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Abstract

Vasospastic angina and microvascular angina are increasingly recognized as important causes of myocardial ischemia in patients with
angina or myocardial infarction and non-obstructive coronary arteries (ANOCA/MINOCA). Unlike obstructive coronary artery disease,
these conditions result from dynamic alterations in epicardial and/or microvascular tone that are not detected by standard coronary angiog-
raphy. Intracoronary acetylcholine (ACh) provocation testing enables direct assessment of coronary vasomotor function by evaluating
both endothelial integrity and smooth muscle reactivity. Moreover, ACh can identify epicardial spasm, microvascular spasm, or impaired
endothelium-dependent vasodilation, thereby providing precise characterization of the underlying pathophysiological mechanism. When
performed using standardized protocols, ACh testing has shown a high diagnostic yield and a reassuring safety profile. In addition to the
associated diagnostic relevance, the ACh response carries prognostic significance, as abnormal findings are associated with a higher risk
of recurrent angina and adverse cardiovascular events. Furthermore, randomized data demonstrated that treatment tailored to invasive
coronary function testing improves symptoms and quality of life. This review summarizes the pathophysiological background, practical
aspects, safety, and clinical value of ACh provocation testing, underscoring its central role in a more personalized approach to patients
with ANOCA/MINOCA.
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1. Introduction

Coronary vasomotor disorders represent a clinically
significant and mechanistically distinct group of con-
ditions underlying myocardial ischemia in the absence
of obstructive coronary artery disease [1]. These dis-
orders encompass vasospastic angina (VSA) and mi-
crovascular angina (MVA) attributable to microvascular
spasm, which constitute pathophysiological mechanisms
underlying specific clinical phenotypes of angina or my-
ocardial infarction with non-obstructive coronary arteries
(ANOCA/MINOCA) [2,3,4]. VSA is characterized by hy-
perreactivity of the epicardial coronary arteries, resulting in
vasoconstriction leading to a transient compromise of coro-
nary blood flow (CBF), whereas MVA reflects dysfunction
of the coronary microcirculation, which may manifest as
microvascular spasm - a form of coronary vasoconstriction
disorder - or as increased microvascular resistance and im-
paired vasodilatory reserve, mechanisms not primarily re-
lated to abnormal vasomotion [1,2].

Unlike obstructive coronary artery disease (CAD),
coronary vasomotor disorders are driven by dynamic
changes of epicardial and/or microvascular coronary tone
[2]. These abnormalities are highly prevalent among pa-
tients with ANOCA or MINOCA [5,6,7,8,9], and fre-
quently remain underdiagnosed without dedicated coronary
vasomotor function testing (CFT). If left unrecognized, they

may lead to persistent anginal symptoms, impaired qual-
ity of life (QoL), and adverse clinical outcomes, includ-
ing malignant arrhythmias, recurrent acute coronary syn-
dromes (ACS), and hospitalizations often leading to repeat
coronary angiography [7,10,11,12]. Contemporary guide-
lines emphasize the importance of comprehensive physio-
logic assessment - including CFTwith intracoronary acetyl-
choline (ACh) provocation testing - to identify specific
vasomotor endotypes and guide mechanism-based ther-
apy, reflecting their prognostic and therapeutic relevance
in chronic and acute coronary syndromes [13] (Fig. 1).

Coronary angiography is limited to the assessment of
the epicardial luminogram, not evaluating vasomotor ab-
normalities and microvascular function, thus leading to un-
derdiagnosis of clinically relevant ischemic mechanisms
in patients with non-obstructive coronary arteries, subop-
timal management, and inappropriate patient reassurance
[14,15,16]. Invasive CFT has emerged as a key approach
to overcome these boundaries by enabling direct assess-
ment of coronary vasomotor function [17,18,19]. Specif-
ically, ACh provocation testing offers a high diagnostic
yield, guiding individualized pharmacological therapy, im-
proving symptom burden, and providing valuable prognos-
tic information [7,20,21,22,23].

In 1988, Okumura and Yasue [24] demonstrated that
intracoronary ACh provocation testing provided high di-
agnostic accuracy for VSA, reporting elevated sensitivity
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Fig. 1. Clinical applications of acetylcholine provocation testing. Intracoronary ACh testing allows refined pathophysiological char-
acterization of patients with ANOCA and MINOCA, offers incremental prognostic stratification, and informs mechanism-based therapy,
with a reassuring safety profile. ACh, acetylcholine; ANOCA, angina with non-obstructive coronary arteries; MINOCA, myocardial
infarction with non-obstructive coronary arteries. Created in Flaticon.

(90%) and specificity (99%). Since then, ACh testing has
been increasingly refined and is currently regarded as a
generally safe invasive approach, despite the persistence of
substantial heterogeneity in dosing regimens across centres
[17,22]. Nevertheless, its clinical adoption remains lim-
ited, largely due to persistent concerns regarding procedu-
ral safety, which confine its use to specialized centres and
a minority of patients with non-obstructive CAD [14].

This review aims to provide a comprehensive
overview of the pathophysiological rationale, methodol-
ogy, and clinical implications of ACh provocation testing,
emphasizing its role in pathophysiology-guided, personal-
ized patient management within modern invasive diagnos-
tic strategies for coronary vasomotor disorders.

2. Coronary Vasomotor Disorders:
Pathophysiological Background
2.1 Normal Coronary Vasomotion

Coronary vasomotion is regulated by the endothelium
through the balanced release of vasodilator and vasocon-
strictor mediators (Fig. 2). Endothelium-dependent va-
sodilation is mediated by nitric oxide (NO), prostacyclin,
and endothelium-derived hyperpolarizing factors (EDHFs),
whereas endothelin-1 (ET-1) represents a vasoconstrictor
pathway [25]. The contribution of these mediators varies
along the coronary circulation: NO predominantly regu-
lates epicardial coronary artery tone, while EDHFs are the
main determinants of endothelium-dependent vasodilation
at the microvascular level [25,26]. Physiological endothe-
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Fig. 2. Physiology of normal coronary vasomotion. Physiological stimuli (shear stress and metabolic demand) trigger endothelial
release of vasodilators (NO, prostacyclin, EDHFs) and vasoconstrictors (e.g., ET-1), whose dynamic balance regulates coronary tone
and ensures adequate myocardial perfusion. NO, nitric oxide; EDHFs, endothelium-derived hyperpolarizing factors; VSMC, vascular
smooth muscle cell. Created in Flaticon.

lial stimulation induces vasodilation and increases CBF,
whereas endothelial dysfunction is characterized by a re-
duced vasodilatory response or paradoxical vasoconstric-
tion due to impaired release or bioavailability of endothelial
mediators [25]. In addition, abnormal coronary vasomo-

tion may arise from endothelium-independent mechanisms,
primarily related to enhanced vascular smooth muscle cell
(VSMC) reactivity to constrictor stimuli [27,28].
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2.2 Pathophysiology of CAS

A key mechanism underlying coronary artery spasm
is VSMC hyperreactivity, characterized by an exaggerated
contractile response to vasoconstrictor stimuli such as ACh,
serotonin, and catecholamines [27] (Fig. 3). Endothe-
lial dysfunction further modulates this process by reduc-
ing NO bioavailability and shifting the vasomotor balance
toward vasoconstriction [27]. Enhanced Rho-kinase activ-
ity has emerged as a molecular pathway promoting calcium
sensitization and sustained vasoconstriction [29]. The au-
tonomic nervous system also plays a relevant modulatory
role, with enhanced parasympathetic activity implicated in
spasm initiation, particularly at rest and during nocturnal
or early morning hours [30]. Furthermore, local inflamma-
tory processes - especially involving perivascular adipose
tissue (PVAT) - may contribute to spasm susceptibility by
promoting upregulation of Rho-kinase activity and enhanc-
ing VSMC hyperreactivity [29,31,32]. Environmental fac-
tors (smoking, air pollution exposure), chronic inflamma-
tion, oxidative stress, ethnicity (higher CAS prevalence in
Japanese cohorts), and genetic polymorphisms also predis-
pose to CAS [33,34,35,36,37,38].

Myocardial bridging has emerged as a relevant
anatomical substrate favoring CAS [39]. The mechanical
forces generated by repetitive systolic compression of the
bridged segment cause abnormal shear stress patterns that
disrupt local endothelial function and lead to heightened va-
somotor reactivity [40]. Accumulating clinical evidence
demonstrates that patients with myocardial bridging and
non-obstructive CAD exhibit a significantly higher suscep-
tibility to ACh-induced epicardial CAS compared to those
without a bridge, across both acute and chronic clinical pre-
sentations, with total bridged length and percent systolic
coronary compression identified as predictors of inducible
spasm [41,42,43]. Of interest, endothelial dysfunction may
not only co-localize with the bridged epicardial segment,
but also extend its pathophysiological impact downstream
to the coronary microcirculation [44].

2.3 Coronary Microvascular Dysfunction and
Pathophysiological Endotypes in ANOCA

Coronary microvascular dysfunction (CMD) encom-
passes a heterogeneous spectrum of abnormalities affecting
the coronary microcirculation, which cannot be assessed
by conventional angiography [45]. CMD may be struc-
tural, involving capillary rarefaction or microvascular re-
modeling, or functional, characterized by impaired vaso-
motor regulation in the absence of fixed vascular changes
[45]. From a functional standpoint, two principal endotypes
are recognized: impaired microvascular vasodilation and
enhanced vasoconstriction (Fig. 4). Impaired vasodilation
may result from endothelium-dependent mechanisms, such
as reduced NO bioavailability and endothelial dysfunction,
or from endothelium-independent abnormalities, reflecting
impaired VSMC relaxation and attenuated responses to di-

rect vasodilators such as adenosine [46]. Enhanced vaso-
constriction encompasses microvascular spasm as well as a
heightened vasoconstrictor milieu, potentially related to in-
creased ET-1 activity, augmented smooth muscle sensitiv-
ity to constrictor stimuli, or sympathetic overactivity [46].
In the normal coronary circulation, low-dose ACh induces
microvascular vasodilation and an increase in CBF through
endothelial NO-mediated mechanisms [47]. In contrast,
microvascular spasm reflects an endothelium-independent
mechanism predominantly related to hyperreactivity of mi-
crovascular smooth muscle cells, resulting in inappropriate
constriction of resistance vessels [48].

To properly characterize these profiles, contempo-
rary guidelines [13] recommend a comprehensive invasive
approach that evaluates both endothelium-dependent va-
sodilation and vasoreactivity (via ACh testing), and non-
endothelium-dependent microvascular function (via coro-
nary flow reserve [CFR] and index of microcirculatory re-
sistance [IMR] measurements, usually via adenosine ad-
ministration) [49,50]. A recent prospective multicentre
study [51] categorized 1001 ANOCA patients into 8 dis-
tinct pathophysiological endotypes applying a comprehen-
sive wire-based approach with intracoronary thermodilu-
tion, assessing changes in hemodynamic parameters, symp-
toms, and electrocardiogram (ECG) in response to ACh and
adenosine stimulation (Table 1).

Importantly, CMD exhibits marked sex-specific dif-
ferences. Women are disproportionately affected, a phe-
nomenon attributed to hormonal influences, differences in
endothelial function, and heightened microvascular sensi-
tivity to vasomotor stimuli [1,52]. Oestrogen deficiency,
particularly after menopause, has been associated with re-
duced NO availability and increased susceptibility to CMD
[1,53]. In a large European cohort undergoing ACh provo-
cation testing, female sex was independently associated
with bothmicrovascular and epicardial vasospasm, with va-
somotor abnormalities occurring at lower ACh doses com-
pared with men [52]. Women often present with coro-
nary vasomotor disorders in the absence of significant
atherosclerotic disease and, in many cases, without major
conventional risk factors [54], frequently exhibiting diffuse
rather than focal epicardial spasm patterns [55]. Data from
theWomen’s Ischemia Syndrome Evaluation (WISE) study
suggest that hormonal status and traditional cardiovascular
risk factors account for only a limited proportion of sex-
variability, pointing to a potential role of inflammation and
autoimmune diseases [56].

3. Rationale for ACh Provocation Testing
Under physiological conditions, low-dose ACh in-

duces coronary vasodilation through activation of en-
dothelial muscarinic receptors and subsequent NO release
[57,58]. Conversely, in the presence of endothelial dys-
function or enhanced VSMC reactivity, ACh predomi-
nantly stimulates muscarinic receptors on VSMCs, result-
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Fig. 3. Pathophysiology of coronary artery spasm. Enhanced reactivity of VSMCs leads to exaggerated vasoconstriction in response to
physiological or minimal stimuli, with a contributory imbalance between vasodilator and vasoconstrictor factors and impaired endothelial
modulation. NO, nitric oxide; VSMC, vascular smooth muscle cell. Created in Flaticon.

ing in paradoxical vasoconstriction [57,59]. Clinical ob-
servations further support this pathophysiological link, as
episodes of CAS frequently occur during periods of in-
creased vagal tone, such as at night or early in the morning
[57]. By exploiting this differential vascular response, ACh
provocation testing enables the functional interrogation of
endothelial integrity and coronary hyperreactivity, provid-
ing a mechanistic basis for the diagnosis of epicardial and
microvascular spasm [59].

In contrast to ACh, ergonovine (ER) primarily induces
coronary vasoconstriction through direct activation of sero-
tonergic (5-HT2) receptors on VSMCs, with a less promi-
nent dependence on endothelial function [17]. Although
ER may stimulate the release of vasodilatory prostanoids
from an intact endothelium, this protective mechanism is
often attenuated in the presence of endothelial dysfunc-
tion, thereby favouring vasospasm in susceptible coro-
nary segments [17]. Clinical studies have reported com-
parable rates of epicardial CAS induced by ER and ACh
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Fig. 4. Hallmarks of coronary functional vasomotor disorders. ACh provocation testing plays a key role in the assessment of
coronary vasomotor disorders, identifying epicardial spasm, functional CMD due to increased vasoconstriction (microvascular spasm),
and endothelium-dependent CMD characterized by impaired vasodilation. CBF, coronary blood flow; CMD, coronary microvascular
dysfunction; EDHFs, endothelium-derived hyperpolarizing factors; ET-1, endothelin-1; NO, nitric oxide; PVAT, perivascular adipose
tissue; SMC, smooth muscle cell; VSMC, vascular smooth muscle cell. Created in Flaticon.

Table 1. Endotype classification in ANOCA according to ACh and adenosine testing.
Endotype definition Hemodynamic, symptomatic, and ECG characteristics

Epicardial spasm ACh-Pd/Pa <0.80; >90% epicardial vasoconstriction; angina; ECG modifications
Microvascular spasm ACh-IMR > rest-IMR; angina; ECG modifications
Endothelial dysfunction ACh-CFR <1.5; adenosine-CFR >2.5
Ischemia without measurable hemodynamic changes Angina and ECG modifications during ACh testing without hemodynamic changes
High resting coronary blood flow Adenosine-CFR <2.5; adenosine-IMR <25
High resistance Adenosine-CFR <2.5; adenosine-IMR >25
Compensated high resistance Adenosine-CFR >2.5; adenosine-IMR >25
Enhanced cardiac nociception Angina without ECG or hemodynamic changes
ACh, acetylcholine; ANOCA, angina with non-obstructive coronary arteries; CFR, coronary flow reserve; ECG, electrocardiogram; IMR,
index of microcirculatory resistance.

[60,61,62]. However, direct comparative investigations
have highlighted significant qualitative differences: ER
more frequently provokes focal, proximal spasms, whereas

ACh tends to elicit diffuse and distal vasoconstriction and,
importantly, allows concomitant assessment of microvas-
cular spasm [60]. Furthermore, ACh has shown greater
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diagnostic sensitivity in specific populations, particularly
women [52,63], reinforcing its position as the preferred
first-line provocative agent, whereas ergonovine may be re-
served for selected cases or employed when ACh testing
is negative despite high clinical suspicion [17]. Indeed, a
striking sex-specific response has been highlighted, with
ACh achieving a diagnostic sensitivity of up to 96.7% in
women compared to only 32.8% for ergonovine [63].

4. Indications and Patient Selection
4.1 Clinical Indications

From a clinical standpoint, invasive CFT with intra-
coronary ACh provocation testing is indicated in patients
with clinical manifestations suggestive of myocardial is-
chemia in whom obstructive CAD has been ruled out or
does not explain the clinical presentation. Candidates be-
long to two main clinical scenarios: patients with Ischemia
with Non-Obstructive Coronary Arteries (INOCA), includ-
ing those with a high clinical suspicion of VSA [13,64], and
those presenting MINOCA and a suspected coronary vaso-
constriction disorder, especially in the absence of other as-
certained pathophysiological mechanism [65,66].

According to the Coronary Vasomotion Disorders
International Study (COVADIS) Group, intracoronary
provocative testing is Class I indicated in patients with
suspected VSA without documented spontaneous episodes,
particularly in the presence of nitrate-responsive rest
angina, marked diurnal variation, rest angina without ob-
structive CAD, ACS presentation without a culprit lesion,
unexplained resuscitated cardiac arrest or syncope with
chest pain, and recurrent rest angina after successful percu-
taneous coronary intervention [64]. Furthermore, it is Class
IIa recommended in patients with a prior non-invasive diag-
nosis of coronary spasm who remain symptomatic despite
medical therapy [64].

Contemporary international guidelines increasingly
acknowledge the clinical utility of invasive CFT - including
ACh provocation - for the evaluation of patients with sus-
pected vasomotor disorders, particularly in the context of
ANOCA (Table 2). The 2024 ESC Guidelines on Chronic
Coronary Syndromes (CCS) now provide a Class I, Level
of Evidence (LoE) B recommendation for invasive CFT as
part of the diagnostic work-up in patients with persistently
symptomatic non-obstructive CAD or uncertain diagnosis
after non-invasive evaluation to guide mechanism-based
therapy and improve QoL [13]. Importantly, the same doc-
ument provides a Class I, LoE C recommendation for in-
vasive CFT in patients with suspected vasospastic angina
who experience recurrent rest angina associated with tran-
sient ST-segment changes that resolve with nitrates and/or
calcium channel blockers (CCBs) [13].

Moreover, the 2023 ESC Guidelines for the manage-
ment of ACS recommend that all patients with an initial
working diagnosis of MINOCA undergo a structured di-
agnostic algorithm (Class I, LoE C), including “functional

coronary angiography” with assessment of coronary va-
soreactivity to identify underlying mechanisms such as epi-
cardial or microvascular spasm [65].

Recently, acute presentation with MINOCA, myocar-
dial bridging, elevated C-reactive protein, and dyslipi-
daemia have been identified as independent predictors of
a positive ACh response, forming a simple four-component
ABCD score that may assist in identifying patients with a
higher pre-test probability of vasomotor dysfunction [67].
Such an approach may facilitate clinical decision-making
and support more appropriate management strategies.

4.2 Contraindications and Precautions
According to the COVADIS group [64], intracoro-

nary provocative testing is not recommended (Class III) in
patients with emergent ACS, severe fixed multivessel or
left main CAD, severe myocardial dysfunction, and in pa-
tients without clinical features suggestive of VSA. How-
ever, invasive coronary provocative testing has been shown
to be feasible and safe in patients presenting with ACS
and suspected vasomotor abnormalities, without a signifi-
cantly higher complication rate comparedwith elective test-
ing [7,68,69]. The 2023 JCS focused update on Diagno-
sis and Treatment of VSA and CMD recommends perform-
ing invasive coronary provocative testing in an acute set-
ting only after exclusion of alternative causes of ACS (e.g.,
plaque instability or spontaneous coronary artery dissec-
tion) and advises against its use in patients presenting with
ACS and concomitant heart failure [66].

5. Methodology of ACh Provocation Testing
Intracoronary ACh provocation testing should be

performed in a fully equipped catheterization laboratory
with immediate availability of intracoronary nitroglyc-
erine (NTG), resuscitation equipment, and defibrillator
[70]. Continuous 12-lead ECG and invasive haemody-
namic monitoring are mandatory throughout the procedure
[71].

ACh testing may be significantly influenced by the
concomitant or recent use of vasoactive medications. Ac-
cordingly, most protocols recommend discontinuation of
cardiovascular drugs with vasomotor effects 24 to 72 hours
prior to CFT to avoid attenuation of vasospastic responses
[71]. Some centres routinely administer intra-arterial ra-
dial “cocktails” containing CCBs with or without nitrates,
which may blunt coronary vasospasm during ACh testing
[2]. Regardless of the chosen access site, a 6 Fr system is
recommended to ensure procedural safety and standardized
coronary infusions [2].

All ACh testing protocols consistently include the ad-
ministration of 200–300 µg of intracoronary NTG after the
final ACh dose, or after provocation of significant coro-
nary spasm, to promptly reverse vasoconstriction and re-
store baseline coronary tone [71].
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Table 2. Indications for invasive coronary provocation testing in current guidelines and consensus documents.
Class of recommendation Level of evidence Recommendation for provocative spasm testing

2015 COVADIS group -
vasospastic angina

Class I –

It is recommended to perform provocation testing in patients with a history suspected
of VSA without a documented spontaneous episode, especially if they present with:
• Nitrate-responsive rest angina, and/or
• Marked diurnal variation in symptom onset/exercise tolerance, and/or
• Rest angina without obstructive CAD
• ACS presentation in the absence of a culprit lesion
• Unexplained resuscitated cardiac arrest
• Unexplained syncope with antecedent chest pain
• Recurrent rest angina following angiographically successful PCI.

Class IIa – It should be considered to perform provocation testing in patients who have been di-
agnosed with CAS by non-invasive evaluation and are unresponsive to drug therapy.

Class III – It is not recommended to perform provocation testing in the setting of emergent ACS,
severe fixedmultivessel CAD (including LMartery stenosis), severemyocardial dys-
function (Class IIb if symptoms are suggestive of vasospasm), or in patients without
any symptoms suggestive of VSA.

2023 ESC - management of
ACS (MINOCA)
Class I C It is recommended that all patients with an initial working diagnosis of MINOCA

undergo a structured diagnostic algorithm, including “functional coronary angiogra-
phy” with assessment of coronary vasoreactivity to identify underlying mechanisms
such as epicardial or microvascular spasm.

2024 ESC - CCS
Class I B It is recommended to perform invasive CFT as part of the diagnostic work-up in

patients with persistently symptomatic non-obstructive CAD or uncertain diagnosis
after non-invasive evaluation to guidemechanism-based therapy and improve quality
of life.

Class I C It is recommended to perform invasive CFT in patients with suspected VSA who
experience recurrent rest angina associated with transient ST-segment changes that
resolve with nitrates and/or CCBs.

JCS Guidelines (VSA, MINOCA,
and INOCA) (2023 Update)
VSA
Class I B It is recommended to perform pharmacological CAS provocation tests for patients

with suspected VSA based on symptoms but not diagnosed with CAS by noninvasive
evaluation.

Class IIa B Pharmacological CAS provocation tests should be considered for patients diagnosed
with CAS by noninvasive evaluation and for whom the effect of medical therapy is
inconclusive or inadequate.

Class IIb B Pharmacological CAS provocation tests may be considered for patients who have
been diagnosed with CAS by noninvasive evaluation and in whommedical treatment
has been effective.

Class III (No benefit) C It is not recommended to perform pharmacological CAS provocation tests for pa-
tients without symptoms suggestive of VSA.

Class III (Harm) C Pharmacological coronary spasm provocation tests should not be performed for pa-
tients with ACS for which coronary angiography is performed and in whom serious
complications from induced CAS are expected.
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Table 2. Continued.
Class of recommendation Level of evidence Recommendation for provocative spasm testing

MINOCA
Class IIb C CAS provocation test may be considered in the acute setting for patients in whom

alternative conditions, such as plaque disruption and SCAD, have been definitely
ruled out, under conditions in which adequate safety considerations have been taken
into account.

Class III (No benefit) C CAS provocation test is not recommended in patients with documented attacks, such
as spontaneous or nitroglycerin-induced remission of ST-segment elevation on ECG
or occlusive or severely stenotic lesions on coronary angiography.

Class III (Harm) C CAS provocation test should not be performed in the acute phase in patients in whom
drug-induced CAS is expected to cause severe complications (e.g., patients with
severely depressed cardiac function, congestive heart failure, etc.).

INOCA
Class IIa C In patients with angina pectoris and demonstrated myocardial ischemia but no signif-

icant stenosis of the epicardial coronary arteries, a pharmacological CAS provocation
test should be considered to confirm the presence of coronary microvascular spasm
during coronary angiography.

ACS, acute coronary syndrome; CAD, coronary artery disease; CAS, coronary artery spasm; CCBs, calcium channel blockers; CCS, chronic
coronary syndrome; CFT, coronary function testing; COVADIS, Coronary Vasomotor Disorders International Study group; ECG, electro-
cardiogram; ESC, European Society of Cardiology; INOCA, ischemia with non-obstructive coronary arteries; JCS, Japanese Circulation
Society; LM, left main; MINOCA, myocardial infarction with non-obstructive coronary arteries; PCI, percutaneous coronary intervention;
SCAD, spontaneous coronary artery dissection; VSA, vasospastic angina.

Fig. 5. Overview of ACh provocation testing protocols reported in the literature. The infusion time for each ACh dose is 2–3
minutes, unless otherwise specified. ACh, acetylcholine; CASPAR, Coronary Artery Spasm as a Frequent Cause for Acute Coronary
Syndrome; CorMicA, Coronary Microvascular Angina; ILIAS ANOCA, Inclusive Invasive Physiological Assessment in Angina Syn-
dromes - Angina with Non-Obstructive Coronary Artery Disease; JCS, Japanese Circulation Society; LCA, left coronary artery; RCA,
right coronary artery; WISE, Women’s Ischemia Syndrome Evaluation; CCS, Chronic Coronary Syndromes; ESC, European Society of
Cardiology. Created in Flaticon.
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According to the original method proposed by Oku-
mura and Yasue [24], ACh is first administered into the
left coronary artery (LCA) in incremental doses (20, 50,
and 100 μg) and subsequently into the right coronary artery
(RCA) (20 and 50 μg) over 20 seconds, with a 5-minute
interval between injections (Fig. 5). Sueda et al. [72]
further explored higher maximal doses of 200 μg for the
LCA and 80 μg for the RCA. Coronary angiography is
performed either upon the occurrence of chest pain, ST-
segment changes, or 1–2 minutes after each injection, and
finally following intracoronary nitrate administration. This
protocol - except for the maximum dosages - has been in-
corporated into the most recent JCS Guidelines on the Di-
agnosis and Treatment of VSA and CMD [66].

In Europe, the protocol described by Ong et al. in the
CASPAR study [6] is commonly used, involving incremen-
tal doses of 2, 20, 100, and 200 μg of ACh infused manu-
ally into the LCA over 3 minutes, and a single dose of 80
μg into the RCA. At the Catholic University of the Sacred
Heart, we adopted a similar approach, administering ACh
in incremental doses of 2, 20, 50, 100, and 200 μg gradually
infused into the LCA, and 20, 50, and 80 μg into the RCA
[7].

Intracoronary ACh may be administered using a me-
chanical infusion pump (1mL/min over 2minutes), enhanc-
ing procedural standardization, although manual injection
remains straightforward and widely practiced, with a com-
parable diagnostic yield [20,73]. Notably, the CorMicA
trial adopted a pump-based protocol, assessing endothelial
function through sequential 2-minute infusions of ACh at
increasing concentrations (10–6, 10–5, and 10–4 mol/L), fol-
lowed by a bolus injection (100 μg in the LCA or 50 μg in
the RCA) to evaluate inducible vasospasm [8,20].

Recently, in the ILIAS ANOCA protocol [21], ACh
provocation was performed by manual intracoronary ad-
ministration of incremental doses (2, 20, 100, and 200 μg)
infused over approximately 60 seconds into the LCA. If the
test was negative, the RCA was subsequently assessed with
a single 80 μg dose administered over 60 seconds [21].

In most protocols, the RCA is not routinely assessed,
or testing is discontinued if spasm is already induced in the
LCA, mainly because ACh administration in the RCA may
provoke transient atrioventricular block [71]. Routine RCA
testing is specifically recommended by the JCS guidelines
[74], while other protocols reserve RCA evaluation for se-
lected cases, such as when the clinical presentation raises
suspicion of right coronary involvement [71].

6. Diagnostic Criteria and Interpretation
6.1 Standardized Diagnostic Frameworks for Epicardial
and Microvascular Coronary Spasm

Diagnostic interpretation of ACh provocation testing
is based on an integrated evaluation of symptoms, electro-
cardiographic changes, angiographic findings, and, when
adopted, invasive coronary physiological measurements

[1]. According to the COVADIS criteria [64] an inva-
sive provocative test is considered diagnostic for epicar-
dial coronary artery spasm when all of the following are
documented in response to the pharmacological stimulus:
reproduction of the patient’s typical chest pain, ischemic
ECG changes, and angiographic evidence of ≥90% coro-
nary vasoconstriction compared with the reference state af-
ter intracoronary NTG administration (Table 3). Within the
same diagnostic framework, coronary microvascular spasm
is defined by the reproduction of typical symptoms accom-
panied by ischemic ECG changes in the absence of ≥90%
epicardial vasoconstriction [75] (Table 4).

It should be acknowledged that several earlier stud-
ies adopted less stringent criteria for a positive provocative
test [72]. Some investigators classified as diagnostic any
transient luminal narrowing >90% associated with either is-
chemic ECG changes or typical chest pain [76], while oth-
ers applied lower angiographic cut-offs for epicardial spasm
(≥75%), as in the ACOVA and CASPAR study [5,6,61].
Consequently, a proportion of patients previously labelled
as having inducible epicardial spasm under these alternative
definitions would now be categorized as equivocal accord-
ing to COVADIS [17]. Furthermore, in the 2023 JCS guide-
lines update, the diagnostic criteria for coronary spasmwere
revised and defined as transient total or subtotal focal oc-
clusion (≥90% diameter reduction) of a coronary artery, or
≥90% diffuse vasoconstriction involving at least two con-
tiguous segments, occurring in association with signs or
symptoms of myocardial ischemia [66].

A distinction should be made between vasoconstric-
tion and vasospasm. Vasoconstriction refers to the dy-
namic reduction in vessel calibre compared with the max-
imal baseline reference state after intracoronary nitrate ad-
ministration. In ACh testing, a non-diagnostic epicardial
coronary diameter reduction (<90%) occurring in the ab-
sence of ischemic ECG alterations or typical symptoms rep-
resents a continuous pathological response to an otherwise
physiological mediator, serving as a marker of endothelial
dysfunction [77]. Conversely, epicardial CAS is defined as
an exaggerated vasoconstrictor response. It is ascertained
only when the vasoconstriction exceeds the angiographic
threshold of ≥90% diameter reduction, as established on
the basis of haemodynamic evidence indicating that ≥90%
coronary obstruction is consistently associated with impair-
ment of resting CBF [74].

6.2 Microvascular Spasm: Integration With Pressure/Flow
Wire Measurements and the Role of ACh Rechallenge

At present, microvascular spasm is frequently re-
garded as a tentative diagnosis, established when ACh ad-
ministration induces angina and ischemic ECG changes in
the absence of angiographic evidence of epicardial spasm.
Earlier investigations reported indirect markers of myocar-
dial ischemia, such as coronary sinus lactate production and
the occurrence of angiographic slow flow during ACh in-
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Table 3. COVADIS diagnostic criteria for VSA.
Nitrate-responsive angina (≥1 of the following):
Rest angina (especially in the night and early morning)
Marked diurnal variation in exercise tolerance (reduced in morning)
Episodes precipitated by hyperventilation
CCBs (but not beta-blockers) suppress episodes

Transient ischemic ECG changes during spontaneous episode (any of the following in ≥2 contiguous leads):
ST elevation ≥0.1 mV
ST depression ≥0.1 mV
New negative U waves

CAS (defined as ≥90% vasoconstriction) with angina and ischemic ECG changes:

spontaneously
in response to a provocative stimulus (typically ACh, ergot, or hyperventilation)

Definitive VSA: nitrate-responsive angina during spontaneous episodes accompanied by either transient ischemic ECG
changes or angiographic evidence fulfilling CAS criteria.
Suspected VSA: nitrate-responsive angina during spontaneous episodes with equivocal or unavailable transient is-
chemic ECG changes and equivocal CAS criteria.
ACh, acetylcholine; CAS, coronary artery spasm; CCBs, calcium channel blockers; COVADIS, Coronary Vasomotor
Disorders International Study group; ECG, electrocardiogram; VSA, vasospastic angina.

Table 4. COVADIS diagnostic criteria for MVA.
Symptoms of myocardial ischemia

Effort and/or rest angina
Angina equivalents

Absence of obstructive CAD (<50% diameter reduction or FFR >0.80) by

CCTA
ICA

Objective evidence of myocardial ischemia

Ischemic ECG changes during an episode of chest pain
Stress-induced chest pain and/or ischemic ECG changes in the presence or absence of transient/reversible abnormal myocardial perfusion
and/or wall motion abnormality

Evidence of impaired coronary microvascular function

Impaired CFR (≤2.0 or ≤2.5)
Coronary microvascular spasm, defined as reproduction of symptoms, ischemic ECG shifts but no epicardial spasm during ACh testing
Abnormal coronary microvascular resistance indices (e.g., IMR >25)
Coronary slow flow (TIMI frame count >25)

Definitive MVA: all four diagnostic criteria for MVA met.
SuspectedMVA: symptoms suggestive ofmyocardial ischemia (criterion 1) and non-obstructive coronary artery disease (criterion 2), together
with either:
- objective evidence of myocardial ischemia (criterion 3)
- evidence of impaired coronary microvascular function (criterion 4).
ACh, acetylcholine; CCTA, coronary computed tomography angiography; ECG, electrocardiogram; CFR, coronary flow reserve; COVADIS,
Coronary Vasomotor Disorders International Study group; FFR, fractional flow reserve; ICA, invasive coronary angiography; IMR, index
of microcirculatory resistance; TIMI, Thrombolysis in Myocardial Infarction.

fusion [78,79], without direct assessments of coronary mi-
crovascular flow and resistance.

To overcome the inherent limitations of symptom- and
ECG-based criteria and to further refine the mechanistic
characterization of ACh-induced ischemia, some investi-
gators have proposed integrating pressure- and flow-wire

measurements during provocation testing. Wire-based as-
sessment enables simultaneous evaluation of distal coro-
nary pressure (Pd/Pa) [80] and microvascular haemody-
namics using thermodilution-derived indices, such as ACh-
IMR [81]. In the epicardial compartment, a reduction in
Pd/Pa during ACh infusion may provide supportive physi-
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ological evidence of functionally relevant vasoconstriction
[80]. Conversely, in the absence of epicardial spasm, an
increase in IMR during ACh may suggest significant mi-
crovascular vasoconstriction, potentially identifying a mi-
crovascular spasm phenotype even when conventional is-
chemic criteria are inconclusive [81].

Furthermore, considering that microvascular spasm
may coexist with epicardial spasm, the ACh rechallenge
protocol has been proposed to enable an isolated functional
assessment of the microcirculation - without the need for
wire-based measurements [81,82]. In this approach, if epi-
cardial spasm is induced, intracoronary NTG is adminis-
tered to resolve epicardial vasoconstriction, and ACh is
then re-administered at 100–200 μg [82,83]. The recur-
rence of angina and/or ischemic ECG changes in the ab-
sence of renewed epicardial constriction suggests concomi-
tant microvascular spasm [82,83]. The pathophysiological
basis of the ACh rechallenge is represented by the limited
responsiveness of the microcirculation to NTG, likely due
to reduced biotransformation of the drug in vessels <100
μm in diameter [71]. This pragmatic strategy has also been
adopted in the recent ILIAS ANOCA trial [21].

6.3 Endothelial Dysfunction Assessment

Graded intracoronary infusion of ACh at lower con-
centrations (0.182 μg/mL [10–6 mol/L] to 18.2 μg/mL [10–4
mol/L], typically administered at 1 mL/min) is recom-
mended for the assessment of endothelium-dependent coro-
nary function [1] and has been incorporated into endothelial
function testing protocols used in clinical studies [84,85],
such as in the Women’s Ischemia Syndrome Evaluation
(WISE) study. An abnormal response is defined by ei-
ther a blunted endothelium-dependent microvascular va-
sodilatory reaction, conventionally characterized as a <50%
increase in resting CBF, or by paradoxical microvascular
vasoconstriction with a reduction in CBF [86]. A reduction
in flow relative to baseline allows a more sensitive and ear-
lier identification of microvascular spasm, recognizing that
flow abnormalities precede ECG changes in the ischemic
cascade [70]. Notably, Doppler flow-wire assessment has
demonstrated that abnormal ACh-induced CBF responses
may be present in approximately one-third of patients with
ANOCA despite a preserved adenosine-mediated response
[87].

When combined with the wire-based metrics de-
scribed above [51,88], intracoronary ACh allows a highly
refined characterization of vasomotor endotypes. For in-
stance, impaired endothelium-dependent vasodilation can
be diagnosed in the presence of an ACh-CFR <1.5 with
a preserved adenosine-derived CFR >2.5, thereby exclud-
ing a non–endothelium-dependent component of dysfunc-
tion [51].

Of interest, it has been observed that ACh can si-
multaneously induce epicardial vasospasm and microvas-
cular vasodilation in patients with VSA, indicating that epi-

cardial VSMC hyperreactivity and endothelium-dependent
microvascular dysfunction may not necessarily coexist
[89,90].

7. Safety and Complications
Despite its high diagnostic yield, prognostic value,

and therapeutic implications, ACh provocation testing re-
mains underutilized in routine clinical practice. This reluc-
tance is largely driven by persistent concerns regarding pro-
cedural safety, limited familiarity with standardized proto-
cols, and the perception that the test should be confined to
highly specialized centres [14].

We demonstrated the safety and the prognostic rele-
vance of ACh provocation testing in a large cohort study
involving both MINOCA and ANOCA patients [22]. Tran-
sient bradyarrhythmias and hypotension represent the most
frequently observed adverse events during ACh provoca-
tion testing [91]. However, bradycardia is often underre-
ported in the literature, as it largely reflects the expected
physiological effect of ACh on cardiac conduction sys-
tem and may not be apparent in patients undergoing up-
front backup pacing or those with a baseline paced rhythm
[22,91]. Importantly, clinically relevant bradyarrhythmias -
defined as symptomatic episodes or events requiring phar-
macological or pacing intervention - are uncommon, with
an incidence reported below 1% in contemporary studies
[61].

Major complications associated with ACh testing are
rare but include ventricular tachycardia and ventricular
fibrillation [22,61,76,91], while minor complications in-
clude the occurrence of atrial fibrillation and supraven-
tricular tachycardia [22]. Notably, the incidence of ar-
rhythmic events during ACh provocation testing is com-
parable to that observed during spontaneous VSA episodes
(approximately 7%) [76]. Severe procedure-related com-
plications such as myocardial infarction and cardiogenic
shock due to severe vasospasm or left main coronary artery
spasm are extremely rare and have been described in iso-
lated reports [68,84]. A meta-analysis including more than
12,000 patients undergoing ACh provocation testing for
both ANOCA and MINOCA reported no procedure-related
deaths and a major complication rate of approximately
0.5% [91]. Furthermore, ACh dose escalation or the admin-
istration of high-dose ACh have not been associated with
significantly higher complication rates [22,91,92].

We also demonstrated that complications during ACh
testing are more frequently observed in patients with a his-
tory of paroxysmal atrial fibrillation and significant left
ventricular diastolic dysfunction [22]. Crucially, compli-
cation rates have not been shown to differ between patients
with positive versus negative ACh provocation test results
[22], nor according to clinical presentation (MINOCA vs.
ANOCA) or the setting of coronary angiography (emer-
gency vs. non-emergency) [22,68].
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Ventricular arrhythmic events may be more closely re-
lated to a direct arrhythmogenic effect of ACh rather than
being solely a consequence of ACh-induced myocardial is-
chemia [22]. Supporting this hypothesis, increased base-
line QT dispersion has been shown to predispose patients to
arrhythmic complications during provocation testing, and
ACh-induced transient exacerbation of QT dispersion may
further amplify this vulnerability, regardless of overall test
positivity [22,93].

Risk Mitigation Strategies
Careful patient selection, continuous monitoring, and

predefined safety measures are essential components of
ACh provocation testing. Transient atrioventricular block
typically resolves within seconds after slowing the infusion
rate or discontinuing ACh administration [71]. Given the
risk of bradyarrhythmias, particularly during intracoronary
administration of ACh in the RCA, the JCS guidelines rec-
ommend the placement of a backup temporary pacing elec-
trode in the right ventricle at the start of the procedure [74].

Of note, ACh must be administered intracoronary due
to its short half-life, which allows rapid and controlled re-
versal of induced spasm with intracoronary NTG, enhanc-
ing procedural safety [71]. In contrast, ER can be adminis-
tered intravenously, but systemic administration may pro-
voke prolonged or simultaneous spasm of both the right and
left coronary arteries, which can be more difficult to man-
age and reverse [71].

8. Clinical Impact and Prognostic
Implications

ACh provocation testing provides relevant prognos-
tic information. Available evidence indicates that patients
with a positive ACh test experience a less favourable clin-
ical course compared with those with a negative response
[22,23]. Specifically, ACh testing positivity portends a sig-
nificantly higher burden of recurrent angina, poorer angina-
related QoL, and a higher risk of adverse cardiovascular
events during follow-up, driven by hospitalizations for un-
stable angina [11,22]. Recent evidence suggests that a
positive test response at lower ACh doses may be asso-
ciated with a significantly higher risk of long-term major
adverse cardiovascular events [94]. Furthermore, in pa-
tients with ANOCA, impaired ACh-CBF response has been
associated with a higher incidence of adverse cardiovas-
cular outcomes, suggesting the prognostic significance of
endothelium-dependent microvascular function evaluation
beyond adenosine-derived CFR assessment [77]. Of rele-
vance, current evidence suggests that complications occur-
ring during intracoronary ACh provocation testing do not
appear to be associated with an unfavourable medium- to
long-term prognosis [22].

Of importance, we demonstrated for the first time that
the prognostic implications of ACh testing appear to be par-
ticularly pronounced in the setting of MINOCA, a cohort in

which a positive provocation test is a significant predictor
of cardiovascular and all-cause mortality [7].

Beyond a dichotomous interpretation of test results,
we demonstrated that ACh provocation testing may offer
incremental prognostic stratification when individual CO-
VADIS diagnostic criteria are considered [95]. In a co-
hort including over 500 INOCA andMINOCA patients, we
showed that the incidence of major adverse cardiovascular
and cerebrovascular events increased progressively accord-
ing to the number of positive COVADIS criteria compo-
nents documented during testing [23]. Notably, even when
a test is classified as negative or inconclusive due to the ab-
sence of symptoms during or ischemic ECG changes dur-
ing the procedure, the documentation of a significant epi-
cardial coronary artery spasm (≥90% diameter reduction)
represents an independent predictor of adverse clinical out-
comes [23]. This underscores that vasomotor hyperreactiv-
ity and subclinical myocardial ischemia may be associated
with substantial risk regardless of symptom reproduction.

Furthermore, in the context of myocardial bridging, an
ACh provocative test demonstrating inducible CAS at the
site of the bridge predicts a worse angina symptom status
and recurrence at follow-up in patients with stable ANOCA
[42], whereas it is significantly associated with a higher risk
of major adverse cardiovascular events in those presenting
with MINOCA [43].

9. Therapeutic Implications
The implementation of diagnostic strategies incorpo-

rating ACh provocation testing has been shown, in ran-
domized clinical trials, to improve patient-reported QoL at
follow-up in both ANOCA [20,21] and MINOCA popu-
lations [96]. A structured diagnostic–therapeutic strategy
based on invasive CFT has been evaluated in the CorMicA
[20] and ILIAS ANOCA [21] trials, enrolling patients with
ANOCA. Across these trials, disclosure of invasive CFT
results and subsequent mechanism-guided therapy were
consistently associated with meaningful improvements in
angina-related symptoms and health-related QoL compared
with usual care [20,21].

In the PROMISE trial [97], a comprehensive invasive
diagnostic strategy incorporating ACh provocation testing
was used to identify underlying coronary vasoconstriction
abnormalities in patients presenting with MINOCA, and
medical therapy was subsequently tailored according to
the documented pathophysiological substrate. This per-
sonalized strategy was associated with a better angina-
related QoL during follow-up [96]. Notably, adverse out-
comes in MINOCA patients with a positive ACh test have
been linked to suboptimal long-term management, includ-
ing dose reduction or discontinuation of CCBs, underscor-
ing the clinical relevance of ACh testing not only for risk
stratification but also for guiding and reinforcing disease-
specific treatment strategies [7,98].
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Importantly, identifying CAS at the site of myocardial
bridging is clinically relevant to avoid inappropriate med-
ical treatment [43,99]. While beta-blockers represent the
first-line therapy to reduce systolic compression in myocar-
dial bridging, theymay be detrimental in the presence of va-
sospasm, as they may exacerbate vasoconstriction through
unopposed α-adrenergic stimulation [39]. Consequently,
CCBs should be preferred as the primary strategy when a
vasomotor disorder is documented [39,43].

10. Contemporary Consensus Documents,
Current Guidelines and Recommendations

Contemporary guidelines advocate for an integrated
invasive assessment in ANOCA, combining anatomical
imagingwith CFT to evaluate both epicardial andmicrovas-
cular vascular beds through intracoronary ACh administra-
tion [1,2,70].

Lower ACh doses (i.e., 10–6, 10–5, and 10–4 mol/L,
equivalent to 0.182 μg/mL, 1.82 μg/mL, and 18.2 μg/mL
administered at 1 mL/min) are recommended by the EAPCI
Expert Consensus Document on Ischaemia with Non-
Obstructive Coronary Arteries [1], whereas the 2024 ESC
Guidelines for CCS indicate 60-second injections of low-
dose ACh (2–20 µg) to assess endothelium-dependent va-
sodilation and higher-dose ACh (100–200 µg) to provoke
vasospasm [13].

The optimal sequence of endothelium-dependent
(ACh) and endothelium-independent (adenosine) testing
during CFT remains subject to local expertise [2]. A cen-
tral issue in determining the sequence is the timing of NTG
administration, which is routinely given at the end of ACh
testing to reverse vasospasm and to confirm endothelium-
independent epicardial vasodilation [2]. Conversely, when
adenosine-based assessment is performed first, prophylac-
tic NTG - traditionally administered before pressure or flow
wire placement to prevent wire-induced spasm and ensure
maximal hyperaemia - should be withheld to avoid masking
a subsequent vasospastic response to ACh [2].

Both the 2024 ESC Guidelines for CCS [13] and the
2023 JCS guidelines [66] favour an ACh-first strategy, fol-
lowed byNTG administration and subsequent endothelium-
independentmicrovascular function assessment using intra-
venous adenosine. This approach streamlines the protocol
by integrating NTG use into the ACh phase and avoiding
potential interference with vasospasm provocation testing.
However, some protocols employ wire-based adenosine
testing first (without prophylactic NTG), followed by ACh
and final NTG administration, arguing that ACh-induced
spasm could theoretically alter baseline microvascular re-
sistance and affect the accuracy of subsequent adenosine-
derived indices [20,51,100]. This strategy aligns with the
recommendations of the EAPCI Expert Consensus Docu-
ment on Ischaemia with Non-Obstructive Coronary Arter-
ies [1].

Overall, current consensus emphasizes that meticu-
lous execution of CFT may be more relevant than the pro-
cedural order, provided that NTG is not administered im-
mediately before ACh testing [2].

11. Limitations and Controversies
Despite its high diagnostic yield and prognostic and

therapeutic value, certain unresolved controversies and
practical limitations of ACh testing must be acknowledged
to ensure accurate interpretation and to inform efforts to-
ward protocol standardization.

A methodological debate centers on dose escala-
tion and protocol heterogeneity, which significantly ham-
per inter-study comparability and clinical decision-making
[71]. Although some provocation protocols employ ACh
doses up to 200 μg in the LCA, whether such dose escala-
tion meaningfully enhances the diagnostic performance of
ACh testing remains uncertain. Individual studies have sug-
gested that increasing the maximal ACh dose from 100 to
200 μg results in a higher rate of positive tests and more fre-
quent detection of multivessel coronary spasm [101]. This
regimen has also been associated with significantly greater
sensitivity, with only a nonsignificant reduction in speci-
ficity [102], although data may not yet be sufficient to rule
out non-specific epicardial vasoconstriction [66].

Comparisons based solely on the peak ACh dose per
injection may be misleading, given its short half-life. Thus,
the duration of administration should be taken into ac-
count when interpreting test results and comparing differ-
ent protocols [71]. Contemporary JCS guidelines endorse a
rapid ACh administration over 20 seconds [66], generating
a transient peak concentration that has been shown to in-
duce more pronounced vasoconstriction, accompanied by a
higher frequency of ischemic ECG changes and symptom
reproduction, compared with prolonged infusion protocols
[103].

At the other end of the spectrum of ACh adminis-
tration protocols, landmark Western studies have favored
more prolonged ACh infusions. For instance, the WISE
study [84] employed sequential infusions of low-dose ACh
predominantly designed to evaluate endothelial function, a
methodology that was subsequently incorporated into the
EAPCI Expert Consensus Document [1]. Conversely, the
CorMicA trial [20] incorporated this gradual low-dose in-
fusion protocol for endothelial assessment while integrating
higher-dose rapid boluses – specifically 20-second admin-
istration of 100 μg in the LCA and 50 μg in the RCA –
for vasospasm provocation. The 2024 ESC Guidelines for
CCS [13], and the ILIAS ANOCA and AID-ANGIO proto-
cols [19,21] also emphasize the role of differential assess-
ment of endothelium-dependent vasodilation and inducible
vasospasm, and recommend a 60-second administration du-
ration, positioning this protocol midway between rapid bo-
luses and more prolonged infusion strategies.
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Until a broadly accepted benchmark is established,
such variations in dosing, administration patterns, and diag-
nostic criteria directly impact how test results are compared
across literature.

From a pragmatic perspective, protocol heterogeneity
also involves the potential for tailoredACh dosing sequence
to optimize procedure times and contrast volume. Evidence
from studies adopting the JCS protocol suggests that avoid-
ing the intermediate 50 μg dose in the LCA is safe and fea-
sible when initial vasoconstriction is minimal (<25%) by 20
μg [104]. Similarly, patients with a negative LCA provoca-
tive test exhibit a negligible incidence of RCA spasm (<1%)
at the initial 20 μg dose [105]. Therefore, it has been sug-
gested that omitting the initial 20 μg dose in the contralat-
eral artery may streamline the protocol without compromis-
ing safety [105].

Although testing of the RCA involves increased pro-
cedural time and the risk of transient bradyarrhythmias –
avoiding its assessment can compromise overall diagnos-
tic yield. Indeed, in a cohort of patients with a negative
ACh test in the LCA, subsequent RCA testing was posi-
tive in 8.4% of cases [106]. Provided there is low clini-
cal suspicion of RCA involvement, a strategy restricted to
the LCA testing may be reasonable when LCA vasocon-
striction remains minimal (<25%) even at high doses (100
μg) [106]. Conversely, RCA evaluation may hold particular
relevance in patients with high clinical suspicion based on
ischemic ECG modifications, or in those exhibiting inter-
mediate, non-diagnostic LCA vasoconstriction (25–90%)
[106]. Therefore, a tailored approach to RCA testing based
on both clinical presentation and initial LCA reactivity may
optimize the balance between procedural safety and di-
agnostic performance. Omitting RCA testing, however,
risks neglecting multivessel spasm, a recognized marker of
worse prognosis [10].

Beyond standardization issues, ACh testing assess-
ment is hindered by real-world considerations. The in-
terpretation of provocative testing based solely on symp-
toms and ECG changes may be limited in certain clinical
scenarios, such as minimal or absent surface ECG abnor-
malities, ST-segment cancellation due to simultaneous is-
chemia in different coronary territories, or baseline ECG
abnormalities [71]. In this context, the integration of inva-
sive pressure- and flow-wire–based measurements during
ACh testing may provide incremental diagnostic informa-
tion [51]. Furthermore, potential inter-observer variability
in angiographic assessment should be considered, particu-
larly when evaluating diffuse, borderline epicardial spasm.

In contemporary practice, invasive CFT remains
largely restricted to specialized tertiary centers. Besides
persistent concerns regarding potential procedural compli-
cations, the progressive implementation of these proce-
dures into routine clinical workflows is limited by hetero-
geneity in available testing protocols, which often discour-
ages clinicians due to a lack of familiarity. Finally, while

the CorMicA and ILIAS ANOCA trials have proven that
mechanism-guided therapy through CFT significantly im-
proves health-related QoL and angina status in ANOCA
[20,21], its impact on hard clinical outcomes remains to
be definitively established in large-scale prospective studies
[107].

12. Future Perspectives
Future research should aim to standardize ACh provo-

cation protocols across centres, harmonizing dosing regi-
mens, infusion times, and diagnostic criteria, in order to
enhance inter-study comparability. The integration of com-
prehensive wire-based physiological assessment - includ-
ing ACh-derived Pd/Pa, IMR, and CFR - has been recently
adopted to allow a more precise endotype-based classifi-
cation of vasomotor disorders [51], refining mechanistic
understanding with potential clinical implications. In this
regard, separating the dual purposes of the test by utiliz-
ing prolonged low-dose infusions for endothelial function
assessment and rapid injections for vasospasm provoca-
tion could represent a pragmatic pathway to bridge long-
standing geographical discrepancies in ACh testing pro-
tocol designs [108]. While such a dual-intent framework
could reduce procedural and geographical heterogeneity
if widely adopted, the complementary implementation of
wire-based physiological assessment - which is already re-
quired for an accurate evaluation of the endothelial response
to ACh - could emerge as a key strategy to provide ob-
jective metrics and improve inter-center diagnostic consis-
tency for vasospasm provocation testing execution and in-
terpretation. This approach may be particularly relevant for
the diagnosis of coronary microvascular spasm, an endo-
type historically hampered by the variability of symptom-
and ECG-based criteria.

Future studies should explore graded interpretations
of ACh testing based on COVADIS criteria components
to enhance risk stratification and support more individual-
ized management strategies in patients with ANOCA and
MINOCA [23,94,109]. Clinical trials should ideally move
towards endotype-specific enrolment, as baseline popula-
tion heterogeneity of study populations may compromise
the evaluation of targeted pharmacological strategies [110].

Furthermore, broader dissemination of expertise, and
incorporation of CFT into routine catheterization work-
flows will be essential to align guideline recommendations
and real-world clinical adoption [111,112].

Integrating invasive functional testing with intracoro-
nary imaging may offer a more comprehensive diagnostic
approach in the future. In this context, the recent DIS-
COVER INOCA registry has adopted an invasive physio-
logical assessment together with intravascular imaging to
characterize vasomotor phenotypes and morphological fea-
tures of non-obstructive CAD [113,114]. Of interest, OCT
data indicate that plaque erosion and thrombus formation
can be observed at spasm sites, and spasm-associated le-
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sions also exhibit a higher prevalence of layered plaques,
macrophages, and microchannels, linkable to chronic in-
flammation and accelerated plaque progression [115,116].
However, whether localized endothelial damage acts as
a pre-existing substrate for vasospasm or is a secondary
consequence of repeated vasoconstriction remains an open
question.

Finally, integrating artificial intelligence (AI) and ma-
chine learning into diagnostic workflows holds promise for
optimizing CMD assessment using ECG waveforms, mul-
timodal imaging techniques, and automated invasive mi-
crovascular assessment [117,118,119]. However, the ex-
tension of these models to the predictions and diagnostics
of VSA remains largely unexplored and represents an area
requiring dedicated future investigation.

13. Conclusions
Coronary vasomotor disorders represent a prevalent

and prognostically relevant cause of myocardial ischemia
in patients with non-obstructive coronary arteries. ACh
provocation testing interrogates endothelial integrity and
vascular smooth muscle reactivity, enabling the identifica-
tion of distinct epicardial and microvascular endotypes that
cannot be detected by angiography alone. When performed
according to contemporary protocols, ACh testing demon-
strates a high diagnostic yield and a favourable safety pro-
file, with major complications remaining rare and without
evidence of long-term adverse sequelae. Beyond diagno-
sis, ACh testing carries important prognostic implications
and supports mechanism-based therapeutic strategies that
improve symptom burden and QoL.

In the era of precision cardiovascular medicine, inva-
sive CFT - including intracoronary ACh provocation test-
ing - should be regarded not as a niche procedure but as
a key component of comprehensive evaluation in selected
patients with ANOCA andMINOCA, facilitating personal-
ized, pathophysiology-driven care.
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