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Abstract

Coronary microvascular dysfunction (CMD) also known as syndrome X, is characterized by
typical anginal symptoms, evidence of myocardial ischemia on non-invasive testing and normal to
minimal coronary disease on coronary angiography. It has a female preponderance and has been
detected in up to 50% of women presenting with chest pain symptoms. Definitive diagnosis of
CMD is critical as recent evidence suggests that women with this condition are at increased risk of
cardiovascular events in the future. Invasive coronary reactivity testing on coronary angiography
is considered to be the ‘gold standard” for diagnosis of CMD. Non-invasive imaging techniques
such as PET and cardiac magnetic resonance hold promise for detection of CMD in the future.
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Coronary artery disease (CAD) is the leading cause of mortality and morbidity in women
and is characterized by atypical symptoms, differing patterns of coronary atherosclerosis and
extensive comorbidities when compared with men. As many as 50% of women, presenting
with symptoms of angina, have normal or minimal CAD on coronary angiography [1]. Such
patients are frequently given the assurance that they have no CAD. However data from the
Women’s Ischemia Syndrome Evaluation (WISE) study suggests that these patients are at
higher risk of repeat hospital admissions, increased rates of progression to obstructive CAD
and greater overall cardiovascular mortality and morbidity when compared to the general
population [2]. While the study conclusions are not definitive, prompt diagnosis of this
condition may help better our understanding of this condition.

Women who meet the above criteria of anginal symptoms and normal to minimal CAD have
been designated as having ‘cardiac syndrome X’, “‘coronary microvascular dysfunction’
(CMD) or “microvascular angina’ [3]. Studies involving patients with CMD have revealed a
number of underlying pathophysiological mechanisms including endothelial dysfunction,
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reduced coronary flow reserve (CFR) and autonomic imbalance [4]. Given the poor
prognosis associated with CMD, varying diagnostic techniques have been used to confirm
the diagnosis of CMD. While invasive coronary reactivity testing performed during
coronary angiography has been widely considered to be the ‘gold standard’ for the diagnosis
of CMD, newer non-invasive techniques have emerged and show promise for the detection
of CMD [5].

In this review we examine the various invasive and non-invasive techniques available for the
detection and quantification of CMD.

The currently accepted definition of CMD includes a reduced CFR of <2.5 in response to
adenosine which is the lower limit of normal flow reserve in coronary arteries without
obstructive CAD [5]. CFR can be measured invasively by quantitative coronary angiography
and intracoronary Doppler flow wire, but non-invasive techniques such as PET have shown
a reduced CFR of <2.5 in a subgroup of women from the WISE study who exhibited chest
pain and non-obstructive CAD [6].

Pathophysiology

Several pathophysiological mechanisms have been proposed for CMD. Studies have
described abnormalities in the micro-circulation including smooth muscle hypertrophy in
subjects with CMD [7]. Burke et al. found that women demonstrated a higher frequency of
coronary plaque erosion and microembolization that could result in microvascular
dysfunction [8]. Autonomic imbalance has also been suggested as a possible underlying
mechanism. Lanza et al. found that 75% of patients with CMD exhibited enhanced cardiac
adrenergic nerve function and postulated that increased adrenergic drive led to increased
microvascular tone and sensitivity to vasoconstrictor stimuli [9]. Gulli et al. similarly
reported that reduced parasympathetic tone was present in two-thirds of the patients with
CMD [10]. An imbalance between the endothelial derived nitric oxide, a vasodilator and
endothelin-1, a vasoconstrictor, has been suggested as a possible cause of CMD [11].
Reduced levels of nitric oxide and increased levels of endothelin-1 may contribute to the
altered microvascular tone in these subjects.

CFR is the increase in blood flow in response to metabolic or pharmacological interventions
such as dipyridamole or adenosine. Reduced CFR is commonly noted in studies of patients
with CMD [12-15]. Reduced CFR in response to intracoronary adenosine injection has also
been detected in up to 47% of women with angina and minimal to non-obstructive CAD on
cardiac catheterization, suggesting an endothelium-independent mechanism for CMD [16].

Endothelial dysfunction has been also postulated as one of the several possible causes for
CMD. Recent studies showed that altered endothelial progenitor cells which are part of the
response mechanism to vascular injury may contribute to endothelial dysfunction in CMD
[17]. Abnormal sensitivity to pain, pain perception and cardiac sensitivity has been studied
as part of the pathophysiology of CMD. Abnormal pain perception has been demonstrated
using abnormal cerebral activity detected by cerebral single photon emission computed
tomography (SPECT) imaging that occurred simultaneously with chest pain and ischemic
ECG changes induced following dobutamine infusion in patients with CMD [18]. Finally
factors such as hyperglycemia [19], inflammation [20] and vascular smooth muscle
abnormalities [21] have also been implicated in the pathogenesis of CMD.
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Epidemiology

CMD is seen in both men and women, although studies have shown a preponderance of
female subjects with this condition [22]. Mertz et al. showed that up to 50% of women
undergoing coronary angiography for anginal symptoms have normal coronaries [23].
Women with CMD are usually in the perimenopausal or menopausal stages of life, with
onset of symptoms between 40 and 50 years [12].

Diagnosis

The diagnosis of CMD requires the exclusion of cardiac and noncardiac conditions that
could be alternative explanations for chest pain. Diagnosis such as diabetes mellitus,
coronary artery spasm, left ventricular hypertrophy and cardiomyopathy preclude the
diagnosis of CMD. Diagnosis of CMD involves the demonstration of microvascular
dysfunction either invasively or through non-invasive methods. Currently, the diagnosis of
CMD requires the exclusion of obstructive CAD by coronary angiography, followed by
evaluation of microvascular coronary function by Doppler guide wire in the cardiac
catheterization laboratory for endothelial function testing in response to intracoronary
acetylcholine, and CFR testing in response to adenosine by coronary reactivity testing [24].
Current non-invasive methods of diagnosis include contrast echocardiography, cardiac
magnetic resonance imaging (CMR), PET and SPECT (Table 1).

Invasive testing

Evaluation of the coronary microcirculation involves assessment of coronary blood flow and
measurement of CFR. The physiological response of the coronary system to increased
myocardial demand involves increased coronary blood flow due to vasodilation of the
epicardial and smaller coronary resistance vessels which is mediated by both endothelium-
dependent and non-endothelium-dependent mechanisms [5]. Invasive testing of CMD
involves the use of quantitative coronary angiography to evaluate changes in coronary vessel
wall diameter in response to vasodilators such as adenosine, nitroglycerine and
acetylcholine. Measurement of coronary flow velocity and CFR is performed using an
intracoronary Doppler wire.

Assessment of endothelial dependent microvascular function

Intracoronary acetylcholine testing is widely used for the evaluation of coronary endothelial
function. Injection of intracoronary acetylcholine along with coronary angiography is
performed to measure endothelium-dependant vasodilatation in both epicardial and smaller
resistance vessels [25]. Normal coronary endothelial function is characterized by coronary
vasodilatation and a three-fourfold increase in coronary blood flow in response to
acetylcholine [26]. A reduction in the coronary blood flow, no change or attenuation in the
coronary blood flow in response to intracoronary acetylcholine suggests coronary
endothelial dysfunction. Acetylcholine induces coronary microvascular dilation by the
release of nitric oxide in controls with atypical chest pain [13]. Mohri et al. showed that
nitric oxide-dependent dilation of the coronary microvessels was impaired in patients with
angina and normal coronary arteries [27]. These authors suggested that the impaired nitric
oxide-dependent vasodilation may increase small-vessel tone and predispose to
hyperconstriction in response to acetylcholine. Ong et al. examined 39 women with CMD
with the response to intracoronary acetylcholine during coronary angiography [28]. A
significant proportion demonstrated microvascular vasoconstriction in response to
increasing doses of intracoronary acetylcholine, similar to the response seen in subjects with
coronary artery stenosis.
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Endothelium-mediated coronary vasomotor function can also be determined by the cold
pressor test which involves immersion of a patient’s hand in ice water for 90 sec [29].
Increased sympathetic stimulation leads to elevation of epinephrine and norepinephrine and
elevated mean arterial pressure with coronary vasodilation in normal subjects while
coronary vasoconstriction occurs in subjects with stenotic segments. The vasoconstrictive
response to acetylcholine and CPR may be also related in part to increased smooth muscle
reactivity. Zeiher et al., showed that patients with mild CAD, who had a blunted increase in
coronary blood flow on the cold pressor test also showed a similar reduced response to
coronary blood flow following intracoronary acetylcholine administration suggesting that
the cold pressor test might be useful to assess endothelial dependent coronary vasodilatation
[30].

Assessment of endothelial independent microvascular function

CMD can be also diagnosed in women without obstructive CAD by detecting microvascular
dysfunction by an attenuated increase or decrease in coronary flow in response to hyperemic
stimuli resulting in a reduced CFR. The current definition of microvascular dysfunction for
CMD requires a <2.5-fold increase in coronary volumetric blood flow in response to
maximal hyperemic stimuli such as adenosine [31]. CFR is most commonly measured
invasively by quantitative coronary angiography and intracoronary Doppler ultrasonography
(Figure 1). In the WISE study, CFR and coronary flow velocity reserve were measured in 48
women with anginal symptoms and normal coronaries. Coronary velocity and diameter were
measured at baseline and after a hand-injected intracoronary bolus of adenosine. Coronary
velocity reserve, which correlated well with CFR, was determined by the ratio of average
peak coronary velocity after adenosine to baseline velocity. They found that a coronary
velocity reserve threshold of 2.24 provided optimum sensitivity (90%) and specificity (89%)
for the diagnosis of microvascular dysfunction based on a CFR of <2.5 [32]. The WISE
investigators examined the prevalence of coronary microvascular disease in 159 women
with chest pain and non-obstructive disease. They found that coronary micro-vascular
dysfunction was present in one-half of the subjects studied on the basis of a reduced
coronary flow velocity reserve [16]. Wessel et al. found that traditional risk factors for
atherosclerosis, other than increasing age, did not reliably predict microvascular dysfunction
in women [33]. Coronary reactivity testing was crucial to establish the diagnosis of CMD in
these subjects.

Intracoronary nitroglycerin injection is also used to detect non-endothelial dependent
macrovascular function as part of coronary reactivity testing. Since the coronary
microcirculation lacks the enzyme needed to convert nitroglycerin to its active form, nitric
oxide, nitroglycerin produces a dose-related dilation of coronary vessels >200 pm in
diameter and hence has no effect on smaller coronary vessels [26]. Normal nitroglycerin
response is defined as a diameter increase >20% [34]. Subjects with CMD do not show a
difference in the increase in coronary blood flow response to nitro-glycerin as compared to
normal controls [13].

Endothelin/inflammatory biomarkers

Imbalance between the endothelial vasodilator nitric oxide and vasoconstrictor endothelin-1
(ET-1) has been implicated in the pathogenesis of CMD. Lanza et al. detected a significant
increase in ET-1 levels in subjects with CMD at baseline and post-atrial pacing vs control
subjects [35]. Similar findings were seen in other studies with higher levels of ET-1 detected
in subjects with CMD as compared to controls [11,36]. Blunted levels of nitric oxide were
also seen along with elevated ET-1 levels in subjects with CMD as compared with controls
[36]. Higher ET-1 levels in patients with syndrome X might cause an increase in coronary
microvascular tone at rest by a direct vasoconstrictor effect and also by sensitization of
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small coronary arteries to catecholamines. ET-1 might also affect the abnormal coronary
flow response to acetylcholine in CMD patients. This was evidenced by studies that showed
an increase in ET-1 levels post-acetylcholine administration in patients with coronary
endothelial dysfunction [37].

Inflammation is another possible underlying mechanism for CMD. Tousoulis et al.
measured plasma levels of soluble vascular cell adhesion molecule-1 (VCAM-1) and
intercellular adhesion molecule-1 (ICAM-1) in women with CMD and found elevated levels
of both as compared to controls [38]. However, others did not find any difference in the
levels of inflammatory biomarkers such as C-reactive protein (CRP), IL-6, IL-18, TNF-a,
TGF-B1 and ICAM-1 in subjects with CMD as compared to controls [39]. Elevated
homocysteine levels linked with the C677T mutation in the methylenetetrahydrofolate
reductase gene were noted in women with CMD over controls in one study, suggesting a
role of homocysteine metabolism in endothelial cell dysfunction [40]. A recent study
evaluated 21 subjects with CMD and detected increased levels of CRP in those subjects with
CMD and reduced CFR as compared to controls [41]. While data exists to suggest that
inflammation may play a role in the pathogenesis of CMD, larger studies are needed to
validate this observation.

Non-invasive testing

Non-invasive evaluation of coronary circulation includes contrast echocardiography, PET,
CMR and SPECT.

Echocardiography

Initial evaluation of patients with syndrome X or CMD included exercise stress testing.
Abnormal response to exercise stress testing was part of the original diagnostic criteria for
CMD. However, Cannon et al. showed that exercise testing can fail to detect patients with
CMD [42]. Panza et al. studied 70 patients (44 women) with chest pain and normal
angiograms who underwent exercise treadmill testing, radionuclide angiography at rest and
during exercise, thallium stress testing and transesophageal dobutamine stress
echocardiography. They noted that there was no concordance between the tests regarding the
presence of ischemia and wall motion abnormalities. Despite the presence of chest pain and
ECG abnormalities, no wall motion abnormalities were detected, highlighting the difficulty
in diagnosing CMD [43]. Similar findings were reported in a study examining 33 patients
(14 women) with chest pain and normal coronaries with perfusion defects on thallium
SPECT undergoing dobutamine stress echocardiography (DSE) [44]. None of the patients
developed regional wall abnormalities on DSE despite the high prevalence of perfusion
defects on SPECT, the presence of chest pain and ST segment depression. The authors
concluded that DSE might be insensitive to ischemia caused by microvascular dysfunction.

Vinereanu et al. used adenosine stress echocardiography in nine patients (eight women) with
CMD [45]. They noted that all patients had global and regional diastolic dysfunction
following adenosine infusion but suggested that their pilot study needed confirmation in a
larger series of patients. Measurement of coronary flow velocity reserve (CFVR) using
transthoracic echocardiography with adenosine or dipyridamole infusion has been validated
in small studies against coronary angiography [46] or PET [47]. Sade et al. measured CFVR
using transthoracic echo in 68 women with chest pain and normal angiograms and found
impaired CFVR (<2.0 by definition) in 28 women [48]. They found that impaired CFVR
correlated closely with epicardial fat thickness also measured by echocardiography. Another
study measured coronary microvascular vasodilatation in response to adenosine and to CPT
in 71 patients with CMD (48 women) using transthoracic echocardiography [49]. They also
noted diminished responses to adenosine and CPT in CMD patients as compared to controls.
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Myocardial contrast echocardiography has also been used to detect perfusion defects and
evaluate the CFR in patients with CMD. Galiuto et al. evaluated the use of both
transthoracic and myocardial echocardiography in measuring CFR and myocardial blood
flow respectively, following adenosine infusion in 17 subjects with CMD (11 women) and
17 controls [50]. CFR as measured in the LAD was lower in CMD patients as compared to
controls and myocardial blood flow ratio using myocardial contract echocardiography was
significantly lower in subjects with CMD than in controls. Rinkevich et al. also measured
myocardial blood flow reserve using myocardial contrast echocardiography in 18 women
with CMD as compared to age matched controls and found impaired myocardial blood flow
reserve in subjects with CMD [51]. While studies measuring myocardial blood flow reserve
or CFVR using echocardiography show promising results, these are single-center, small
sample studies that require validation in larger populations.

SPECT imaging

SPECT imaging measures the relative distribution of myocardial blood flow at rest and
stress. In one of the earliest studies to evaluate CMD, Fragasso et al. studied myocardial
perfusion in 25 subjects (18 women) with CMD using stress-redistribution thallium-201
SPECT as compared to age matched controls. They found perfusion abnormalities in 97% of
patients, with reverse redistribution in a significant proportion of patients which they
suggested was due to inhomogeneous perfusion [52]. Another study examining myocardial
function and perfusion using technetium-99m methoxy-isobutyl-isonitrile (99mTc-MIBI)
gated-SPECT (exercise-rest protocol using an exercise bicycle) in 59 post-menopausal
women with angina and normal coronaries found perfusion defects in approximately 35% of
patients [53]. Such patients were more likely to also have reduced post-stress left ventricular
ejection fraction (LVEF) and endothelial dysfunction as measured by brachial artery
ultrasound. However the use of SPECT imaging to detect abnormal perfusion in CMD
patients, especially women, is limited for the following reasons: false positives due to breast
tissue and obesity, missing smaller areas of perfusion defects in comparatively smaller
hearts due to limitations in spatial resolution with SPECT and a failure to detect global
reduction in myocardial perfusion as SPECT perfusion deficits are identified by regional
differences in blood flow [54].

PET imaging

PET measures absolute myocardial blood flow in units of ml blood/min/g myocardium and
can quantify perfusion, thus detecting variations at the level of the coronary microcirculation
in patients without obstructive CAD (Figure 2). Geltman et al. studied 17 patients (four
women) with anginal symptoms and normal coronaries and 16 normal controls using PET
imaging with oxygen-15-labeled water (H,1°0) and oxygen-15-labeled carbon monoxide
(C150) before and after intravenous dipyridamole infusion [55]. Regional myocardial
perfusion and perfusion reserve was calculated in all subjects. Eight of the 17 patients had
an impaired myocardial perfusion reserve of <2.5. In the patients with impaired perfusion
reserve, perfusion at rest was significantly higher than that of normal subjects and maximal
flow and perfusion reserve were significantly reduced. WISE study investigators studied 34
women with chest pain and no significant CAD and nine female control subjects who
underwent 13N-NH3 PET to measure adenosine-induced changes in myocardial perfusion
[6]. They noted that 25 patients (74%) had impaired CFR in at least one coronary artery
territory. Microvascular dysfunction in these subjects was heterogeneous with discordance
of microvascular function among different coronary artery territories. They felt that
assessment of the microcirculation in all three coronary artery territories was essential in
women with angina and normal coronaries to detect CMD.
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Further insight into the pathophysiology of CMD was provided by Satake et al., who noted
increased myocardial 18F fluoro-deoxyglucose (FDG) uptake in 24 subjects (17 women)
with CMD undergoing FDG PET as compared to 11 controls [56]. Endomyocardial biopsy
in these subjects revealed significant increase in smooth muscle cells and thickening of the
vascular wall, even in capillary vessels and the small vessel lumen was markedly narrowed.
None of these findings were noted in the biopsy specimens of control subjects confirming
the nature of small vessel disease in patients with CMD. Furthermore, investigators have
shown that measuring rest/stress myocardial perfusion with 82Rb PET aided in the detection
of microvascular dysfunction in 1034 subjects [57]. They noted that measuring
heterogeneity in resting myocardial perfusion detected microvascular dysfunction in those
subjects. While measurement of CFR with PET is an established method for detection of
CMD and has been used to monitor response to various therapies [58], its limited
availability has hampered its usage in this setting.

Cardiac magnetic resonance

The earliest studies used 31P-NMR spectroscopy, a technique which measures myocellular
creatine phosphate (PCr), ATP, inorganic phosphate (Pi) and pH. The PCr:ATP ratio is a
sensitive and specific marker for ischemia. Investigators enrolled 35 women with chest pain
and normal coronaries and 12 age-matched, weight-matched controls to undergo 3'P-NMR
spectroscopy [59]. Myocardial high-energy phosphates were measured at 1.5 Tesla before,
during, and after isometric handgrip exercise and the change in the ratio of phosphocreatine
to ATP during exercise was measured. Seven (20%) of the 35 women had decreases in the
PCr: ATP ratio during handgrip that were more than 2 SD below the mean value in the
control subjects, demonstrating evidence of an abnormal metabolic response to handgrip
exercise in these women.

CMR has been recently used to quantify myocardial perfusion and detect reduced
myocardial perfusion in patients with CMD (Figure 3). Figure 3A demonstrates an
epicardial to endocardial gradient and on the right a perfusion map generated using a high
resolution spiral pulse sequence [60]. Use of CMR myocardial perfusion to study CMD was
first employed by Panting et al., who determined myocardial-perfusion by CMR imaging in
20 patients with CMD and ten matched controls, both at rest and during an infusion of
adenosine [61]. Myocardial perfusion index was measured in all subjects. The investigators
noted that in controls subjects the myocardial perfusion index increased in both the
subendocardium and subepicardial layers with adenosine administration. In patients with
CMD, the myocardial perfusion index did not change significantly post adenosine
administration in the subendocardium as compared with controls, but increased in the
subepicardium similar to controls. They noted that subjects with CMD had subendocardial
hypoperfusion in response to stress as compared to control subjects. Another study
compared the perfusion defects seen in CMD subjects following stress CMR with
dobutamine with the measured CFVR in the respective coronary artery territory after
adenosine administration using transthoracic echocardiography [62]. The investigators
observed a significant correlation between the dobutamine-induced myocardial perfusion
defects on CMR and reduced CFVR in the LAD coronary artery territory in CMD subjects
thus demonstrating that microcirculatory dysfunction had resulted in perfusion defects in
those patients.

Velmefoort et al. studied the use of perfusion by CMR imaging in 20 subjects (15 women)
with anginal symptoms and chest pain [63]. They found no evidence of subendocardial
hypoperfusion but uniform increase in myocardial perfusion index in both myocardial layers
in all subjects. They suggested that the relatively small sample size and presence of frequent
subendocardial artifacts could have adversely affected their results. Similar findings were
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reported by Karamitsos et al., who assessed quantitative perfusion and regional myocardial
oxygenation in 18 subjects (15 women) with CMD as compared to 14 controls [64]. They
found no differences in myocardial perfusion or oxygenation between the two groups.
Increased sensitivity to chest pain following adenosine administration was the only
differentiating characteristic of the CMD group. Quantitative perfusion by CMR with newer
sequences that have improved spatial and temporal resolution may be able to better evaluate
CMD in patients, but currently invasive coronary reactivity remains the gold standard.

Peripheral endothelial testing

Since coronary endothelial dysfunction has been observed in patients with CMD, non-
invasive measures of endothelial function have also been utilized in the diagnosis of this
condition. Lekakis et al. found that flow-mediated dilatation of the brachial artery measured
by Doppler ultrasonography was comparable in subjects with CMD and those with coronary
stenosis, but was significantly lower in CMD patients when compared with age-matched
controls [65]. The study provided further evidence that endothelial dysfunction in patients
with microvascular angina is not confined to the coronary micro-circulation but also extends
to large peripheral conduit arteries. Pulse wave velocity (PWV), a measure of arterial
stiffness, was found to be increased in subjects with CMD as compared to controls and was
associated with a decrease in endothelium-dependent vasodilatation in CMD subjects when
compared to controls [66]. Increased PWV in CMD subjects compared to controls has also
been described in other studies [67].

Impaired skin microvascular function as measured by laser Doppler imaging has been
observed in women with CMD when compared to controls [68]. Finally Matsuzawa et al.
evaluated endothelial function by peripheral arterial tonometry in 158 post-menopausal
women with obstructive CAD, non-obstructive CAD and controls [69]. Peripheral arterial
tonometry is measured by the Endo-PAT 2000 device which is a non-invasive, automatic
and quantitative clinical test for digital measurement of hyperemic response. The device
measures hyperemia in the digits of the upper arm post-cuff occlusion of the upper arm for 5
min. They found that the reactive hyperemia index was attenuated markedly in both
obstructive and non-obstructive CAD patients as compared to controls.

Reactive hyperemia index by peripheral tonometry is another non-invasive method to detect
the presence of obstructive and non-obstructive CAD though it did not differentiate between
the two groups in this study. Methods of peripheral endothelial function such as pulse wave
velocity and peripheral arterial tonometry are newer methods that play a largely supportive
role in detecting CMD. However larger studies are needed to confirm the usefulness of these
parameters in making a diagnosis of CMD.

Prognosis

While some studies show that the presence of CMD is associated with a benign prognosis
[70], other studies suggest otherwise [71]. Schachinger et al. studied 42 women who had a
vasoconstrictor response to intracoronary acetylcholine suggestive of CMD and found that
30% of these patients developed CAD over a 10-year follow-up period [72]. Suwaidi et al.
followed patients with CMD based on vasoconstrictor response to intracoronary
acetylcholine and found that patients with a severe vasoconstrictor response were at highest
risk of cardiovascular events over a period of 28 months [73]. VVasoconstrictor response to
intracoronary acetylcholine has been independently linked to increased cardiovascular
events in recent studies [74]. WISE investigators followed women with CMD based on
reduced CFR in response to intracoronary adenosine and found that reduced CFR (<2.3) was
independently linked with adverse cardiovascular events in those patients [14]. However the
WISE study was limited by several factors including relative lack of endothelium-
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independent microvascular testing, fewer major adverse events and enrollment of relatively
fewer women. The overall prognosis of MCD is unclear though recent studies have
suggested an increased risk of cardiovascular events in this patient population.

In our view at the present time a diagnosis of CMD can be made if there are typical
symptoms of chest pain, with or without presence of ischemia on non-invasive testing,
normal to minimal coronary disease on coronary angiography and any one of the following:
a) abnormal reactive response to intracoronary acetylcholine testing; b) reduced CFR in
response to intracoronary adenosine; or ¢) a reduced CFR in response to adenosine on PET
scanning. Newer techniques such as CMR perfusion have shown promise in the detection of
CMD but require larger studies for validation of its use in this population.

Conclusions

CMD is a common condition seen in as many as 50% of women with anginal symptoms and
normal coronaries on coronary angiography. Various pathophysiological mechanisms have
been proposed for this condition. Currently, the gold standard for the diagnosis of CMD
requires the exclusion of obstructive CAD by coronary angiography, followed by evaluation
of microvascular coronary function by Doppler guide wire in the cardiac catheterization
laboratory for endothelial function testing in response to intracoronary acetylcholine and
CFR testing in response to adenosine by coronary reactivity testing. Non-invasive imaging
methods such as PET imaging and CMR hold promise for detection of CMD. Since recent
studies suggest that CMD is associated with an increased risk of cardiovascular events,
diagnosis of this condition especially in women may offer an opportunity for early
therapeutic interventions, leading to a reduction in cardiovascular events in the future.

Expert commentary

CMD is a cause of significant morbidity especially in women presenting to the emergency
department with chest pain. Hence, prompt diagnosis of this condition is essential in order to
better manage such patients. Invasive coronary reactivity testing during coronary
angiography with intracoronary acetylcholine and adenosine remains the current standard
for diagnosis. However quantitative perfusion assessment by PET is an effective alternative
in making the diagnosis. The development of sequences with newer and improved temporal
and spatial resolution makes stress CMR also an attractive noninvasive imaging option to
efficiently detect CMD.

Five-year view

Further understanding of the pathophysiology of CMD and its prognosis is likely over the
next few years given the various techniques available to study this condition. Larger studies
will be performed to estimate the prevalence of this condition in the general population. Safe
and effective diagnosis of CMD will likely be made by non-invasive techniques such as
stress CMR. These diagnostic techniques will also be used to assess response to therapy for
CMD.
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Key issues

Coronary microvascular dysfunction (CMD), also known as syndrome X, is
characterized by typical anginal symptoms, evidence of myocardial ischemia on
non-invasive testing and normal to minimal coronary disease on coronary
angiography.

It is seen commonly in women, with studies showing that up to 50% of women
presenting with anginal symptoms have CMD.

Several pathophysiological mechanisms have been proposed to explain the
microvascular dysfunction that occurs in the coronary vascular system.

Diagnosis of CMD involves demonstration of microvascular dysfunction either
invasively or noninvasively.

Invasive testing of CMD is the current gold standard for diagnosis and involves
the use of quantitative coronary angiography to evaluate changes in coronary
vessel wall diameter in response to vasodilators such as adenosine and
acetylcholine.

The current definition for CMD requires <2.5-fold increase in coronary
volumetric blood flow on intracoronary angiography in response to adenosine.

PET imaging is an established method to detect CMD and a coronary flow
reserve of <2.5 has been shown in studies to be diagnostic of CMD.

Stress CMR is also a newer imaging method that holds considerable promise for
the effective diagnosis of CMD.

Current evidence suggests that the diagnosis of CMD is not benign and is
associated with worsening cardiovascular risk. Larger studies are needed to
further validate this finding.
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Figure 1. 49-year-old woman with chest pain

(A) Cardiac catheterization (left) showed minimal disease in left anterior descending artery.
Intravascular ultrasound (right) showed 15% plaque burden in the left anterior descencing
artery. (B) Coronary flow reserve (CFR) testing for patient in (A) as performed with
intracoronary Doppler blood flow velocity waveforms before adenosine (left), and after
adenosine infusion (right). CFR is the ratio of average peak velocities before and after
adenosine. The measured CFR was 1.2 and suggestive of coronary microvascular
dysfunction in this patient.
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catheterizations showing minimal coronary artery disease

13N-NH; PET perfusion imaging shows impaired increase in global perfusion post-

adenosine administration. Measured coronary flow reserve is 2.09.
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Figure 3. 57-year-old woman with persistent chest pain and non-obstructive coronary artery
disease on cardiac catheterization. Stress cardiac magnetic resonance was performed

(A) Mid-ventricular short axis view containing both papillary muscles. (B) Perfusion image
of the same short axis with a superimposed perfusion map with color coded areas. Red
signifies decreasing blood flow all the way to yellow, which shows maximum perfusion.
This patient has reduced subendocardial and a normal increase in epicardial perfusion
following adenosine infusion. Calculated coronary flow reserve in this case was 1.42 and
suggestive of coronary microvascular dysfunction (color figure can be found online at:
www.expert-reviews.com/full/doi/10.1586/14779072.2013.833854).

Expert Rev Cardiovasc Ther. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Kuruvilla and Kramer

Table 1

Overview of various diagnostic techniques in coronary microvascular dysfunction.
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Endothelium-independent vasodilation

Adenosine

maximum dose of
acetylcholine

CFR<250rCFVR
<224

Technique Mechanism Stressor Agent M easur ement Diagnostic techniques

| nvasive

Coronary angiography Endothelium-dependant vasodilation Acetycholine CFR <50% or Intracoronary Doppler flow wire
increases in and quantitative coronary
coronary diameter angiography
<20% after

Intracoronary Doppler flow wire
and quantitative coronary
angiography

Inflammatory markers and
vascular tone modifiers

N/A

CRP, homocysteine,
endothelin-1 and
nitric oxide levels

Standard testing through blood
draws

Non-invasive

Stress echocardiography

Endothelium-independent vasodilation

Adenosine

CFR<2.0

Doppler echocardiography

Contrast echocardiography

Myocardial perfusion

Dipyridamole

Myocardial blood
flow reserve < 2.0

Ultrasound contrast agent
(Definity) and intermittent/
ultraharmonic imaging modality

PET imaging (H,50 and
ClSO’ 13N_
NHs, 82Rb, 18FDG)

Myocardial perfusion and cellular
metabolism

Dipyridamole or adenosine

CFR<25

Quantitative and qualitative
myocardial perfusion

MR spectroscopy

Cellular metabolism (measurement of
myocardial high energy phosphates)

Isometric handgrip exercise

Drop in
phosphocreatine:
ATP ratio during
handgrip > 2 SD
below mean in
controls.

Magnetic resonance spectroscopy

Stress CMR

Myocardial perfusion

Adenosine

CFR cut off variable
in different studies.

Quantitative and qualitative
myocardial perfusion

Peripheral endothelial testing

Reactive hyperemia Digital reactive
hyperemia

Cuff inflation for 5 min
Cuff inflation for 5 min

Brachial artery flow
mediated dilation
Reactive hyperemia
index

Brachial artery ultrasonography
Peripheral arterial tonometry
using Endo-PAT device

Autonomic function testing

Sympathetic/parasympathetic activity

N/A

Heart rate variability

24-h ambulatory ECG monitors

18rpG: 18 fluoro-deoxyglucose; CFR: Coronary flow reserve; CFVR: Coronary flow velocity reserve; CRP: C-reactive protein; N/A: Not
applicable; SD: Standard deviation.
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