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Chapter 8
Treatment of Coronary Microvascular 
Dysfunction

Jun Takahashi and Hiroaki Shimokawa

Abstract  Patients with ischemia and non-obstructive coronary artery (INOCA) 
often have coronary microvascular dysfunction (CMD), and they are at high risk for 
adverse cardiac events. Nevertheless, the management of CMD represents a major 
unmet need because the lack of large, randomized studies makes it difficult to gen-
erate evidence-based recommendations. Recently, it was demonstrated that strati-
fied medical therapy guided by an interventional diagnostic procedure improves 
health status of patients with INOCA. Accordingly, the latest guidelines state that 
treatment of CMD should address the dominant mechanism of microcirculatory 
dysfunction. In patients with impaired microcirculatory conductance and a negative 
acetylcholine (ACh) provocation test, beta-blockers, ACE inhibitors, and statins, 
along with lifestyle modifications and weight loss, are indicated. On the other hand, 
patients developing ECG changes and angina in response to ACh testing but without 
severe epicardial coronary vasoconstriction (all suggestive of microvascular spasm) 
may be treated mainly by calcium channel blockers. However, in patients with 
INOCA, coronary functional abnormalities, including epicardial coronary spasm, 
reduced microvascular vasodilatation, and increased microvascular resistance, fre-
quently coexist in various combinations. Thus, in everyday clinical practice, a com-
bination of several types of vasodilators, such as a beta-blocker and a long-acting 
dihydropyridine calcium channel blocker, should constitute the second step when a 
single drug fails to success. In cases with refractory symptoms which seriously limit 
life quality, analgesic drugs or non-pharmacological interventions, including reha-
bilitation exercise programs, spinal cord simulation, and/or psychological treat-
ments, might be helpful. In this section, we will discuss the treatment options for 
CMD, taking into consideration currently accepted pathogenic mechanisms of the 
disorder.
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8.1  �Introduction

Patients with ischemia and non-obstructive coronary artery (INOCA) often have 
coronary microvascular dysfunction (CMD) and are diagnosed as having microvas-
cular angina (MVA). Recent studies demonstrated that they are at high risk for 
adverse cardiac events, including cardiac death, non-fatal myocardial infarction, 
heart failure, and hospitalization due to unstable angina [1, 2]. Nevertheless, the 
management of CMD represents a major unmet need because the lack of large, 
randomized studies involving homogeneous patient groups makes it difficult to gen-
erate evidence-based recommendations. Indeed, the guidelines of the European 
Society of Cardiology and the Japanese Circulation Society confirm relatively low 
levels of evidence for treatment of patients with CMD and no large randomized 
outcome trials [3, 4]. Thus, the treatment for CMD has so far been empirical because 
its pathophysiology appears to be multifactorial, with overlapping phenotypes that 
often coexist. On the other hand, recent papers have discussed the management of 
those patients and suggested potential therapies for CMD [5–7]. Targets for those 
therapies include conventional coronary risk factors and endothelial dysfunction, 
myocardial ischemia due to impaired coronary microvascular dilatory function or 
microvascular spasm, and chest pain–increased nociception [5–7]. The therapeutic 
aims are to improve myocardial ischemia addressing its causes, improve quality of 
life, and improve long-term prognosis. In this section, we will discuss the treatment 
options for CMD, taking into consideration currently accepted pathogenic mecha-
nisms of the disorder.

8.2  �Control of Risk Factors for Coronary 
Microvascular Dysfunction

The presence of CMD in patients with cardiovascular risk factors can be predictive 
of future development of macrovascular atherosclerosis [8]. Especially, those using 
intravascular ultrasound have also shown that non-obstructive coronary artery dis-
ease (CAD) is noted in a large proportion of patients with CMD [9]. Thus, aggres-
sive management of all modifiable conventional risk factors is of paramount 
importance in the CMD patients [5, 10]. Smoking cessation, weight loss, adequate 
control of blood pressure, diabetes and metabolic abnormalities, lipid management, 
improved nutrition, and regular exercise may be applicable [11]. It has been demon-
strated that anti-hypertensive drugs are able to improve CMD in patients with 
hypertension, although some differences among classes of medications may exist 
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[12–14]. For instance, angiotensin-converting enzyme (ACE) inhibitors and angio-
tensin II receptor blockers (ARBs) have been shown to improve or even normalize 
endothelium-independent coronary microvascular function in hypertensive patients 
[12]. Furthermore, olmesartan, but not amlodipine, has been shown to improve 
endothelium-dependent coronary vasodilatation in hypertensive patients irrespec-
tive of blood pressure (BP) reduction [13]. In contrast, another study showed that 
verapamil, but not enalapril, was able to improve myocardial blood flow (MBF) 
during atrial pacing despite a similar BP reduction [14]. These findings suggest that 
the favorable effects of antihypertensive drugs on CMD mainly depend on mecha-
nisms other than hypotensive effect, including direct effects on vascular smooth 
muscle cells, an improvement of oxidative state, endothelial function, and diastolic 
function, as well as effects on autonomic nervous system. Statins, alone or in com-
bination with ACE inhibitors, have been shown to exert beneficial effects in patients 
with coronary endothelial and/or vascular smooth muscle dysfunction despite non-
obstructive CAD [15–17]. Unlike the cases with hypertension or hypercholesterol-
emia, the effect of glycemic control on CMD in diabetic patients remains to be 
elucidated. Indeed, weight loss in obese patients has also been reported to improve 
microvascular function with increased adiponectin levels [18, 19]. Thromboxane A2 
(TXA2) could cause microvascular constriction, platelet aggregation, and vascular 
injury. Thus, low-dose aspirin, which is a TXA2 inhibitor, could provide microvas-
cular protection against oxidative injury in the microcirculation [20].

CMD is also initiated by classical cardiovascular risk factors that also maintain a 
low-grade inflammation [21, 22]. Additionally, chronic systemic inflammation is 
associated with CMD possibly mediated through C-reactive protein (CRP), which 
levels were related to coronary flow reserve impairment in patients with a chest pain 
syndrome without risk factors for CAD and angiographically normal epicardial 
arteries [23]. Anti-inflammatory agents block associated endothelial dysfunction 
that plays a key role in the pathogenesis of CMD. Specific approaches to modify 
inflammation in CMD are difficult to assess since essentially all effective anti-
ischemic and anti-atherosclerosis agents modify inflammation to some degree [24].

8.3  �Pharmacological Symptomatic Therapies for Coronary 
Microvascular Dysfunction

8.3.1  �Beta Blockers

The European Society of Cardiology guidelines for patients with MVA recommend 
beta-blockers as first-line and calcium channel blockers if the former are not toler-
ated or efficacious [25]. Beta-blockers are able to reduce myocardial oxygen con-
sumption and to improve coronary perfusion by prolonging diastolic time. In 
particular, beta-blocker therapy may be considered to provide therapeutic benefit 
for MVA patients with exercise-induced symptoms and those with increased 
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sympathetic nervous activity as evidenced by elevated blood pressure-rate response 
to exercise [26, 27]. Actually, propranolol reduced the number of episodes of 
ST-segment depression during 24-h ECG Holter monitoring as compared to vera-
pamil [28]. The use of atenolol has been shown to reduce the number of angina 
episodes and also improve the ischemic threshold [29, 30]. Carvedilol has been 
shown to improve endothelial function [31]. Furthermore, nebivolol, which is a 
highly selective beta-1 blocker with vasodilatory effects via nitric oxide (NO) pro-
duction, has beneficial effects on angina and exercise capacity in patients with CMD 
[32]. Notably, nebivolol improved left ventricular filling pressure and coronary flow 
reserve (CFR) in uncomplicated arterial hypertension, suggesting the involvement 
of enhanced myocardial NO production and improvement of coronary microvascu-
lar function [32]. However, the effects of beta-blocker therapy on symptoms of 
chest pain are variable in MVA patients ranging from 19% to 60% [26]. Additionally, 
caution should be exercised in the use of beta-blockers in patients with microvascu-
lar spasm because they could exacerbate coronary vasoconstriction by unmasking 
α-adrenoceptors in the coronary circulation [5, 7].

8.3.2  �Calcium Channel Blockers

Calcium channel blockers (CCBs) have potent vasodilatory effects and are therefore 
expected to improve the increased resistance of coronary microcirculation. However, 
while dihydropyridine CCBs can reduce systemic blood pressure rapidly, they 
might simultaneously cause a reflex increase in adrenergic activity that antagonizes 
their favorable vasodilatory effects. In contrast, non-dihydropyridine CCBs could 
decrease myocardial oxygen consumption by the negative chronotropic and inotro-
pic effects. In a clinical setting, CCBs are widely used in patients with non-
obstructive CAD and coronary vasomotor disorders including vasospastic angina 
(VSA). In particular, benidipine, a long-acting dihydropyridine, showed beneficial 
prognostic impacts in VSA patients [33]. Additionally, with the hope of improving 
reduced vasodilator capacity of the coronary microcirculation and reducing cardiac 
afterload, CCBs are often used for patients with CMD, which is supported by an 
experimental study showing that amlodipine improves inward remodeling in CMD 
[34]. In expert consensus, CCBs are likely to represent the first-line agents for 
patients with documented microvascular spasm or abnormal CFR and those with 
mainly exercise-related symptoms if beta-blockers are without effects [6, 7, 25]. 
However, CCBs have shown variable results in the previous trials with INOCA 
patients [28, 29, 35, 36]. It has been reported that intracoronary diltiazem does not 
improve CFR in patients with MVA [35]. Furthermore, no significant improvement 
in angina was noted with amlodipine in INOCA patients, [29] and verapamil failed 
to reduce spontaneous episodes of ischemic ST-segment changes in another study 
[28]. On the other hand, patients with abnormal vasodilator reserve can have 
improved symptoms, less nitrate use, and improved exercise tolerance with vera-
pamil or nifedipine [36]. Moreover, long-acting nifedipine exerted cardiovascular 
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protective effects through inhibition of vascular inflammation and improvement of 
endothelial function in CAD patients with vasomotor dysfunction (Fig. 8.1) [37, 38]. 
Thus, long-acting L-type calcium channel blockers appear to be more effective for 
coronary microcirculation compared with short-acting ones. Importantly, it should 
also be noted that some patients may paradoxically experience worsening of symp-
toms on CCBs with a resultant withdrawal [7, 25].

8.3.3  �Nitrates

Nitrates are one of the classical drugs that have been widely used for cardiovascular 
diseases. Nitrates act via NO signaling pathways and exert endothelium-independent 
vasodilatation, leading to an increase in coronary perfusion and reductions in car-
diac pre- and post-load [39, 40]. With these pharmacological features, nitrates 
acutely improve cardiac conditions, such as angina attacks and acute heart failure. 
However, chronic exposure to nitrates results in a rapid development of tolerance, 
blunting their anti-ischemic and hemodynamic efficacy [39, 40]. Furthermore, their 
potential harm for cardiovascular patients, such as generation of reactive oxygen 
species with resultant endothelial dysfunction, [41] sympathetic nerve activation, 
[42] and increase in sensitivity to vasoconstrictors [43], has also been reported. 
Since nitrate therapy acutely improves vasospastic symptoms, [44] they are often 
used mainly as a concomitant therapy with CCBs in VSA patients [4, 45]. However, 
the effects of nitrates on the coronary microcirculation seem to be variable and 
rather limited. Indeed, sublingual short-acting nitrates, which are the first-line drugs 
to treat angina attacks in patients with MVA as well as those with obstructive CAD 
or epicardial spasm, were found to be effective in only about a half of patients [46]. 
The previous studies suggested that sublingual nitrate therapy worsened or failed to 
improve exercise tolerance in patients with syndrome X [47, 48]. Furthermore, 
chronic oral nitrate therapy with isosorbide-5-mononitrate (40 mg) also failed to 
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Fig. 8.1  The ENCORE II 
trial demonstrated that 
coronary vasodilator 
responses to intracoronary 
acetylcholine were 
improved only in the group 
treated with nifedipine but 
not in the placebo group. 
(Reproduced from Luscher 
et al. [37])
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improve symptoms and quality of life over a period of 4 weeks in those patients, 
[29] and ISDN was not helpful for patients with CMD [49]. On the basis of these 
results, long-acting nitrates have generally presented no positive effect and thus 
may not be recommended as first-line drugs for patients with CMD.

8.3.4  �Nicorandil

Nicorandil has the dual properties of nitrate and KATP channel agonist, showing the 
cardiovascular protective effects without tolerance development [50]. This agent opens 
ATP-sensitive potassium channels, thereby causing dilatation of coronary resistant 
arterioles and possesses a nitrate moiety which dilates epicardial coronary arteries. In 
fact, nicorandil could cause vascular relaxation without intracellular cGMP accumula-
tion through opening potassium channels in the plasma membrane with resultant 
hyperpolarization of vascular smooth muscle cells. Importantly, a functional role of 
KATP channels in response to nicorandil becomes more apparent when cyclic GMP 
formation is suppressed as in the case of nitrate tolerance [51]. A previous study dem-
onstrated that intravenous administration of nicorandil could lead to significant 
improvements in scintigraphy results as well as anginal symptoms and ST-segment 
depression during exercise [52]. Furthermore, in another randomized placebo-con-
trolled trial, a 2-week therapy with nicorandil in patients with microvascular angina 
resulted in significant improvement in exercise-induced myocardial ischemia and exer-
cise tolerability [53]. Accordingly, where available, nicorandil should be taken into 
account in the treatment of patients with CMD, in particular as an alternative to nitrates.

8.3.5  �ACE Inhibitors

Local tissue angiotensin II is involved in the regulation of coronary microvascular 
structure and function, and it also enhances the effects of sympathetic nervous sys-
tem on coronary microvascular tone. Thus, renin-angiotensin system inhibition has 
been considered to be an appropriate therapy for patients with CMD. Furthermore, 
ACE inhibitors could benefit coronary vascular bed by restoring endothelial func-
tion and may improve coronary flow reserve (CFR) by bradykinin-mediated, 
NO-dependent mechanisms [54]. Indeed, enalapril has been demonstrated to 
improve CMD through increase of NO availability and reduction of oxidative stress 
in MVA patients [55]. It also has been demonstrated that enalapril and cilazapril 
reduce the magnitude of ST-segment depression and increasing the total exercise 
duration and time to 1 mm of ST-segment depression in MVA patients with reduced 
coronary flow [56, 57]. Moreover, improvements of angina symptoms and exercise 
capacity have been noted with the use of several kinds of ACE inhibitors [16, 58, 
59]. Thus, since available studies assessing the effects of ACE inhibitors in MVA 
patients have generally shown beneficial results, more proactive use of the agents 
should be recommended in patients with CMD.
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8.3.6  �Ranolazine

Ranolazine is an anti-ischemic dug that acts via inhibiting the transmembrane late 
sodium current, resulting in reduction of intracellular calcium levels and prevention of 
calcium overload during ischemia [60]. Thus, ranolazine is considered to be able to 
improve myocardial relaxation and left ventricular diastolic function [60]. The effect 
of ranolazine on CMD has been conflicting in the pilot placebo-controlled trials, 
[61, 62] whereas a recent large randomized crossover trial of ranolazine vs. placebo 
found no difference in symptoms or cardiac magnetic resonance imaging-myocardial 
perfusion reserve [63]. However, in a pre-defined subgroup who had CFR assessed 
invasively, symptomatic patients with CFR <2.5 and non-obstructive CAD showed 
improved angina and myocardial perfusion with ranolazine, indicating that ranolazine 
provides a promising management option for patients with CMD and low CFR [64].

8.3.7  �Ivabradine

Selective If-channel blockade using ivabradine is a specific bradycardic agent that 
selectively reduces sinus node activity through inhibition of the If current [65]. In 
contrast to β-blockers, ivabradine does not cause vasoconstriction or negative ino-
tropic effects [65]. Beneficial effects of ivabradine in IHD are mediated by its indi-
rect effects to improve exercise tolerance, prolong time to ischemia during exercise, 
and reduce angina severity and frequency compared with other antianginal agents in 
patients with stable angina [65, 66]. Ivabradine improved angina in patients with 
MVA but coronary microvascular function did not change, suggesting that symp-
tomatic improvement could be attributed to heart-rate-lowering effect [62]. However, 
others have found that ivabradine improves CFR in non-obstructed coronary arteries 
of patients with stable CAD at both baseline and paced heart rates identical to that 
before treatment [67]. Thus, ivabradine may improve CFR in patients with stable 
CAD.  These effects persist even after heart rate correction, indicating improved 
microvascular function [68]. Thus, it is possible that ivabradine and/or perhaps 
some other If-channel inhibitors have a role in CMD patients, although further stud-
ies are needed.

8.3.8  �Xanthine Antagonists

Xanthine derivatives are considered to have favorable effects on nociception in 
MVA patients. They were suggested to have analgesic effects that result from antag-
onizing stimulation of cardiac nerve pain fibers through adenosine, a major media-
tor of ischemic chest pain [69]. They may also have anti-ischemic actions through 
attenuation of the coronary microvascular steal phenomenon observed in MVA 
patients [70]. Aminophylline may improve exercise tolerance and exercise-induced 
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myocardial ischemia in patients with INOCA [71, 72]. Clinically, these drugs rep-
resent a bailout option in completely refractory patients before more invasive meth-
ods such as spinal cord stimulation may be considered.

8.4  �Expectation for Rho-Kinase Inhibitor, Fasudil, 
as a Therapeutic Option for CMD

Enhanced Rho-kinase activity plays important roles in the pathogenesis of both epicar-
dial coronary and microvascular spasm [73]. In particular, the pathogenetic mechanisms 
of CMD appear to be heterogeneous, and many confounding cardiovascular risk factors 
cause both endothelial dysfunction and VSMC hyperconstriction, where activated Rho-
kinase pathway plays important roles (Fig. 8.2). Furthermore, Rho-kinase pathway has 
also been shown to be substantially involved in inflammatory cell accumulation in 
blood vessel adventitia, [74] and a pathogenetic mechanism in patients with chest pain 
and non-obstructive CAD [75]. Rho-kinase enhances myosin light chain phosphoryla-
tion through inhibition of myosin-binding subunit of myosin phosphatase, leading to 
vascular smooth muscle hypercontraction (Fig. 8.3) [76]. Fasudil, a specific Rho-kinase 
inhibitor, is highly effective in preventing acetylcholine-induced coronary spasm and 
resultant myocardial ischemia (Fig. 8.3) [77]. Indeed, intracoronary fasudil is effective 
not only for patients with epicardial coronary spasm [77] but also for approximately two 
thirds of MVA patients [78]. Specifically in the latter, Mohri et al. studied consecutive 
18 patients with angina and normal epicardial coronaries in whom intracoronary ACh 
induced myocardial ischemia (defined as ischemic electrocardiographic changes, 
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myocardial lactate production, or both) without angiographically demonstrable epicar-
dial coronary vasospasm. All patients underwent a second ACh challenge test after pre-
treatment with either saline (n = 5) or fasudil (4.5 mg intracoronarily, n = 13). While 
myocardial ischemia was reproducibly induced by ACh in the saline group, 11 of the 13 
patients pretreated with fasudil had no evidence of myocardial ischemia during the sec-
ond infusion of ACh (P < 0.01). The lactate extraction ratio (median value [interquartile 
range]) during ACh infusion was improved by fasudil pretreatment, from −0.16 (−0.25 
to 0.04) to 0.09 (0.05 to 0.18) (P = 0.0125) (Fig. 8.4). These results strongly indicate 
that fasudil is able to ameliorate myocardial ischemia in patients who were most likely 
having coronary microvascular spasm. Furthermore, Fukumoto et al. examined whether 
Rho-kinase is involved in coronary microvascular constriction in patients with obstruc-
tive CAD [79]. In brief, intracoronary administration of fasudil (300 mg/min for 15 min) 
significantly increased oxygen saturation in coronary sinus vein from 37  ±  3% to 
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41 ± 3% (P < 0.05) but not in six age-matched controls (from 42 ± 3% to 43 ± 3%, 
P=NS). Importantly, intracoronary fasudil significantly ameliorated pacing-induced 
myocardial ischemia in patients with obstructive CAD (magnitudes of symptom, 
1.5  ±  0.6 to 0.6  ±  0.4, P  <  0.01; ischemic ST-segment depression, 1.8  ±  0.3 to 
1.0 ± 0.2 mm, P < 0.01; percent lactate production, 50 ± 17% to 0.4 ± 7%, P < 0.01) 
without significant hemodynamic changes [78]. These results provide the evidence that 
Rho-kinase is substantially involved in the pathogenesis of CMD associated with myo-
cardial ischemia in patients with obstructive CAD, suggesting that fasudil could be a 
therapeutic option for CMD with obstructive CAD. Myocardial hypertrophy induced 
by pressure overload leads to myocardial dysfunction, CMD, and ischemia possibly due 
to oxidative stress, enhanced vasoconstriction to endothelin-1, and compromised endo-
thelial NO function via elevated Rho-kinase signaling [80]. Fasudil may be effective in 
a wide variety of CMD where Rho-kinase plays an important role.

8.5  �A Rational Approach for the Management 
of CMD Patients

Considering the results of the CorMicA trial, [81] the latest ESC guidelines 
state that treatment of microvascular angina should address the dominant mech-
anism of microcirculatory dysfunction (Fig.  8.5). In patients with impaired 

Lactate extraction ratio

saline fasudil

Fig. 8.4  Clinical findings in a patient with microvascular angina. Representative coronary angiog-
raphy and ECG recordings (left) and group data comparison of the lactate extraction ratio during 
acetylcholine (ACh) infusion with (n = 13, fasudil group) and without pre-treatment of fasudil 
(n = 5, saline group) (right). Intracoronary administration of ACh caused no appreciable vasocon-
striction of epicardial coronary arteries, whereas ECG changes and myocardial lactate production 
indicated the occurrence of myocardial ischemia. Intracoronary pre-treatment with fasudil abol-
ished the ACh-induced myocardial ischemia. F fasudil, ISDN isosorbidedinitrate. (Reproduced 
from Masumoto et al. [77])
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microcirculatory conductance with abnormal CFR <2.0 or IMR ≥25 units, and 
a negative acetylcholine provocation test, beta-blockers, ACE inhibitors, and 
statins, along with lifestyle modifications and weight loss, are indicated. On the 
other hand, patients developing ECG changes and angina in response to acetyl-
choline testing but without severe epicardial vasoconstriction (all suggestive of 
microvascular spasm) may be treated mainly by CCBs like VSA patients. 
However, as demonstrated by our group, in patients with INOCA, coronary 
functional abnormalities, including epicardial coronary spasm, reduced micro-
vascular vasodilatation, and increased microvascular resistance, frequently 
coexist in various combinations [75]. Thus, in everyday clinical practice, the 
first-line medication is represented by beta-blockers or long-acting dihydro-
pyridine CCBs, while a combination of them should constitute the second step 
when single drugs fail to success. In some cases, long-acting nitrates could be 
added, although there is less evidence of their actual efficacy. A proposed treat-
ment algorithm for patients with MVA is shown in Fig. 8.5. All patients should 
receive optical risk control. If symptoms are not well controlled, addition of 
traditional and non-traditional anti-ischemic drugs is recommended. Ivabradine 
can be added when beta-blockers are scarcely tolerated, while ranolazine should 
be considered in MVA patients with reduced CFR.  In cases with refractory 
symptoms that seriously limit quality of life, analgesic drugs or non-pharmaco-
logical interventions including rehabilitation exercise programs, spinal cord 
simulation, psychological treatments, and shock wave therapy [82] might be 
helpful.
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Fig. 8.5  Treatment algorithm for patients with microvascular angina
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