,
both of which result in vasodilation.

A2a = adenosine receptor; AC = adenylate cyclase; ACh = acetylcholine; ADE = adenosine; ATP = adenosine triphosphate; Ca?* = calcium;
cAMP = cyclic adenosine monophosphate; cGMP = cyclic guanosine monophosphate; eNOS = endothelial nitric oxide synthase; GTP =
guanosine triphosphate; iNOS = inducible nitric oxide synthase; M3 = muscarinic receptor; NO = nitric oxide; PKA = protein kinase activa-
tion; PKG = guanosine monophosphate-dependent protein kinase; sGC = soluble guanylate-cyclase

erin response is used to evaluate for nonendo-
thelial-dependent macrovascular function.

Il RISK FACTORS AND CLINICAL PRESENTA-
TION OF MICROVASCULAR DYSFUNCTION

Traditional cardiovascular risk factors, includ-
ing hypertension, hyperlipidemia, advanced
age, obesity, smoking, and diabetes, have been
found to be associated with CMD."?! Aging
is associated with an increase in arterial wall
stiffness, medial thickening, and lumen en-
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largement that results in an increase in pulse
pressure and hypertrophy of arteries, ultimate-
ly contributing to endothelial dysfunction.?
Studies have found that CFR is reduced in
patients with diabetes, which is thought to be
a consequence of the microvascular inflam-
mation that also leads to diabetic retinopathy
and nephropathy.”?> Additionally, smokers and
patients with chronic inflammatory condi-
tions such as rheumatoid arthritis and system-
ic lupus erythematosus often have lower CFR,
with a 21% reduction observed in smokers.*
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Coronary function testing: Protocol and methods

Several protocols exist for coronary function testing for the purposes of evaluating for coronary microvascular dysfunction (CMD)
and coronary vasospasm. At our institution, we utilize the following methods:

Patient preparation. Patients fast for 12 hours before the scheduled procedure.** To avoid confounding of results, patients are
asked to discontinue caffeine, long-acting nitrates, short-acting calcium channel blockers, alpha- and beta-blockers, angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers, renin and aldosterone inhibitors, ranolazine, diuretics, angiotensin-
neprilysin inhibitors, ticagrelor, and aspirin-dipyridamole for 24 hours before the procedure. Long-acting calcium channel blockers
are withheld for 48 hours, and sublingual nitroglycerin and nicotine are held for 4 hours prior to testing.

Vasoactive agent preparation. Two concentrations of acetylcholine (0.182 pg/mL and 18.2 pg/mL) are premixed by the hos-
pital pharmacy, within 3 hours of the scheduled procedure.*® Two doses of adenosine (18 pg and 100 pg) and 200 pg of nitroglyc-
erin are prepared by the catheterization laboratory nursing staff. Of note, the precise agent dosages used may vary by institution.

Angiography to confirm nonobstructive disease. Coronary angiography is performed to assess for atherosclerosis, myo-
cardial bridging, anomalies, and slow flow. Any catheter-induced spasm or chest pain observed during contrast administration or
catheter manipulation is also documented. Left ventricular end-diastolic pressure is measured. Fractional flow reserve should be
measured to rule out hemodynamically significant stenoses. Any obstructive disease or spontaneous spasm observed at this time
may obviate the need for further testing.

Intracoronary vasoactive agent infusions. Patients are given body-weight-adjusted heparin to achieve activated clotting
time above 250 seconds.®® A 0.014-inch Doppler guidewire is placed into the proximal to mid left anterior descending artery until
an adequate Doppler signal is obtained. Prior to each infusion, a baseline heart rate, blood pressure, and average peak velocity of
blood flow are recorded. At specified time intervals, the peak heart rate, blood pressure, and average peak velocity are documented.
The line is flushed, and return to baseline average peak velocity is permitted before infusion of subsequent dosages and agents. Any
symptoms, ischemic changes on electrocardiography, or arrhythmias during infusions are noted. Cine images are taken at 2 time
points: when the baseline average peak velocity is measured, and immediately after the peak average peak velocity is measured.
This allows quantitative coronary angiography measurement of the vessel diameter 5 mm distal to the tip of the Doppler guidewire.

Assessment of mechanistic pathways and significance. This assessment is most often performed to completion in the
following order to assess for the simultaneous presence of multiple pathways of coronary artery dysfunction. If the patient expe-
riences a complication at any time, the procedure may be aborted.

1. Nonendothelial dependent microvascular function: First, 18-pg and 100-ug dosages of adenosine are consecutively delivered
via intracoronary bolus to induce maximal hyperemia.*® Coronary flow reserve is calculated as the ratio of the peak to baseline
average peak velocities.?**' A peak flow reserve < 2.5 is considered abnormal.

2. Endothelial-dependent macrovascular function: Next, the 0.182-pg/mL and 18.2-pg/mL concentrations of acetylcholine are
administered via infusion pump at a rate of 2 to 3 mL over 3 minutes. The change in vessel diameter is then calculated by
quantitative coronary angiography. An increase in mean lumen diameter of < 5% suggests dysfunction. Of note, the infusion rate
may vary according to institutional protocol. Coronary angiography is performed after each dosage of acetylcholine to evaluate
for epicardial vasospasm. It is important to withdraw the contents of the guide catheter prior to angiography in order to avoid
inadvertently delivering a bolus of any acetylcholine that may be left in the guide catheter after the slow infusion.

3. Endothelial-dependent microvascular function: The aforementioned infusion of the 18.2-pg/mL concentration of acetylcholine is used to
calculate coronary blood flow, with 2 to 3 mL infused over 3 minutes. Coronary angiography is performed after each dose of acetylcholine
to evaluate for epicardial vasospasm. Again, it is important to withdraw the contents of the guide catheter prior to angiography. A < 50%
increase in coronary blood flow is considered abnormal. As described above, the infusion rate may vary according to institutional protocol.

4. Vasospasm: As the graded 0.182-pg/mL and 18.2-ug/mL dose infusions of acetylcholine are given, the operator assesses for signs

of vasospasm. If no spasm is exhibited, a higher concentration of acetylcholine is infused at a rate of 2 mL per minute for 3 minutes. If
spasm is provoked, subsequent higher acetylcholine dose testing is withheld, and nitroglycerin is administered immediately. Epicardial
vasospasm is defined as a diameter reduction > 90% associated with chest pain or ischemic ST-segment changes, or both. Microvascu-
lar coronary spasm is suggested by chest pain and ischemic ST-segment changes without significant epicardial artery vasoconstriction.

5. Nonendothelial-dependent macrovascular function: After acetylcholine infusion, nitroglycerin (150-200 pg) is given, and quan-
titative coronary angiography is performed after 30 seconds. Dilation < 20% is considered abnormal. This measurement allows for
assessment of the macrovascular responsiveness to treatment with nitrates.

6. Nociceptive abnormality: Heightened pain sensitivity at any point in the procedure, demonstrated by chest pain during cath-
eter manipulation or contrast administration, is suggestive of nociceptive abnormality.
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There is also evidence that women with a his-
tory of an adverse pregnancy outcome such
as preeclampsia, gestational hypertension, or
diabetes may have an increased risk of CMD."

Symptoms include chest discomfort, dys-
pnea, and reduced exercise tolerance, with
some patients having angina that persists after
cessation of exertion.” Because nitroglycerin
acts preferentially to dilate larger vessels of
the heart and has little effect on the smaller
arterioles, it may not provide symptom relief
to patients with CMD.?® Objective clinical
evidence of myocardial ischemia can include
elevated troponin levels and ST-segment elec-
trocardiographic or imaging abnormalities at
rest or with stress.?’

Il CORONARY FUNCTION TESTING

When is it appropriate?

Testing for CMD should be considered for pa-
tients with persistent symptoms and objective
signs of myocardial ischemia despite absence
of obstructive CAD (< 50% coronary artery
diameter reduction).”® But before invasive
testing, patients should be evaluated for other
diagnoses, including hyperthyroidism, anemia,
hypertensive urgency, and substance abuse.

For patients with persistent symptoms but
angiographically normal coronary arteries or
nonobstructive CAD, the 2019 European Soci-
ety of Cardiology guidelines recommend “con-
sideration” (ie, the weight of evidence favors
efficacy, but it is not well established) of guide-
wire-based CFR measurements and intracoro-
nary acetylcholine for assessment of spasm.”
These guidelines also recommend consideration
of noninvasive transthoracic Doppler of the left
anterior descending artery, cardiac magnetic res-
onance imaging, and positron emission tomog-
raphy for CFR measurement.”

The decision to proceed with invasive
CFT depends on a variety of factors including
local hospital practices, patient preference,
goals, and availability of CFT and noninva-
sive diagnostic modalities. Discussion with the
patient includes a comprehensive individual-
ized evaluation to determine whether there is
more benefit than risk. In patients with prior
myocardial infarction or high suspicion for
vasospasm, invasive CFT with acetylcholine
provocation testing is preferable based on its

CLEVELAND CLINIC JOURNAL OF MEDICINE

ability to delineate pathways and elicit spasm.

For a detailed description of the CFT pro-
tocol used at our institution, see “Coronary
function testing: Protocol and methods.”%*!

Procedure

CFT is an angiographic procedure to evaluate
both endothelial-dependent and nonendothe-
lial-dependent macrovascular and microvas-
cular response to vasoactive agents in patients
with INOCA (Table 1). After diagnostic angi-
ography to exclude obstructive epicardial dis-
ease, myocardial bridging, and other coronary
anomalies, the drugs adenosine, acetylcholine,
and nitroglycerin are administered sequentially
to evaluate for microvascular function, vaso-
spasm, and smooth muscle response.*

Functional testing involves inserting a
guiding catheter and positioning a Doppler
wire into the coronary artery to be studied.
Typically, this evaluation is done in the left
anterior descending artery, but it can also be
performed in the left circumflex and right cor-
onary arteries.

Adenosine. First, an intracoronary injec-
tion of adenosine is given to assess nonendo-
thelial-dependent dysfunction. Flow reserves
are measured before and after adenosine ad-
ministration. Graded doses are used to achieve
maximum hyperemia. A CFR below 2.5 is
diagnostic for nonendothelial-dependent mi-
crovascular dysfunction. When interpreting
CEFR results, it is important to note that this
measurement has been shown to be a continu-
ous predictor of MACE, similar to blood pres-
sure and low-density lipoprotein cholesterol
levels.’ It has also been shown that patients
with stable INOCA and a CFR below 2.0 ex-
perience higher MACE rates (in females and
males).** In the WISE study, it was shown that
a CFR below 2.32 best predicted adverse out-
comes in women.’

Acetylcholine. Next, acetylcholine is ad-
ministered to assess for endothelial-dependent
dysfunction. It is given in increasing con-
centrations to stimulate the release of nitric
oxide. An increase in coronary blood flow
less than 50% is diagnostic of endothelial-
dependent microvascular dysfunction. Vessel
diameter response is measured, and a change
of less than 5% is diagnostic for endothelial-
dependent macrovascular dysfunction. A
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TABLE 1

Invasive coronary function testing in patients with INOCA:

Three medications

Drug administered Results

1. Adenosine

2. Acetylcholine
flow

< 5% increase in coronary artery

diameter

> 90% decrease in coronary

artery diameter

Coronary flow reserve < 2.5

< 50% increase in coronary blood

Diagnosis

Nonendothelial-dependent microvascular
dysfunction

Endothelial-dependent microvascular
dysfunction

Endothelial-dependent macrovascular
dysfunction

Epicardial coronary spasm

Chest pain and ischemic ST-segment
changes on electrocardiography

Chest pain and ischemic ST-segment

Microvascular coronary spasm

changes on electrocardiography
in the absence of significant

epicardial coronary
vasoconstriction

3. Nitroglycerin
diameter

< 20% increase in coronary artery

Nonendothelial-dependent macrovascular
dysfunction

INOCA = ischemia and no obstructive coronary artery disease (ie, < 50% stenosis)

higher dose of acetylcholine is given to assess
for coronary spasm. Coronary vasospasm is
defined as more than a 90% diameter reduc-
tion with chest pain and ischemic ST-segment
changes on electrocardiography.

Nitroglycerin. The last drug administered
is nitroglycerin to test macrovascular func-
tion. A change in diameter of less than 20%
indicates abnormal smooth muscle reactivity
and nonendothelial-dependent macrovascu-
lar dysfunction.

If the patient experiences chest pain dur-
ing catheter manipulation or contrast admin-
istration, it suggests nociceptive abnormality.
This is thought to be associated with altered
afferent neuronal pathways, change in cere-
bral cortical activation, or reduced endog-
enous opioid release.?

CFT has been shown to be safe and effec-
tive overall, with the WISE study reporting
a low rate of serious adverse events (0.7%),*

VOLUME 88 e NUMBER 10

although these rates were observed at health-
care centers of excellence. A prospective mul-
ticenter study has reported cases of coronary
artery dissection, ST-elevation myocardial in-
farction associated with vasospasm, transient
air microembolism, and deep vein thrombosis,
but the overall rate of periprocedural adverse
events was low at 1.4%.%* As the reactivity test-
ing prolongs the length of angiography, precau-
tions must be taken for those at higher risk of
contrast-induced nephropathy.” Adenosine
should be avoided or used with caution in pa-
tients with a history of asthma, as it may con-
tribute to bronchospasm.

Il OTHER DIAGNOSTIC APPROACHES

Pharmacologic stress testing using noninva-
sive diagnostic modalities—positron emission
tomography, cardiac magnetic resonance im-
aging, and transthoracic Doppler echocardiog-
raphy—and an empiric approach to therapy

OCTOBER 2021
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can also be used to assess for CMD. These may
provide a suitable approach for patients who
are hesitant to proceed with invasive testing.

Positron emission tomography utilizes
various radioactive tracers, in patients both
at rest and with vasodilator-induced stress, to
quantify absolute myocardial blood flow and
detect regional variations suggestive of CMD.
Computed tomography can also be performed
to determine the coronary artery calcium
score for risk stratification.*

Cardiac magnetic resonance imaging is a
tool with high diagnostic accuracy, low ion-
izing radiation, and high spatial resolution. It
can be used to quantify the myocardial per-
fusion reserve index and assess for late gado-
linium enhancement, a signal of myocardial
damage and scar associated with vasomotor
dysfunction.’® The presence of scar is useful
for risk stratification. This modality is more
widely available than invasive CFT.

Doppler echocardiography of the left an-
terior descending artery can be used to quan-
tify coronary blood flow. CFR calculated by
this procedure has been shown to correlate
well with measurements obtained through
positron emission tomography and invasive
techniques.”® This method is less expensive
and more accessible than other techniques and
lacks ionizing radiation, but limits evaluation
to that of the left anterior descending artery.

Empiric therapy is an approach that as-
sesses the cardiac response to an empiric trial
of drug therapy. For example, in patients with
sporadic angina responsive to nitrates sugges-
tive of vasospasm, providers can implement
and monitor symptomatic response to a trial of
calcium channel blockers. For those with co-
morbid hyperlipidemia and hypertension and
high pretest probability of endothelial dysfunc-
tion and CMD, the anginal response to statins
and angiotensin-converting enzyme (ACE) in-
hibitors can be monitored. This approach may
be suitable for patients with contraindications
or allergies precluding diagnostic procedures.

Il DRUG AND NONDRUG THERAPIES

Using CFT to identify affected pathways helps
guide selection of the best targeted therapies
(Table 2). It is important to note that treat-
ment strategies are not clear or standardized,

CLEVELAND CLINIC JOURNAL OF MEDICINE

TABLE 2

Treatments for coronary
microvascular dysfunction based
on the pathway identified by
invasive coronary function testing

Endothelial dysfunction
Angiotensin-converting enzyme inhibitor
Angiotensin receptor blocker

Statin

L-arginine

Cardiac rehabilitation

Enhanced external counterpulsation

Nonendothelial dysfunction
Angiotensin-converting enzyme inhibitor

Beta-blocker
Alpha-/beta-blocker
Ranolazine
Ivabradine

Phosphodiesterase-5 inhibitor

Vasospasm
Calcium channel blocker

Nitrate

Nociceptive abnormality
Tricyclic antidepressant

Spinal cord stimulation

Cognitive behavior therapy

largely because of a lack of evidence-based
guidelines, but there is some evidence to fol-
low.

Nonendothelial-dependent dysfunction

Nonendothelial CMD is treated with drugs
targeting ischemia. Beta-blockers and beta-
blockers with alpha-blocking activity reduce
the frequency and severity of angina and im-
prove CFR.*" They act by reducing myocardial
oxygen consumption and increasing diastolic
filling time. Both short-acting and long-acting
nitrates help angina by promoting vasodila-
tion and reducing preload.’” Ranolazine and
ivabradine can be considered in patients with
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refractory angina and contraindications to
traditional antianginal drugs as they have less
hemodynamic effect. More recently, phospho-
diesterase-5 inhibitors have been used to drive
vasodilation in CMD.

Endothelial dysfunction

Treatment options aimed at both macro- and
microvascular dysfunction are similar to those
targeting atherosclerotic disease, including
ACE inhibitors, angiotensin receptor block-
ers, statins, and low-dose aspirin. High-dose
quinapril has been associated with reduced
angina in women with CMD, likely by re-
ducing vascular inflammation.’® Statins have
been shown to improve exercise tolerance and
reduce angina due to their anti-inflammatory
effects on endothelial function.”® Aspirin is
recommended based on the observation that
even if no significant plaque burden is seen on
angiography, most patients with CMD have
coronary atherosclerosis when evaluated by
intravascular ultrasonography.®’ L-arginine, a
precursor of nitric oxide, has been shown to
improve coronary blood flow.*!

Vasospasm

Calcium channel blockers and nitrates are
preferred in the setting of vasospastic angina.”’
The calcium channel blockers recommended
are amlodipine, diltiazem, verapamil, and
long-acting nifedipine. A randomized trial of
patients with angina, small coronary arteries,
and limited vasodilator reserve showed that
patients on verapamil and nifedipine had
fewer episodes of angina, consumed fewer ni-
troglycerin tablets, and had greater exercise
tolerance than patients on placebo.* Tachy-
phylaxis is a known risk with long-term ni-
trate use and, thus, drug-free intervals (12
hours daily) are recommended. Unopposed
beta-blockade should be avoided as it may
contribute to coronary artery spasm.® If beta-
blockers are indicated in patients with vaso-
spasm, a combined alpha-beta agent such as
carvedilol is favored.

Nociceptive abnormality

For nociceptive abnormality identified by
CFT, low-dose tricyclic antidepressants reduce
the frequency of angina. In refractory cases,
spinal cord stimulation, cognitive behavior
therapy, and biofeedback can be considered.’

VOLUME 88 e NUMBER 10

Nonpharmacologic treatments

Several nonpharmacologic approaches are
available for CMD. Cardiac rehabilitation
has been shown to improve diastolic resting
blood pressure, body mass index, and exercise
capacity. These programs also improve over-
all quality of life and psychological morbid-
ity.’7* Enhanced external counterpulsation, a
therapy consisting of pneumatic stockings on
the lower extremities electronically timed to
inflate during diastole and deflate during sys-
tole, can also improve CMD symptoms.*” This
therapy promotes collateral coronary flow and
improves endothelial function by reducing af-
terload and increasing preload. Therapeutic
lifestyle recommendations include smoking
cessation, nutrition counseling, weight reduc-
tion, and regular, moderate-intensity physical
therapy.

I KNOWLEDGE GAPS REMAIN

Despite considerable evidence regarding
MACE and long-term adverse event prog-
nosis associated with INOCA, neither the
American College of Cardiology nor the
American Heart Association has guidelines
for therapy. As a result, internists and cardiol-
ogists may lack confidence in the recognition,
diagnosis, and management of this phenotype
of ischemic heart disease. In 2017, the Ameri-
can College of Cardiology convened a group
to review the current knowledge and provide
next steps for evidence-based management.’
In 2019, the European Society of Cardiology
published guidelines for chronic coronary syn-
dromes that include a discussion and recom-
mendation for evaluation of vasospastic and
microvascular disease.””

At present, no standardized diagnostic
algorithm exists. Decisions regarding test-
ing may depend on patient risk stratification
(ie, history of prior myocardial infarction),
the impact of anginal symptoms on quality of
life, and local availability of testing modali-
ties. Compared with noninvasive methods,
functional reactivity testing has the benefit
of identifying the specific mechanism of dys-
function (ie, nonendothelial-dependent vs
endothelial-dependent, presence of spasm,
and nociceptive abnormality) to better direct
therapy. However, this approach is invasive,
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can be time-consuming, and requires specially
trained cardiac interventionalists.?” Ongoing
investigations are evaluating how functional
testing may be implemented following stan-
dard diagnostic angiography when no ob-
structive lesions are found. A streamlined and
abbreviated protocol of adenosine for CFR
measurement followed by acetylcholine to
observe angiographically for vasospasm can be
easily used by interventionalists.

In addition, differences of INOCA in
males vs females remain evident and require
further investigation. One hypothesis is that
women may have a greater ability to widen
and narrow arteries perhaps as a result of the
need to control blood flow during pregnancy.
Additionally, women have been shown to
have more pain sensation than men and, thus,
may have more perceived pain and anginal
symptoms.* With regard to outcomes, fe-
males with INOCA have been shown to have
higher rates of cardiac events than males. One
study of 13,695 patients with INOCA found
a 3-fold higher MACE rate in women com-
pared with men in the first year.* A significant
knowledge gap remains on this matter.

I FUTURE DIRECTIONS

Recent studies have suggested that cardiomyo-
cyte injury and myocardial stiffness caused by
CMD play a role in the pathophysiology of
patients with heart failure and preserved ejec-
tion fraction (HFpEF).*" It is hypothesized
that microvascular endothelial dysfunction,
decreased nitric oxide bioavailability, and
increased cytokine signaling may contribute
to the increased microvascular inflammation
and myocardial fibrosis observed in these pa-
tients.** Clinically, decreased CFR has been
found to be associated with diastolic dysfunc-
tion and with a 5-fold increased rate of hos-
pitalizations for HFpEE# Clinical studies also
suggest a higher prevalence of HFpEF in wom-
en than in men.”® The association between
CMD and HFpEF needs further investigation,
specifically with regard to sex differences.

To better target prevention and treatment,
practitioners need to understand the risk fac-
tors. While traditional comorbid risk factors
such as hypertension, hyperlipidemia, and
diabetes have been implicated, less is known
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about autoimmune conditions and adverse
pregnancy outcomes. Additionally, much re-
mains to be studied about novel risk markers
including high-sensitivity C-reactive protein,
lipoproteins, interleukins, and other inflam-
matory markers.

Regarding treatment, more randomized
trials are needed to guide an evidence-based
approach. The Women’s Ischemia Trial to Re-
duce Events in Nonobstructive CAD (WAR-
RIOR), an ongoing multicenter, prospective,
randomized, and blinded outcome trial, is de-
signed to explore the long-term outcomes of
intensive statin, ACE inhibitor, and aspirin
therapy vs usual care in symptomatic women
with INOCA.>! This trial aims to enroll 4,442
participants. Randomized stem cell trials are
also under way to further evaluate the effec-
tiveness of coronary CD34+ infusions in im-
proving CFR in patients with CMD and per-
sistent refractory angina after a trial showed
that this treatment effectively reduced hos-
pitalizations, cardiac procedures, and health-
care expenditures in patients with refractory
angina.”

I HOPE FOR STRONG GUIDELINES
LIES IN ONGOING CLINICAL TRIALS

In patients who present with angina symp-
toms but who have no evidence of obstruc-
tive coronary artery disease, it is important
to consider the diagnoses of INOCA and
CMD given the substantial morbidity asso-
ciated with this condition. At present, there
is no uniform comprehensive diagnostic and
therapeutic strategy or algorithm, but several
options exist. Both noninvasive and invasive
tests are available to establish the diagnosis.
CFT is currently the therapeutic standard,
providing a means to determine the mecha-
nistic pathways for CMD that, in turn, guide
targeted therapeutic options with the goal of
preventing future adverse cardiac events. Our
evolving knowledge of CMD and its manage-
ment relies on ongoing investigations and
outcomes of clinical trials. [
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