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Abstract: a considerable number of patients with angina or myocardial ischemia have no significant 

coronary artery disease on invasive angiography. In recent years, several steps towards a better 

comprehension of the pathophysiology of these conditions, angina or ischemia with non-obstructive 

coronary arteries (ANOCA/INOCA) have been made. Nevertheless, several gaps in knowledge still 

remain. This review is intended to provide a comprehensive overview of ANOCA and INOCA with 

a particular focus on pathophysiology, recent diagnostic innovations, gaps in knowledge and 

treatment modalities. 
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1. Introduction 

A considerable number of patients with anginal symptoms or myocardial ischemia on 

noninvasive testing present no significant coronary artery stenosis on coronary angiography [1]. The 

absence of significant coronary artery disease (CAD) often terminates the diagnostic work-up for 

cardiac causes. In some cases, symptoms are attributed to non-cardiac conditions such as 

gastrointestinal or psychiatric disorders, leading to erroneous diagnoses and inappropriate 

treatments [2]. In recent years, the pathophysiology of angina or ischemia with non-obstructive 

coronary arteries (ANOCA/INOCA) have been investigated, and several steps have been made 

towards a better comprehension of these conditions. Nevertheless, several gaps in knowledge still 

remain. In this review, we aim to provide an overview of ANOCA and INOCA, with a special focus 

on pathogenesis, recent innovations in diagnostic modalities, evolving concepts and treatment 

updates. 

2. Definitions 

The concomitant presence of typical angina and absence of significant stenosis on coronary 

angiography has been historically defined as “Cardiac Syndrome X” (CSX) due to uncertainty about 

its mechanism [3]. The better understanding of this condition led to the replacement of the term 

“CSX” with microvascular angina (MVA) [4], which encompasses patients with coronary vasomotor 

dysfunction consisting of microvascular spasm, and/or impaired vasodilatation [5,6]. While 

microvascular spasm can be inferred in patients with typical angina and ischemic electrocardiogram 

(ECG) changes during a spasm provocative test [7], impaired vasodilator reserve due to coronary 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2023                   doi:10.20944/preprints202306.0670.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202306.0670.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

microvascular dysfunction (CMD) is characterized by low coronary flow reserve (CFR) [5]. 

Differently, a transient reduction in coronary blood flow (CBF) secondary to a spasm in the epicardial 

coronary arteries, previously referred as “Prinzmetal” or “variant” angina, defines the condition of 

vasospastic angina (VSA) [7–10]. The pathophysiological mechanisms of these conditions will be 

addressed later in this review.  

Recently, the term “ANOCA” has been coined to include all the clinical conditions determined 

by anginal symptoms without evidence of significant CAD on coronary angiography. When anginal 

symptoms are associated with documented myocardial ischemia, the term “INOCA” applies. Finally, 

in presence of a universal criteria-defined myocardial infarction (MI) with no significant coronary 

stenosis and no other overt cause at presentation, the definition of “myocardial infarction with non-

obstructive coronary artery” (MINOCA) can be used [11]. A comprehensive diagram including the 

abovementioned definitions is provided by Figure 1. 

 

Figure 1. coronary vascular dysfunction – clinical settings and pathophysiological mechanisms. 

3. Epidemiology and prognostic implications 

The absence of significant coronary obstruction is frequent in patients experiencing angina and 

myocardial ischemia. With regard to ANOCA, numerous data show that its prevalence ranges from 

30% to 50% among patients undergoing coronary angiography [1,12–14], with a female 

preponderance [14–16]. Interestingly, these percentages seem to remain stable over time despite 

improvements in the definition and detection of this condition [12]. Nevertheless, the correct 

characterization of symptoms has a central role, since the presence of typical angina is a predictor of 

significant CAD while atypical symptoms are more often associated with absence of coronary 

obstruction [1,13]. When a non-invasive stress test confirms the presence of significant myocardial 
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ischemia in patients with angina, the percentage of patients without significant CAD decreases [1,17]. 

The prevalence of MINOCA has been reported to range between 2% and 10% of all MIs [18–22], while 

coronary obstruction is found in more than 90% [23]. Interestingly, women have a higher chance of a 

negative coronary angiography than men also in the setting of MI [18]. 

Notably, none of these conditions is benign. In addition to impaired quality of life, several 

studies reported an increased risk of adverse events in patients with ANOCA and INOCA [24–26]. 

Available data show a 1.3 higher risk of death and a 3-4-fold higher risk of hospitalization for 

cardiovascular events in ANOCA patients as compared with asymptomatic individuals [14,25], while 

the Women’s Ischemia Syndrome Evaluation (WISE) study demonstrated a 10-year risk of all-cause 

death of 13% and 2.8% in patients with INOCA and in control healthy individuals, respectively [27]. 

In MINOCA patients, the prognosis is influenced by the underlying mechanism and the extent of 

myocardial dysfunction. Overall, the risk of mortality in patients with MINOCA is estimated to be 

about 1%, 3% and 4% in hospital, at 1 year and 3 years, respectively [22,28,29]. Finally, the absence of 

significant coronary obstruction on coronary angiography may lead the treating physician to wrongly 

reassure patients or discontinue the medical therapy, with a potential negative impact on symptoms 

and quality of life. 

4. Pathophysiology 

Among the main pathophysiological mechanisms deemed responsible for ANOCA/INOCA and 

MINOCA, vascular spasm and CMD play an important role. 

4.1. Epicardial and microvascular vasospasm 

Epicardial vasospasm is a pathologic condition characterized by a transient reduction of CBF 

due to a spasm in the epicardial coronary arteries. This phenomenon is responsible for recurrent 

attacks of chest pain similar to those occurring in patients with obstructive CAD; however, these 

episodes often happen at rest rather than under exertion, and effort tolerance is generally preserved 

[30]. While initially referred to as “Prinzmetal” or “variant” angina due to its differences from 

classical effort angina, the exact definition of the pathophysiology of this phenomenon led to the 

introduction of the term “VSA”. 

Vascular smooth cells (VSCs) hyperreactivity is thought to play a central role in the 

pathophysiology of VSA. VSCs contraction is mediated by the phosphorylation and 

dephosphorylation of myosin light chains (MLCs). MLC dephosphorylation, in particular, is 

inhibited by rho-kinase, which has been shown to be hyper-expressed in the spastic cells [31,32]. This 

hypothesis is supported by preliminary studies suggesting that the use of rho-kinase inhibitors 

effectively prevents acetylcholine (Ach)-induced coronary spasm [33]. The occurrence of anginal 

symptoms at night, when the vagal tone is higher, and the induction of spasm by Ach suggest that 

dysregulation in the autonomic nervous system may be involved as well in the pathophysiology of 

VSA [34,35]. Other potential mechanisms include endothelial dysfunction with dysregulation of the 

Nitric oxide synthases, magnesium deficiency, oxidative stress, inflammation, and genetic 

polymorphisms [35]. Coronary spasm often occurs at the level of an atherosclerotic plaque, probably 

because the endothelial dysfunction, leading to an imbalance between vasodilator and vasopressor 

stimuli [36], can act as a trigger for local injury, ischemic damage and MI [37]. However, even healthy 

vessels can be affected.  

Several studies suggest that spasm can also occur at the level of the microcirculation. Mohri et 

al. showed that lactate was produced during spasm provocation test in patients with angina attack 

and ischemic ECG changes without significant epicardial coronary obstruction [38]. Sun et al. 

confirmed these findings demonstrating the occurrence of myocardial ischemia (typical angina, 

ischemic ECG changes and lactate production) in patients undergoing spasm provocative test 

without angiographic evidence of epicardial spasm [39]. These data support the hypothesis that, in 

absence of epicardial spasm, patients with chest pain and ECG changes during spasm provocative 

test suffer from microvascular spasm. Of note, it should be considered that patients with non-

diagnostic Ach-test results may be affected by CMD [7]. Finally, one of the main characteristics of 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2023                   doi:10.20944/preprints202306.0670.v1

https://doi.org/10.20944/preprints202306.0670.v1


 4 

 

both epicardial and microvascular vasospasm is the resolution of symptoms due to vasodilation in 

response to nitrates. 

4.2. Coronary microvascular dysfunction 

CMD is a condition characterized by reduced CFR either due to increased minimal 

microvascular resistance (MVR) or high resting flow due to altered non-endothelial dependent 

vasomotion of the coronary microvasculature (<500 μm) [40–43]. Based on the underlying 

mechanism, two clinical entities can be distinguished, structural and functional CMD. The main 

structural changes associated with CMD are the thickening of the arterioles’ wall with a reduction in 

the lumen area, the increase in perivascular fibrous tissue, and the decrease in the vascular density 

(capillary rarefaction), leading to high MVR. Additionally, non-endothelial-dependent mechanisms 

such as impaired relaxation of VSCs, higher susceptibility of VSCs to vasoconstrictor stimuli and 

abnormal autonomic activity may be involved [44,45]. These abnormalities lead to an increase in the 

MVR and an insufficient increase in CBF under physiological stress, contributing to an imbalance 

between oxygen demand and supply, resulting in myocardial ischemia [5,42].   

The parameter that expresses the ability of the coronary microcirculation to increase CBF under 

stress conditions is the CFR, defined as the ratio of the CBF during maximal vasodilatation to the 

corresponding value at rest. Typically, patients with CMD due to altered microvascular architecture 

present with low CFR and high MVR values. However, a proportion of patients with functional CMD 

may exhibit low CFR/low MVR and high resting CBF values. The mechanism responsible for this 

specific subset of CMD is still unclear, as this might be due to either a reduced myocardial efficiency 

or uncoupled CBF [46]. 

Structural changes in the coronary microvascular have been shown to be more prevalent in 

patients with classical cardiovascular risk factors including hypertension, hyperlipidemia, smoking 

and diabetes mellitus (DM). Moreover, they have been correlated with other conditions including 

renal impairment, coronary atherosclerosis, ventricular hypertrophy, and other cardiomyopathies 

[5,47].  

While different findings on the coronary function tests (CFTs) may suggest that coronary 

microvascular spasm and CMD might represent two separated entities, an anomalous vasodilatory 

response has been proven in patients presenting the abovementioned risk factors and predisposition 

for structural abnormalities [47], suggesting that both non-endothelial-dependent and endothelial-

dependent alterations may coexist in patients with MVA. Importantly, the coexistence of CMD and 

VSA portends worse prognosis.   

5. Diagnosis 

Both non-invasive and invasive tests have a role in assessing coronary vascular function. While 

the discussion regarding non-invasive diagnostic tests is beyond the scope of this review, in the 

following paragraphs the main invasive CFTs will be discussed. 

5.1. Spasm provocation test 

The spasm provocation test is executed by injecting a spasm-inducing drug in escalating doses 

in the coronary arteries through a guiding catheter. Ach, which binds to the muscarinic cholinergic 

receptors, is the most widely used drug; however, ergonovine or methylergonovine can be employed 

too. Notably, Ach normally acts as a mild vasodilator on epicardial coronary arteries and dilates 

resistance arterioles, resulting in increases in CBF. In patients with normal endothelial function, blood 

flow increases >50% during low Ach doses. At higher Ach doses, in patients with VSA, by contrast, 

the vasodilator response is attenuated due to an imbalance between vasodilator and vasopressor 

agents, leading to vasoconstriction [48]. 

The spasm provocation test is performed by firstly engaging the target coronary artery. Of note, 

when performing the procedure via a radial artery access, the “radial cocktail” (namely, Ca2+ channel 
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blockers and nitrates) should be avoided. In case of small radial arteries or marked spasm, 5F 

catheters are also considered a valid option to perform this assessment. 

If there is no particular suspicion regarding a specific coronary segment involved by spasm, the 

left coronary artery is normally the vessel of choice. During the entire duration of the test, a 12 leads 

ECG and the arterial blood pressure are continuously monitored. After a selective engagement of the 

left main, increasing doses of Ach are administered through the guiding catheter. Normally, four 

steps at the doses of 2, 20, 100 and 200 μg are sufficient to establish the diagnosis [49]. Ach is diluted 

in a 5, 10 or 20 ml-syringe of 0.9% saline solution and is administered in 30 - 120 seconds based on 

the amount of solution used. A first cine acquisition is obtained before starting the injections; 

therefore, one is acquired after 20-30 seconds after each administration or in case of new-onset angina 

or ECG changes. Intra-arterial nitrates should not be administered before starting the spasm 

provocation test as they may alter the endothelial response, while they should be given at the end of 

the test. The test is safe with an incidence of major complication < 1% [50]. In rare cases of acute spasm 

refractory to nitrates, atropine can be used. According to the COVADIS group [30], VSA is diagnosed 

if nitrate-responsive angina is accompanied by ECG changes and coronary spasm. Typical ECG 

changes include ST segment elevation or depression ≥0.1 mV or new-onset negative U waves, while 

the constriction in the epicardial arteries should be >90%. By contrast, the induction of typical angina 

and ECG changes in the absence of >90% epicardial spasm is highly suggestive for MVA due to 

microvascular spasm. 

Figure 2 provides an example of a positive vasospasm provocative test, while Figure 3 provides 

an exemplificative case of coronary spasm occurred at the level of a mild atherosclerotic plaque in a 

patient with resuscitated cardiac arrest. 

 

Figure 2. spasm provocative test suggestive of vasospastic angina. Panel A: baseline coronary 

angiography revealing no significant stenosis. Panel B and C: repeated coronary angiography after 

administration of 2 μg and 20μg of Ach showing significant spasm with >90% induced stenosis in the 

circumflex artery. Panel D: repeated coronary angiography after administration of intracoronary 

nitrates revealing complete regression of coronary spasm. Panel E: baseline electrocardiogram. Panel 

F: electrocardiogram after administration of intracoronary Ach and during anginal symptoms, 

showing T waves inversion in AVL, V2, V3 and biphasic T waves in V4. 
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Figure 3. representative case of coronary spasm on a mild coronary plaque in a patient presenting 

with out of hospital cardiac arrest. Panel A: electrocardiogram at hospital presentation showing 

anterolateral ST segment elevation and biphasic T waves. Panel B: coronary angiography revealing 

no significant stenosis. Panel C: coronary computed tomography revealing a mild plaque with calcific 

core in the proximal LAD. Panel D: repeated coronary angiography showing significant spasm 

occurring on the proximal LAD at the passage of the OCT probe. Panel E: OCT image showing 

coronary spasm. Panel F: coronary angiography after administration of intracoronary nitrates 

showing the regression of the spasm. 

5.2. Assessing CMD – general concepts 

In patients with suspected CMD, a comprehensive diagnostic test should include the 

measurement of specific indices reflecting the microvascular capacity to increase CBF under stress 

conditions and MVR. According to the COVADIS recommendations [7], these parameters include 

the CFR and the index of microvascular resistance (IMR). While CFR represents the extent to which 

CBF can increase above its baseline value, IMR is a dimensionless index that expresses the resistance 

of the microvasculature [51]. CFR reflects the status of both epicardial arteries and microcirculation, 

while IMR investigates the microvascular function [52]. Both these parameters can be derived with 

the bolus thermodilution method; however, recent advances in the field of coronary physiology led 

to the development of a new diagnostic tool, the continuous thermodilution method, introducing 

new indices and overcoming some of the limitations of the bolus thermodilution method. In addition 

to thermodilution, CFR and MVR can be estimated applying the Doppler technique with a pressure-

flow wire [53].  

Several studies compared these techniques in assessing CMD, leading to discordant results 

[54,55]. However, the Doppler method is more challenging to perform and often limited by 

suboptimal signal [56]. Therefore the thermodilution, despite its technical limitations, is currently the 

most widely adopted method for CMD assessment. Notably, the bolus thermodilution methods tends 

to overestimate Doppler-derived CFR [57], while the continuous thermodilution and the Doppler 

method show an excellent agreement in assessing CFR [58]. 

5.3. Bolus thermodilution method 
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A dedicated guidewire with a pressure-temperature sensitive tip is used for both the bolus and 

the continuous thermodilution methods (PressureWire X, Abbott Vascular, Santa Clara, CA, USA). 

Notably, the bolus thermodilution method is based on the assumption that CBF equals the inverse of 

the transit time of blood and that the epicardial volume remains constant (i.e., Q ≈ 1/Tmn) [59].  

First, the pressure sensor at the tip of the guidewire is equalized with the aortic pressure (Pa) 

just outside the guiding catheter, then the wire is advanced in the coronary artery (normally to the 

distal left anterior descending coronary artery [LAD]). Subsequently, the temperature is zeroed to 

match the values in the two thermistors in the wire. The distal pressure (Pd), measured at the 

transition of radiopaque part of the guidewire, and Pa, measured at the tip of the fluid filled guiding 

catheter, are recorded simultaneously during the entire procedure. Then, the resting mean transit 

time (Tmn) is determined by the mean of three measurements obtained after three injections of 3 ml 

of saline solution in the coronary artery. To obtain a reliable data, at least three injections should be 

performed, and transit time values should not differ of more than 20% each other. Operators should 

discard the measurements outside this range of reproducibility and continue with injections until 

three reliable transit time values with low variability are obtained. After determining the resting Tmn, 

the same procedure is repeated under hyperemia, which is generally achieved by continuous 

administration of adenosine through a central vein or intracoronary papaverine. A dose of adenosine 

140 μg/kg/min or 12 mg of papaverine is sufficient to induce maximal hyperemia. CFR is calculated 

by dividing the resting Tmn by the hyperemic Tmn [60], while IMR is determined as the hyperemic 

Pd divided by the inverse of the hyperemic Tmn (IMR = Pdhyper x Tmnhyper) [51,61], assuming that 

MVR is minimal during hyperemia (Table 1). The bolus thermodilution method further allows to 

calculate the resistive reserve ratio (RRR), which is obtained by the ratio between the resting and the 

hyperemic MVR. This parameter is a marker of the microvasculature ability to change from baseline 

to minimal resistance during hyperemia [62]. According to the current recommendations, the cutoff 

values for normality are >2 for CFR and <25 for IMR [7,63]. Abnormal values of CFR (<2) and/or IMR 

(>25) are suggestive for CMD; nonetheless, given the overestimation of CFR by bolus thermodilution 

a CFR gray zone of 2.0 to 2.5 has been proposed. With respect to RRR, this parameter has been studied 

in patients with myocardial infarction, where a value ≤1.7 has been associated with an increased 

myocardial hemorrhagic area [64], but no specific cutoff has been established for CMD yet. A 

representative case of CMD assessment with the bolus thermodilution method is provided by Figure 

4. 

 

Figure 4. microvascular assessment with the bolus thermodilution method showing high value of 

IMR (42 and low value of CFR (1.7), suggestive of coronary microvascular dysfunction. 
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Table 1. Coronary function testing-derived physiological parameters. 

Invasive 

method 
Parameter Formula 

Cut-off for 

CMD 
Meaning 

Bolus 

thermodilution

Coronary flow reserve 

(CFRbolus) 
CFRbolus =  

������� ���

ℎ�������� ���
 

< 2.0 

(validated) 

The capacity to increase CBF 

from resting to stress 

conditions (derived from 

transit time).  

Index of microvascular 

resistance (IMR) 

IMR = ℎ�������� �� ∗
ℎ�������� ��� 

≥ 25 

(validated) 

Dimensionless index which 

represents MVR during stress 

conditions. 

Resistive reserve ratio 

(RRR) 

RRR = 
������� �� ∗ ������� ���

ℎ�������� �� ∗ ℎ�������� ���

Unknow 

The ability of 

microcirculation to reduce 

MVR during stress conditions 

(derived from transit time). 

Continuous 

thermodilution

Absolute coronary flow 

(Q) 
Q = 

��

�
 ∗ �� ∗ 1.08 

< 200 ml/min 

(under 

investigation)

Direct measurement of CBF. 

Absolute microvascular 

resistance (R) 
R = 

��

�
 

> 500 UW 

(under 

investigation)

True MVR derived from CBF. 

Coronary flow reserve 

(CFRcontinuous) 
CFRcontinuous = 

ℎ�������� �

������� �
 

< 2.0 – 2.5 

(under 

investigation)

The capacity to increase CBF 

from resting to stress 

conditions (derived from 

CBF). 

Microvascular resistance 

reserve (MRR) 
MRR = 

���

��� 
*

������� ��

ℎ�������� ��
 

< 2.1 (under 

investigation)

The ability of 

microcirculation to reduce 

MVR during stress conditions 

(derived from CBF). 

5.4. Continuous thermodilution method 

Recently, the continuous thermodilution method has been validated and introduced in many 

centers focused on coronary physiology. This method requires the use of a dedicated monorail 

infusion catheter (RayFlow, Hexacath Inc., Paris) composed by an inner lumen for the 0.014’’ 

pressure-temperature guidewire and an outer lumen for saline infusion [65]. After positioning the tip 

of the infusion catheter at the proximal target vessel (normally the LAD) and equalizing, the 

guidewire is advanced about 5-6 cm distal from the catheter tip. Then, the temperature is zeroed and 

saline at room temperature is infused at prespecified flow rates. Generally, 10 and 20 ml/min saline 

infusion flow rates are chosen to assess coronary physiology parameters under resting and stress 

conditions, respectively. Intracoronary saline infusion at 20 ml/min induces hyperemia through both 

vasodilatation and intravascular hemolysis and has been shown to be comparable to adenosine in 

assessing CFR [66]. After a temperature steady state is reached, the temperature of the mixture 

blood/saline (T) at the temperature sensor of the guidewire is measured for about 30 seconds. 

Thereafter, the guidewire is withdrawn into the infusion catheter to obtain the temperature of the 

infused saline (Ti) [66,67]. As abovementioned, the procedure is repeated 2 times at different saline 

infusion flow rates to obtain measurements under both rest and stress conditions. Alternatively, the 

infusion can be programmed to automatically change from 10 ml, to 20 ml and 10 ml obtaining all 

the necessary values for the calculation of Q and R with one pullback.   

Absolute coronary flow (Q) is calculated as the ratio of Ti to T, multiplied by the saline infusion 

rate (Qi) and corrected for a constant related to the difference between heat and density of blood and 

saline. Absolute microvascular resistance (R) is calculated as the ratio between the distal coronary 

pressure Pd and Q (Table 1) [67]. Notably, the repetition of these measurements under rest and stress 

conditions allows the calculation of both CFR and of a novel index, the microvascular resistance 

reserve (MRR), which is obtained by the ratio between rest and hyperemic Q with a compensation 

for changes in blood pressure during hyperemic conditions and the presence of epicardial disease 
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(Table 1). MRR is then the ratio of true resting microvascular resistance (Rμ,rest) as it would be in the 

hypothetical case that the epicardial artery would be completely normal, and hyperemic 

microvascular resistance ( Rμ,hyp) and expresses the capacity of the microvasculature to decrease its 

resistance under stress conditions [5,58]. Currently, the clinical application of Q, R and MRR is limited 

by the lack of validated cutoffs. However, recent studies have addressed the issue and proposed 

normality values. In a recent study assessing the relationship between CFR/IMR and Q and R, Konst 

et al. proposed normality cutoff for Q and R respectively of 320 ml/min and 487 WU [68], while 

another study by de Vos et al. suggested that MRR values >2.7 and <2.1 respectively exclude and 

confirm the presence of CMD [69]. Despite its clinical application is still limited by its relatively recent 

introduction, the continuous thermodilution method has been validated against the gold standard 

positron emission tomography (PET), showing a strong correlation and agreement between PET- and 

invasive-derived CFR [70]. In addition, it has proved to be safe and highly reproducible [67]. Figure 

5 provides an exemplificatory case of CMD assessment with the continuous thermodilution method. 

 

Figure 5. microvascular assessment with the continuous thermodilution method. Panel A: bolus 

thermodilution assessment during saline infusion reproducing resting conditions (10 ml/min). Panel 

B: bolus thermodilution assessment during saline infusion reproducing hyperemia (20 ml/min) 

showing low values of Q (95 ml/min) and high value of R (905 UW) suggestive of coronary 

microvascular dysfunction. 

5.5. Bolus vs continuous thermodilution method to assess CMD 
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Whether the bolus or the continuous thermodilution should be the method of choice in assessing 

CMD is a current matter of debate. Despite its recent introduction and the lack of validated cutoffs, 

the increasing uptake of the continuous thermodilution method in the catheterization laboratories 

opens a new window to a better understanding of microvascular dysfunction and to differentiate 

among different endotypes. Moreover, several aspects of this technique make it particularly 

interesting and potentially able to overcome some of the inherent limitations of the bolus 

thermodilution method. First, since adenosine is not required, assessing the microvascular function 

with the continuous thermodilution method represents a more tolerable procedure because 

unpleasant side effects including tachycardia, chest oppression, and dyspnea are eliminated. Second, 

adenosine is contraindicated in patients with bronchoconstrictive lung disease, asthma and second- 

or third-degree atrioventricular block, limiting the spectrum of patients eligible for the bolus 

thermodilution. Moreover, while the bolus thermodilution requires the physician to discard 

measurements with poor quality curves or that are highly discordant, the continuous method is less 

operator dependent. Finally, the bolus thermodilution method is based on the assumption that CBF 

corresponds to the inverse of Tmn of the saline injection, while continuous thermodilution-derived 

Q and R come from a direct measurement of true CBF [65]. Nonetheless, continuous thermodilution 

is more costly and requires an infusion pump able to be program for the infusion of saline in ml/min.   

In addition to the inherent diversities related to procedural factors, other aspects have been 

highlighted by recent studies comparing reproducibility, variability, and symptoms prediction 

capacity of these two modalities. Gallinoro et al. showed that the variability of continuous-derived 

CFR and MRR is significantly smaller than of bolus-derived CFR, IMR and RRR (12.8% vs 31.3% for 

CFRcont and CFRbolus and 12.4% vs 23.2% vs 31.8% for MRR, IMR and RRR respectively) [71]. Similar 

findings come from a recent study by Jansen et al., in which 73 patients underwent baseline and 

follow-up CFTs after 6 weeks. In this study, the authors showed that continuous-derived Q and R at 

6 weeks significantly correlated with their baseline measurements, while bolus-derived CFR and IMR 

values did not [72]. The variability of bolus-derived CFR between baseline and follow-up might be 

explained by different resting flow values between the first and the second measurement. By contrast, 

the variability of the IMR values might be related to the intra-observer inconsistency of bolus transit 

times within different procedures. 

With respect to their clinical relevance, de Vos et al. found that continuous thermodilution-

derived CFR and MRR were significantly associated with quality of life and angina domains, while 

the corresponding bolus thermodilution-derived parameters were not. Notably, the correlation 

between symptoms and continuous-derived CFR and MRR further improved after excluding patients 

with spasm [73]. Another study by Konst et al. similarly showed that high values of continuous 

thermodilution-derived R and/or low Q were more frequent in patients with severe angina, while 

bolus thermodilution-derived CFR and IMR did not correlate with symptoms [68]. These results 

suggest that continuous rather than bolus thermodilution-derived parameters better relate with 

anginal symptoms. 

The available data seem to suggest that the continuous thermodilution represents a more 

reliable, and operator-independent method to evaluate the microvascular function. However, more 

validation studies are needed before this becomes the reference method to assess CMD. 

6. Treatment 

The management of patients with ANOCA/INOCA should be based on a multidisciplinary 

counselling evaluating lifestyle and risk factors. The main cardiovascular risk factors such as obesity, 

hypertension, dyslipidemia, DM and smoking may be involved in the pathophysiology of CMD and 

epicardial or microvascular spasm. Therefore, lifestyle changes and risk factors control are the first 

line recommendations in this category of patients [63].  Additionally, it is well known that physical 

exercise is associated with improvement in the endothelial function through nitric oxide (NO) 

formation and endothelium-dependent vasodilation [74]. Anti-inflammatory properties of statins 

and their effects on the endothelial function might be beneficial in patients without significant CAD 

[75]. Moreover, previous studies evaluating the efficacy of statins on CMD showed a significant 
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improvement of CFR values in patients treated with atorvastatin [76] or rosuvastatin [77,78]. 

Hypertension is often associated with CMD, and angiotensin-converting enzyme inhibitors have 

been proven to ameliorate exercise tolerance and angina symptoms in patients with MVA [79]. 

Notably, patients treated with long-term enalapril showed an improvement of coronary 

microvasculature function and myocardial ischemia due to increased bioavailability of endothelial 

NO [80]. In addition, the WISE study showed an increase of CFR values in women with CMD treated 

with quinalapril [81]. The CORonary MICrovascular Angina (CorMicA) trial first demonstrated an 

improvement of angina symptoms and quality of life at 6 months and 1 year in patients treated with 

stratified medical therapy guided by invasive CFTs [82,83]. To simplify, a proper diagnosis between 

different ANOCA endotypes allows a specific and distinct treatment which has been proven to 

improve the clinical outcome [84].  

6.1. Therapy of ANOCA 

Beta-blockers may reduce ischemia symptoms in patients with MVA by reducing myocardial 

oxygen consumption and represent the first-line therapy recommended by the European Society of 

Cardiology [85]. However, only a few data are available about the effect of beta-blockers on 

microvascular function. Atenolol and propranolol have been shown to reduce ischemic episodes in 

patients with MVA [86,87], while intracoronary nebivolol administration showed a significant 

improvement of CFR values due to its vasodilatory effect [88]. Calcium channel blockers (CCBs) may 

be considered as second-line therapy if beta-blockers are not tolerated, or as first-line therapy in 

patients with response to Ach testing suggestive of microvascular spasm [85]. Moreover, 

dihydropyridine CCBs such as amlodipine may be added to beta-blockers if blood pressure values 

are permissive [84]. As far as it is known about non-dihydropyridine CCBs and microvascular 

function, diltiazem failed to improve CFR values in patients with MVA [89]. Data about the effect of 

nitrates on coronary microcirculation are limited and long-acting nitrates seemed ineffective, poorly 

tolerated or even detrimental in patients with MVA [90,91]. Nicorandil is a potassium-channel 

activator with coronary microvascular dilatory effect which may be considered as antianginal 

therapy [84]. Ranolazine is an antianginal drug that improves myocardial perfusion; however, data 

about its impact on coronary microcirculation are scarce. A randomized placebo-controlled trial 

showed that ranolazine therapy did not improve symptoms or myocardial perfusion in patients with 

no-obstructive CAD and CMD but improved myocardial perfusion in a sub-group of patients with 

low CFR values [92]. Finally, ivabradine may reduce angina symptoms by decreasing heart rate at 

rest and during exercise. However, studies evaluating the effect of ivabradine on microvascular 

function showed conflicting results [93,94]. Importantly, patients with CMD due to low CFR/low 

MVR and high resting CBF are unlikely to benefit from vasodilating drugs, while it could be 

theoretically more appropriate to specifically act on myocardial efficiency or uncoupled CBF [46]. 

CCBs should be considered as first-line therapy and are effective in treating the majority of 

patients with epicardial vasospasm [95]. In some patients, high dose CCBs or even a combination of 

non-dihydropyridine and dihydropyridine CCBs, such as diltiazem and amlodipine, is needed 

[63,96]. Despite long-acting nitrates are not suggested in patients with MVA, they showed a good 

efficacy in the treatment of VSA [97] and may be added in some patients. On the contrary, beta 

blockers are not recommended, as they might favor spasm by reducing the beta-mediated 

vasodilation, which opposes the alpha-mediated vasoconstriction [98]. 

7. Gaps in knowledge 

In the last decades, there has been a growing interest on coronary physiology assessment for a 

proper diagnosis of ANOCA and INOCA patients. Many studies investigated the diagnostic accuracy 

of invasive CFTs and their impact on clinical outcomes. However, some aspects of these techniques 

are still matter of debate. 

Previous studies revealed a modest correlation between Doppler-derived and bolus 

thermodilution-derived CFR and a trend towards CFR overestimation with the bolus thermodilution 

method  [55,57]. For this reason, some authors suggested a CFR threshold of 2.5 when measured with 
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the bolus thermodilution method for better diagnostic accuracy of CMD [57]. Accordingly, a recent 

study by Gallinoro et al found higher values of CFR when derived from bolus thermodilution than 

from continuous thermodilution [71]. Thus, further investigations are needed to confirm the better 

accuracy of higher cut-off values for bolus thermodilution-derived CFR for the diagnosis of CMD. 

Previous data demonstrated that low CFR values are associated with worst clinical outcomes 

[99–101], while the clinical impact of high MVR values is still unclear. In a recent study, Boerhout et 

al. showed that the risk of MACE was higher in patients with abnormal CFR regardless of normal or 

abnormal MVR [102]. Therefore, further studies evaluating the long-term follow-up of patients 

affected by CMD will shed light on the clinical impact of augmented MVR. Moreover, further 

evidence is needed to clarify the clinical implications of abnormal MRR index. 

Due to its wide myocardial perfusion territory, the LAD is typically the target vessel in which 

coronary physiology measurements are performed. CFTs can be performed in the left circumflex or 

right coronary artery in case of technical issues in testing the LAD, or in addition to the LAD 

assessment in case of negative results but high clinical suspicion of CMD [63]. However, solid data 

about the comparison between CFR and MVR values measured in different myocardial territories are 

not available. In addition, it is unclear whether INOCA patients with a defined regionality of 

myocardial ischemia might present different coronary physiology features between the ischemic and 

the non-ischemic territories.  

As abovementioned, recent data suggested the superiority of the continuous over the bolus 

thermodilution method in assessing the microvascular function, mainly due to its better 

reproducibility, precision, and correlation with symptoms. As a consequence, it has to be investigated 

whether the continuous thermodilution method would increase the diagnostic accuracy of different 

CMD endotypes, such as coronary microvascular function presenting an isolated increase of MVR 

with normal CFR on bolus thermodilution, and therefore identify those patients who may benefit 

from specific and individualized therapies. In this context, the NetherLands registry of invasive 

Coronary vasomotor Function Testing was initiated with the aim of collecting baseline, procedural 

and follow-up data in patients with suspected and/or established ANOCA and INOCA. This registry 

will provide more insight into the pathophysiology, diagnostic process, and treatment of these 

patients, with potential implications from both scientific and clinical perspectives [6].  

Author contribution: Conceptualization: MM, AB, VP; Writing: MM, AB; Supervision: VP, CC, CZ; Review and 

editing: GS, GC, PS; The final version of this manuscript has been read and approved by all the authors. 

Funding: The research received no external funding. 

Institutional review board statement: The present study was conducted in accordance with the Declaration of 

Helsinki. 

Conflict of interests: All the authors declare no conflict of interest related to the topic of this paper. 

References 

1. Patel, M. R. et al. Low Diagnostic Yield of Elective Coronary Angiography. New England Journal of Medicine 

362, 886–895 (2010). 

2. Phan, A., Shufelt, C. & Merz, C. N. B. Persistent chest pain and no obstructive coronary artery disease. 

JAMA 301, 1468–74 (2009). 

3. Agrawal, S., Mehta, P. K. & Bairey Merz, C. N. Cardiac Syndrome X: update 2014. Cardiol Clin 32, 463–78 

(2014). 

4. Villano, A., Lanza, G. A. & Crea, F. Microvascular angina: prevalence, pathophysiology and therapy. J 

Cardiovasc Med (Hagerstown) 19 Suppl 1, e36–e39 (2018). 

5. Jansen, T. P. J. et al. Assessing Microvascular Dysfunction in Angina With Unobstructed Coronary Arteries. 

J Am Coll Cardiol 78, 1471–1479 (2021). 

6. Crooijmans, C. et al. Design and rationale of the NetherLands registry of invasive Coronary vasomotor 

Function Testing (NL-CFT). Int J Cardiol 379, 1–8 (2023). 

7. Ong, P. et al. International standardization of diagnostic criteria for microvascular angina. Int J Cardiol 250, 

16–20 (2018). 

8. Picard, F., Sayah, N., Spagnoli, V., Adjedj, J. & Varenne, O. Vasospastic angina: A literature review of 

current evidence. Arch Cardiovasc Dis 112, 44–55 (2019). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2023                   doi:10.20944/preprints202306.0670.v1

https://doi.org/10.20944/preprints202306.0670.v1


 13 

 

9. Vancheri, F., Longo, G., Vancheri, S. & Henein, M. Coronary Microvascular Dysfunction. J Clin Med 9, 2880 

(2020). 

10. Prinzmetal, M., Kennamer, R., Merliss, R., Wada, T. & Bor, N. Angina pectoris I. A variant form of angina 

pectoris. Am J Med 27, 375–388 (1959). 

11. Thygesen, K. et al. Fourth Universal Definition of Myocardial Infarction (2018). Circulation 138, (2018). 

12. Patel, S., Fung, M., Liang, Z., Butalia, S. & Anderson, T. J. Temporal Trends of the Prevalence of Angina 

With No Obstructive Coronary Artery Disease (ANOCA). Canadian Journal of Cardiology 39, 63–70 (2023). 

13. Patel, M. R. et al. Prevalence and predictors of nonobstructive coronary artery disease identified with 

coronary angiography in contemporary clinical practice. Am Heart J 167, 846-852.e2 (2014). 

14. Jespersen, L. et al. Stable angina pectoris with no obstructive coronary artery disease is associated with 

increased risks of major adverse cardiovascular events. Eur Heart J 33, 734–744 (2012). 

15. Sharaf, B. et al. Adverse outcomes among women presenting with signs and symptoms of ischemia and no 

obstructive coronary artery disease: Findings from the National Heart, Lung, and Blood Institute–

sponsored Women’s Ischemia Syndrome Evaluation (WISE) angiographic core laboratory. Am Heart J 166, 

134–141 (2013). 

16. Mileva, N. et al. Prevalence of Coronary Microvascular Disease and Coronary Vasospasm in Patients With 

Nonobstructive Coronary Artery Disease: Systematic Review and Meta-Analysis. J Am Heart Assoc 11, 

e023207 (2022). 

17. Buchthal, S. D. et al. Abnormal Myocardial Phosphorus-31 Nuclear Magnetic Resonance Spectroscopy in 

Women with Chest Pain but Normal Coronary Angiograms. New England Journal of Medicine 342, 829–835 

(2000). 

18. Gehrie, E. R. et al. Characterization and outcomes of women and men with non–ST-segment elevation 

myocardial infarction and nonobstructive coronary artery disease: Results from the Can Rapid Risk 

Stratification of Unstable Angina Patients Suppress Adverse Outcomes with Early Implementation of the 

ACC/AHA Guidelines (CRUSADE) Quality Improvement Initiative. Am Heart J 158, 688–694 (2009). 

19. Kang, W. Y. et al. Are patients with angiographically near-normal coronary arteries who present as acute 

myocardial infarction actually safe? Int J Cardiol 146, 207–212 (2011). 

20. Larsen, A. I. et al. Characteristics and outcomes of patients with acute myocardial infarction and 

angiographically normal coronary arteries. Am J Cardiol 95, 261–263 (2005). 

21. Bugiardini, R., Manfrini, O. & De Ferrari, G. M. Unanswered Questions for Management of Acute Coronary 

Syndrome. Arch Intern Med 166, 1391 (2006). 

22. Pasupathy, S., Air, T., Dreyer, R. P., Tavella, R. & Beltrame, J. F. Systematic review of patients presenting 

with suspected myocardial infarction and nonobstructive coronary arteries. Circulation 131, 861–70 (2015). 

23. DeWood, M. A. et al. Prevalence of Total Coronary Occlusion during the Early Hours of Transmural 

Myocardial Infarction. New England Journal of Medicine 303, 897–902 (1980). 

24. Gulati, M. et al. Adverse Cardiovascular Outcomes in Women With Nonobstructive Coronary Artery 

Disease. Arch Intern Med 169, 843 (2009). 

25. Jespersen, L. et al. Burden of Hospital Admission and Repeat Angiography in Angina Pectoris Patients with 

and without Coronary Artery Disease: A Registry-Based Cohort Study. PLoS One 9, e93170 (2014). 

26. Brainin, P., Frestad, D. & Prescott, E. The prognostic value of coronary endothelial and microvascular 

dysfunction in subjects with normal or non-obstructive coronary artery disease: A systematic review and 

meta-analysis. Int J Cardiol 254, 1–9 (2018). 

27. Kenkre, T. S. et al. Ten-Year Mortality in the WISE Study (Women’s Ischemia Syndrome Evaluation). Circ 

Cardiovasc Qual Outcomes 10, (2017). 

28. Patel, M. R. et al. Prevalence, predictors, and outcomes of patients with non–ST-segment elevation 

myocardial infarction and insignificant coronary artery disease: Results from the Can Rapid risk 

stratification of Unstable angina patients Suppress ADverse outcomes with Early implementation of the 

ACC/AHA Guidelines (CRUSADE) initiative. Am Heart J 152, 641–647 (2006). 

29. Larsen, A. I. et al. Long-Term Prognosis of Patients Presenting With ST-Segment Elevation Myocardial 

Infarction With No Significant Coronary Artery Disease (from The HORIZONS-AMI Trial). Am J Cardiol 

111, 643–648 (2013). 

30. Beltrame, J. F. et al. International standardization of diagnostic criteria for vasospastic angina. Eur Heart J 

ehv351 (2015) doi:10.1093/eurheartj/ehv351. 

31. Shimokawa, H. et al. Rho-kinase-mediated pathway induces enhanced myosin light chain 

phosphorylations in a swine model of coronary artery spasm. Cardiovasc Res 43, 1029–39 (1999). 

32. Kandabashi, T. et al. Inhibition of myosin phosphatase by upregulated rho-kinase plays a key role for 

coronary artery spasm in a porcine model with interleukin-1beta. Circulation 101, 1319–23 (2000). 

33. Masumoto, A. et al. Suppression of coronary artery spasm by the Rho-kinase inhibitor fasudil in patients 

with vasospastic angina. Circulation 105, 1545–7 (2002). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2023                   doi:10.20944/preprints202306.0670.v1

https://doi.org/10.20944/preprints202306.0670.v1


 14 

 

34. Miwa, K., Igawa, A., Miyagi, Y., Nakagawa, K. & Inoue, H. Alterations of autonomic nervous activity 

preceding nocturnal variant angina: Sympathetic augmentation with parasympathetic impairment. Am 

Heart J 135, 762–771 (1998). 

35. Picard, F., Sayah, N., Spagnoli, V., Adjedj, J. & Varenne, O. Vasospastic angina: A literature review of 

current evidence. Arch Cardiovasc Dis 112, 44–55 (2019). 

36. Laughlin, M. H. et al. Peripheral Circulation. in Comprehensive Physiology 321–447 (Wiley, 2012). 

doi:10.1002/cphy.c100048. 

37. Slavich, M. & Patel, R. S. Coronary artery spasm: Current knowledge and residual uncertainties. IJC Heart 

& Vasculature 10, 47–53 (2016). 

38. Mohri, M. et al. Angina pectoris caused by coronary microvascular spasm. The Lancet 351, 1165–1169 (1998). 

39. Sun, H. et al. Coronary microvascular spasm causes myocardial ischemia in patients with vasospastic 

angina. J Am Coll Cardiol 39, 847–851 (2002). 

40. Del Buono, M. G. et al. Coronary Microvascular Dysfunction Across the Spectrum of 

Cardiovascular Diseases. J Am Coll Cardiol 78, 1352–1371 (2021). 

41. Pries, A. R. et al. Coronary vascular regulation, remodelling, and collateralization: mechanisms and clinical 

implications on behalf of the working group on coronary pathophysiology and microcirculation. Eur Heart 

J 36, 3134–3146 (2015). 

42. Crea, F., Montone, R. A. & Rinaldi, R. Pathophysiology of Coronary Microvascular Dysfunction. Circulation 

Journal 86, CJ-21-0848 (2022). 

43. Rahman, H. et al. Physiological Stratification of Patients With Angina Due to Coronary Microvascular 

Dysfunction. J Am Coll Cardiol 75, 2538–2549 (2020). 

44. Camici, P. G. & Crea, F. Coronary Microvascular Dysfunction. New England Journal of Medicine 356, 830–840 

(2007). 

45. Crea, F., Camici, P. G. & Bairey Merz, C. N. Coronary microvascular dysfunction: an update. Eur Heart J 35, 

1101–1111 (2014). 

46. Nardone, M. et al. Concurrently Low Coronary Flow Reserve and Low Index of Microvascular Resistance 

Are Associated With Elevated Resting Coronary Flow in Patients With Chest Pain and Nonobstructive 

Coronary Arteries. Circ Cardiovasc Interv 15, e011323 (2022). 

47. Taqueti, V. R. & Di Carli, M. F. Coronary Microvascular Disease Pathogenic Mechanisms and 

Therapeutic Options. J Am Coll Cardiol 72, 2625–2641 (2018). 

48. Suzuki, S., Kaikita, K., Yamamoto, E., Jinnouchi, H. & Tsujita, K. Role of acetylcholine spasm provocation 

test as a pathophysiological assessment in nonobstructive coronary artery disease. Cardiovasc Interv Ther 36, 

39–51 (2021). 

49. Ong, P., Athanasiadis, A. & Sechtem, U. Intracoronary Acetylcholine Provocation Testing for Assessment 

of Coronary Vasomotor Disorders. Journal of Visualized Experiments (2016) doi:10.3791/54295. 

50. Takahashi, T. et al. Safety of Provocative Testing With Intracoronary Acetylcholine and Implications for 

Standard Protocols. J Am Coll Cardiol 79, 2367–2378 (2022). 

51. Fearon, W. F. et al. Novel index for invasively assessing the coronary microcirculation. Circulation 107, 3129–

3132 (2003). 

52. Ng, M. K. C., Yeung, A. C. & Fearon, W. F. Invasive Assessment of the Coronary Microcirculation. 

Circulation 113, 2054–2061 (2006). 

53. Doucette, J. W. et al. Validation of a Doppler guide wire for intravascular measurement of coronary artery 

flow velocity. Circulation 85, 1899–1911 (1992). 

54. Fearon, W. F. et al. Comparison of Coronary Thermodilution and Doppler Velocity for Assessing Coronary 

Flow Reserve. Circulation 108, 2198–2200 (2003). 

55. Everaars, H. et al. Doppler Flow Velocity and Thermodilution to Assess Coronary Flow Reserve. JACC 

Cardiovasc Interv 11, 2044–2054 (2018). 

56. Barbato, E. et al. Validation of coronary flow reserve measurements by thermodilution in clinical practice. 

Eur Heart J 25, 219–23 (2004). 

57. Demir, O. M. et al. Comparison of Doppler Flow Velocity and Thermodilution Derived Indexes of Coronary 

Physiology. JACC Cardiovasc Interv 15, 1060–1070 (2022). 

58. Gallinoro, E. et al. Thermodilution-derived volumetric resting coronary blood flow measurement in 

humans. EuroIntervention 17, e672–e679 (2021). 

59. Benedetti, A. et al. Clinical implications of coronary microvascular dysfunction in patients with non-

obstructive coronary artery disease and role of the thermodilution method. Minerva cardiology and angiology 

(2023) doi:10.23736/S2724-5683.23.06289-0. 

60. Pijls, N. H. J. et al. Coronary Thermodilution to Assess Flow Reserve. Circulation 105, 2482–2486 (2002). 

61. Aarnoudse, W. et al. Myocardial Resistance Assessed by Guidewire-Based Pressure-Temperature 

Measurement: In Vitro Validation. Catheterization and Cardiovascular Interventions 62, 56–63 (2004). 

62. Layland, J. et al. Vasodilatory capacity of the coronary microcirculation is preserved in selected patients 

with non-ST-segment-elevation myocardial infarction. Circ Cardiovasc Interv 6, 231–6 (2013). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2023                   doi:10.20944/preprints202306.0670.v1

https://doi.org/10.20944/preprints202306.0670.v1


 15 

 

63. Kunadian, V. et al. An EAPCI Expert Consensus Document on Ischaemia with Non-Obstructive Coronary 

Arteries in Collaboration with European Society of Cardiology Working Group on Coronary 

Pathophysiology &amp; Microcirculation Endorsed by Coronary Vasomotor Disorders International Study 

Group. EuroIntervention 16, 1049–1069 (2021). 

64. Maznyczka, A. M. et al. Comparative Significance of Invasive Measures of Microvascular Injury in Acute 

Myocardial Infarction. Circ Cardiovasc Interv 13, e008505 (2020). 

65. van ’t Veer, M. et al. Novel monorail infusion catheter for volumetric coronary blood flow measurement in 

humans: in vitro validation. EuroIntervention 12, 701–707 (2016). 

66. De Bruyne, B. et al. Saline-Induced Coronary Hyperemia. Circ Cardiovasc Interv 10, (2017). 

67. Xaplanteris, P. et al. Catheter-Based Measurements of Absolute Coronary Blood Flow and Microvascular 

Resistance. Circ Cardiovasc Interv 11, (2018). 

68. Konst, R. E. et al. Absolute Coronary Blood Flow Measured by Continuous Thermodilution in Patients With 

Ischemia and Nonobstructive Disease. J Am Coll Cardiol 77, 728–741 (2021). 

69. de Vos, A. et al. Microvascular Resistance Reserve to Assess Microvascular Dysfunction in ANOCA Patients. 

JACC Cardiovasc Interv 16, 470–481 (2023). 

70. Everaars, H. et al. Continuous thermodilution to assess absolute flow and microvascular resistance: 

validation in humans using [15O]H2O positron emission tomography. Eur Heart J 40, 2350–2359 (2019). 

71. Gallinoro, E. et al. Reproducibility of bolus versus continuous thermodilution for assessment of coronary 

microvascular function in patients with ANOCA. EuroIntervention (2023) doi:10.4244/EIJ-D-22-00772. 

72. Jansen, T. P. J. et al. Absolute flow and resistance have a lower variability in repeated testing as compared 

to CFR and IMR: an EDIT-CMD substudy. Eur Heart J 43, (2022). 

73. de Vos, A. et al. TCT-303 Continuous Versus Bolus Thermodilution Derived CFR and MRR and Their 

Association With Symptoms of CMD: A Head-to-Head Comparison. J Am Coll Cardiol 80, B121 (2022). 

74. Hambrecht, R. et al. Regular Physical Exercise Corrects Endothelial Dysfunction and Improves Exercise 

Capacity in Patients With Chronic Heart Failure. Circulation 98, 2709–2715 (1998). 

75. Maron, D. J., Fazio, S. & Linton, M. F. Current Perspectives on Statins. Circulation 101, 207–213 (2000). 

76. Caliskan, M. et al. Effects of Atorvastatin on Coronary Flow Reserve in Patients with Slow Coronary Flow. 

Clin Cardiol 30, 475–479 (2007). 

77. Sun, B. J. et al. Effect of Rosuvastatin on Coronary Flow Reserve in Patients With Systemic Hypertension. 

Am J Cardiol 114, 1234–1237 (2014). 

78. Yang, Y. et al. Effect of Rosuvastatin on Coronary Flow Reserve in Hypertensive Patients at Cardiovascular 

Risk. J Cardiovasc Imaging 29, 255 (2021). 

79. Pizzi, C., Manfrini, O., Fontana, F. & Bugiardini, R. Angiotensin-Converting Enzyme Inhibitors and 3-

Hydroxy-3-Methylglutaryl Coenzyme A Reductase in Cardiac Syndrome X. Circulation 109, 53–58 (2004). 

80. Chen, J.-W., Hsu, N.-W., Wu, T.-C., Lin, S.-J. & Chang, M.-S. Long-term angiotensin-converting enzyme 

inhibition reduces plasma asymmetric dimethylarginine and improves endothelial nitric oxide 

bioavailability and coronary microvascular function in patients with syndrome X. Am J Cardiol 90, 974–982 

(2002). 

81. Pauly, D. F. et al. In women with symptoms of cardiac ischemia, nonobstructive coronary arteries, and 

microvascular dysfunction, angiotensin-converting enzyme inhibition is associated with improved 

microvascular function: A double-blind randomized study from the National Heart, Lung and Blood 

Institute Women’s Ischemia Syndrome Evaluation (WISE). Am Heart J 162, 678–684 (2011). 

82. Ford, T. J. et al. Stratified Medical Therapy Using Invasive Coronary Function Testing in Angina. J Am Coll 

Cardiol 72, 2841–2855 (2018). 

83. Ford, T. J. et al. 1-Year Outcomes of Angina Management Guided by Invasive Coronary Function Testing 

(CorMicA). JACC Cardiovasc Interv 13, 33–45 (2020). 

84. Ford, T. J. & Berry, C. How to Diagnose and Manage Angina Without Obstructive Coronary Artery Disease: 

Lessons from the British Heart Foundation CorMicA Trial. Interventional Cardiology Review 14, 76–82 (2019). 

85. Knuuti, J. et al. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes. 

Eur Heart J 41, 407–477 (2020). 

86. Lanza, G. A., Colonna, G., Pasceri, V. & Maseri, A. Atenolol versus amlodipine versus isosorbide-5-

mononitrate on anginal symptoms in syndrome X. Am J Cardiol 84, 854–856 (1999). 

87. Bugiardini, R., Borghi, A., Biagetti, L. & Puddu, P. Comparison of verapamil versus propranolol therapy 

in syndrome X. Am J Cardiol 63, 286–290 (1989). 

88. Togni, M. et al. Does the β-Blocker Nebivolol Increase Coronary Flow Reserve? Cardiovasc Drugs Ther 21, 

99–108 (2007). 

89. Sütsch, G., Oechslin, E., Mayer, I. & Hess, O. M. Effect of diltiazem on coronary flow reserve in patients 

with microvascular angina. Int J Cardiol 52, 135–143 (1995). 

90. Bairey Merz, C. N. et al. Ischemia and No Obstructive Coronary Artery Disease (INOCA). Circulation 135, 

1075–1092 (2017). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2023                   doi:10.20944/preprints202306.0670.v1

https://doi.org/10.20944/preprints202306.0670.v1


 16 

 

91. Russo, G. et al. Lack of Effect of Nitrates on Exercise Stress Test Results in Patients with Microvascular 

Angina. Cardiovasc Drugs Ther 27, 229–234 (2013). 

92. Bairey Merz, C. N. et al. A randomized, placebo-controlled trial of late Na current inhibition (ranolazine) 

in coronary microvascular dysfunction (CMD): impact on angina and myocardial perfusion reserve. Eur 

Heart J 37, 1504–1513 (2016). 

93. Skalidis, E. I., Hamilos, M. I., Chlouverakis, G., Zacharis, E. A. & Vardas, P. E. Ivabradine improves 

coronary flow reserve in patients with stable coronary artery disease. Atherosclerosis 215, 160–165 (2011). 

94. Villano, A. et al. Effects of Ivabradine and Ranolazine in Patients With Microvascular Angina Pectoris. Am 

J Cardiol 112, 8–13 (2013). 

95. Nishigaki, K. et al. Prognostic effects of calcium channel blockers in patients with vasospastic angina--a 

meta-analysis. Circ J 74, 1943–50 (2010). 

96. Jansen, T. P. J. et al. Efficacy of Diltiazem to Improve Coronary Vasomotor Dysfunction in ANOCA. JACC 

Cardiovasc Imaging 15, 1473–1484 (2022). 

97. Lombardi, M. et al. Efficacy of isosorbide-5-mononitrate versus nifedipine in preventing spontaneous and 

ergonovine-induced myocardial ischaemia. A double-blind, placebo-controlled study. Eur Heart J 14, 845–

51 (1993). 

98. Task Force Members et al. 2013 ESC guidelines on the management of stable coronary artery disease: the 

Task Force on the management of stable coronary artery disease of the European Society of Cardiology. 

Eur Heart J 34, 2949–3003 (2013). 

99. Lee, J. M. et al. Coronary Flow Reserve and Microcirculatory Resistance in Patients With Intermediate 

Coronary Stenosis. J Am Coll Cardiol 67, 1158–1169 (2016). 

100. Lee, J. M. et al. Prognostic Implication of Thermodilution Coronary Flow Reserve in Patients Undergoing 

Fractional Flow Reserve Measurement. JACC Cardiovasc Interv 11, 1423–1433 (2018). 

101. Kelshiker, M. A. et al. Coronary flow reserve and cardiovascular outcomes: a systematic review and meta-

analysis. Eur Heart J 43, 1582–1593 (2022). 

102. Boerhout, C. B. et al. Prognostic value of structural and functional coronary microvascular dysfunction in 

patients with non-obstructive coronary artery disease; from the multicentre international ILIAS registry. 

EuroIntervention 18, 719–728 (2022). 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2023                   doi:10.20944/preprints202306.0670.v1

https://doi.org/10.20944/preprints202306.0670.v1

