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Chapter One: General Introduction

1.1. Introduction to angina with non-obstructive coronary arteries

Angina pectoris is the most common symptom of coronary artery disease (CAD) and is a leading
cause of mortality in Australia. Contrary to common belief, a significant proportion of patients (up to
70%) undergoing coronary angiography have angina with non-obstructive coronary arteries (ANOCA)
1, ANOCA encompasses a heterogeneous group of pathologies, including abnormalities of coronary

microvasculature and vasospastic abnormalities of the coronary circulation.

Unfortunately, several patients with ANOCA, up to 50,000 Australians annually (according to the
Coronary Angiogram Database of South Australia), continue to experience debilitating, unexplained
symptoms. These patients often face recurrent angina, poor quality of life, repeated hospitalisations
and adverse cardiovascular outcomes 2. The prevalence of ANOCA is higher in women (50%—70%)
than in men (30%-50%), predominantly affecting youngsters * with few conventional cardiac risk
factors. Many of these patients have undergone multiple invasive coronary angiograms owing to
persistent symptoms, as well as other non-cardiac investigations, often without a conclusive
diagnosis. Unlike obstructive CAD, evidence-based guidelines to inform optimal diagnostic and
therapeutic strategies for patients with ANOCA are lacking, underscoring the need for further

research and clinical focus.

1.2. Clinical presentation

Patients with ANOCA often present with a broad spectrum of symptoms, which are frequently
misattributed to non-cardiac causes, leading to under-recognition, insufficient investigation and

suboptimal treatment. Most (>60%) patients report chest pain triggered by physical exertion and/or



emotional stress, which typically subsides with rest. The remaining sub-set experiences angina
sporadically at rest, which may be accompanied by angina equivalents such as dyspnoea. Additional
symptoms may include back pain, indigestion, nausea, profound fatigue, weakness, vomiting and
sleep disturbance. Symptoms tend to be stable, although they may fluctuate and are usually present
for at least 3 months without other identifiable causes. Initial presentation may occur in the primary
care setting or during recurrent urgent visits to the emergency department. Patients frequently
experience symptoms for years before an accurate diagnosis is made, during which time their
functional capacity for physical activity often deteriorates %. The prolonged diagnostic journey,
combined with the challenges of detecting ANOCA via conventional non-invasive testing, can
substantially affect both physical and mental health. Moreover, this delay contributes to immense

healthcare utilisation, imposing a considerable economic burden °.

1.3. ANOCA endotypes

Various pathophysiological mechanisms underlie ANOCA, each contributing to distinct clinical
presentations and therapeutic challenges. These mechanisms primarily involve coronary
microvascular dysfunction (CMD) and coronary artery spasm (CAS). These conditions are
characterised by abnormal coronary vasomotor function despite the absence of significant epicardial
coronary stenosis. CMD is linked to structural and functional abnormalities in the coronary
microcirculation, whereas CAS involves reversible vasoconstriction of the epicardial or micro-
vascular coronary arteries. Comprehending these distinct endotypes is crucial for accurate diagnosis

and tailored management strategies in this patient cohort.

1.3.1. Coronary microvascular dysfunction



The coronary arterial bed contains three structurally and functionally distinct compartments. The
large epicardial coronary arteries (500 um—-5mm in diameter) function as conduit vessels that offer
little resistance to coronary blood flow (CBF) in the absence of obstructive atheroma ¢2. On the
contrary, the epicardial pre-arterioles (500—100 um) account for most resistance and respond to
flow-related stimuli. While the proximal component is more responsive to shifts in flow, the distal
one is more sensitive to pressure variations ®®. The intra-myocardial arterioles (<100 um) exhibit the
highest resistance and are responsible for the metabolic regulation of CBF in response to myocardial
oxygen demand (autoregulation). Lastly, the capillaries (<10 um) function as exchange vessels, given
their large surface area and relatively high permeability 6. Coronary microcirculation refers to the

epicardial pre-arterioles, intra-myocardial arterioles and capillaries.

CMD is characterised by structural and functional remodelling of the microcirculation, leading to
impaired CBF autoregulation ’. Potential mechanisms comprise dysfunctional coronary vasodilator
capacity and/or enhanced reactivity to microvascular vasoconstriction. The endothelium regulates
CBF by modulating vasorelaxant substances, including nitric oxide (NO), prostacyclin and
endothelium-derived hyperpolarising factors °. Dysfunctional endothelium results from
pathological vasoconstrictive substances (such as endothelin-1, superoxide, hydrogen peroxide and
thromboxane), overhauling the vascular steady state 2, In addition, microvascular spasm involves
the impairment of vasomotion (physiological rhythmical contractions) and is closely associated with
endothelial dysfunction >4, Its complex pathophysiology is marked by vascular smooth muscle cell
(VSMC) dysfunction and a predominance of vasoconstrictive metabolites in enhanced Rho-kinase
activity Y. Up-regulated Rho-kinase activity results in excessive myosin light chain phosphorylation

by inhibiting the myosin-binding submit (MBS), leading to hyper-contractility 8.



The primary structural alterations in CMD include luminal narrowing of the intra-mural arterioles
and capillaries, perivascular fibrosis and capillary rarefaction ”. These pathological changes often
occur in the context of left ventricular hypertrophy. Furthermore, conditions such as hypertrophic
cardiomyopathy and hypertensive heart disease result in the thickening of medial and intimal vessel
walls, leading to impaired CBF °. Such remodelling of the microcirculation is related to various
comorbidities, including diabetes, hypertension, renal impairment and diffuse epicardial

atherosclerosis 2. Figure 1.1 summarises the pathogenic abnormalities that characterise CMD.
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Figure 1.1: Complex pathophysiology of coronary microvascular dysfunction

1.3.2. Coronary artery spasm

CAS is characterised by transient and reversible vasoconstriction of the coronary vasculature, leading
to myocardial ischaemia. This condition was initially described in a landmark report by Prinzmetal et
al. in 1959 2°, They reported 32 cases with a variant type of angina that occurred at rest, with transient
) 20

ST-segment elevation on electrocardiogram (ECG) *°. Animal models established that this variant was



a distinct functional disorder caused by intermittent hypertonic occlusion of the coronary arteries.
Later, Yasue et al. recorded epicardial CAS provoked by methacholine or exercise on coronary

arteriography 212

. These early discoveries sparked interest among the wider cardiovascular
community. CAS is a heterogeneous phenomenon that can occur in patients with or without
atherosclerosis and affects the epicardial coronary arteries or micro-vasculature. CAS is an under-

appreciated cause of stable angina, acute coronary syndromes, malignant arrhythmias and sudden

cardiac death 324,

The pathophysiology of CAS involves the impairment of vasomotion (physiological rhythmical
contractions) in one or more coronary arteries . Moreover, VSMC dysfunction coupled with a
predominance of vasoconstrictive metabolites plays an adjunctive role 32>, A localised vasomotion
abnormality may produce a focal (segmental) spasm in a coronary artery, whereas a more diffuse
abnormality may result in a multi-vessel spasm >18, The critical pathophysiological mechanisms

implicated in CAS are summarised in Figure 1.2.

Vascular Smooth Muscle Hyper-Contractility: The Rho-kinase enzyme in the VSMC is a crucial
regulator of hyper-contractility. Enhanced Rho-kinase activity results in excessive myosin light chain
phosphorylation by inhibiting the MBS, leading to a state of hyper-contractility *¥%. In addition,
several additional pathways involving NO, phospholipase C and KATP channels are linked to VSMC

hyper-contractility 1*172°, These mechanistic pathways are primary contributors to CAS attacks.

Endothelial Dysfunction: The endothelium within the coronary vasculature is responsible for
producing NO, a potent vasodilator ?’. It suppresses vasoconstrictive metabolites such as angiotensin

Il and endothelium | %

. Endothelial dysfunction results in endogenous NO deficiency, leading to a
proliferation of vasoconstrictive metabolites. This mechanistic pathway explains why several

endothelium-dependent vasodilators (e.g. acetylcholine [ACh], ergonovine, histamine and serotonin)

trigger vasoconstriction in patients with CAS 2.



Chronic Inflammation: Several inflammatory biomarkers, including high-sensitivity C-reactive protein
(hs-CRP), interleukin (IL)-6 and adhesion molecules, have been implicated in the role of chronic low-
grade inflammation in CAS ?°. This notion has been reinforced by numerous animal and cellular
models 331, Unsurprisingly, persistent tobacco exposure is also associated with chronic
inflammation 32. Furthermore, adventitial and perivascular adipose tissue inflammation has been
observed by Waters et al. in this population 3. These findings confirm the significance of chronic

inflammation in CAS.

Autonomic Nervous System: Overactivity of the sympathetic or parasympathetic nervous system can
contribute to CAS via sensitisation of the VSMC and increased levels of effector molecules, such as
ACh and adrenaline. The nocturnal predominance, together with the capability of ACh to induce CAS
attacks, highlights the role of the parasympathetic system 3. On the contrary, increased
catecholamine levels and adrenergic activity following an episode of CAS represent the sympathetic

system 3>3¢,

Ethnicity: Japanese and other Asian cohorts may show a higher prevalence and a more severe
coronary artery involvement in CAS than White cohorts, which might be attributed to lifestyle and
genetic differences 3%, Sueda et al. questioned these findings and documented fewer differences
between Japanese and European cohorts ®. A recent comparative international study identified that
among patients with CAS, Caucasians had significantly lower survival than Japanese (76.6 vs 86.7%)

despite exhibiting similar patterns of coronary spasm on provocative testing *°.

Genetic Polymorphisms: Genetic mutations involving NO synthase, adrenergic receptors,
serotoninergic receptors, angiotensin-converting enzyme (ACE), paraoxonase | and RNF213 locus
have been implicated in the pathogenesis of CAS *°**. Moreover, many studies have shown
polymorphisms in genes encoding aldehyde dehydrogenase, NADH/NADPH oxidase and IL-6 404>46,

Mainly, circulating microRNAs contribute to the pathogenesis of endothelial NO synthase and may

act as novel biomarkers for diagnosing CAS /.



Magnesium Deficiency: Magnesium is a key naturally occurring antagonist of intracellular calcium.
Up to 45% of patients with CAS may display magnesium deficiency, which may be an essential

contributor to the condition in certain patients 34°,

Atherosclerosis and Thrombosis: Atherosclerosis and CAS are two discrete lesions that often coexist
and share several risk factors *°. The progression of one entity can aggravate the other. Coronary
spasms can occur in both angiographically normal vasculature and atherosclerotic arteries >%°2,
These have a predisposition for branch points in coronary vessels and segments distal to stented
lesions °3. Given their complex pathophysiology, most researchers believe that lesions in coronary
spasms are unlike those in conventional lipid-laded atherosclerosis >°2. Another noteworthy point is
the relationship between CAS and thrombosis. Increased levels of plasminogen activator inhibitor 1
and fibrinopeptide A have been observed in post-CAS attacks **. Furthermore, platelets are activated

after CAS attacks but not after stable angina °°. These findings suggest that prolonged attacks of

spam can trigger coronary thrombosis.

Acute Coronary Syndrome: CAS has a crucial etiologic role in the pathogenesis of acute coronary
syndrome (ACS). The CASPER study demonstrated that one-third of patients presenting with non-ST
elevation ACS and no obstructive lesions had evidence of CAS *%. The mechanisms involved include
prolonged CAS leading to vessel occlusion and subsequent myocardial ischaemia, coronary plaque
progression and rupture of vulnerable plaques and acute thrombus formation >’-%°. Kobayashi et al.
used intra-vascular optical coherence tomography to examine the culprit lesion in patients with CAS
and ACS. The findings indicated reduced luminal area with vascular contraction and thrombus

formation without atherosclerotic plaque disruption 6.
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Figure 1.2: Complex pathophysiology of coronary artery spasm

VSMC — vascular smooth muscle cells, ET-1 — endothelin-1, NO — nitric oxide

1.4. Invasive diagnostic testing

Although invasive coronary angiography is considered the gold standard for diagnosing epicardial
CAD, its limitations in evaluating ANOCA are well recognised. As a two-dimensional (2D) imaging
modality, coronary angiography primarily assesses the presence of significant luminal obstruction
but cannot evaluate coronary microvascular function or detect subtle vasomotor abnormalities. In
contrast, invasive coronary function testing (CFT) offers a more comprehensive assessment by
integrating guidewire-based micro-circulatory measurements with coronary vasoreactivity testing,
most commonly using ACh provocation. This approach provides insights into microvascular and
epicardial endothelial function, permitting the diagnosis of coronary vasomotor disorders. The

European Society of Cardiology (ESC) guidelines have endorsed this method with a Class Ib



recommendation for evaluating patients with ANOCA, highlighting its clinical utility in uncovering the

underlying mechanisms of ischaemia in these patients ©2.

1.4.1. Coronary physiology assessment

Coronary physiology assessment can be performed using coronary thermodilution with a pressure—
temperature sensor guidewire (PressureWire XTM, Abbott Vascular, Santa Clara, CA, USA) or a
Doppler technique (ComboWire XT or Flowire, Philips Volcano Corporation, San Diego, CA, USA). The
left anterior descending (LAD) coronary artery is the preferred pre-specified target vessel owing to

its subtended myocardial mass and coronary dominance 3.

Given the simplicity and wide availability, the thermodilution technique has gained popularity in
measuring these indices. Coronary flow reserve (CFR) is defined as the ratio of maximal coronary
flow to resting coronary flow in a given perfusion territory ®. CFR can be calculated using the

following formula, assuming that the coronary vessel volume remains constant:

. |4
Hyperaemic Q Hyperaemic (Tmn) Rest Tmn
Rest Q -

Rest (Ter) "~ Hyperaemic Tmn

Where Q = flow, V = vascular volume between the injection site and sensor and Tmn = mean transit

time.

CFR assesses the entire coronary vascular bed without distinguishing between the epicardial and
microvascular circulation. In the absence of epicardial stenosis, CBF is predominantly regulated by

the microvasculature, which includes the pre-arterioles and arterioles. These smaller vessels



dynamically modulate their luminal diameter and total coronary resistance in response to myogenic
and vasomotor stimuli to balance myocardial oxygen supply and demand. CFR uniquely evaluates
the functional reserve of the coronary circulation, including the microvasculature, and serves as a
key indicator of microvascular function in patients with angiographically normal arteries . A
thermodilution-derived CFR value of <2.5 is extensively employed as a diagnostic criterion for CMD
and is a key prognostic marker %. In a meta-analysis of 11 studies involving 6,631 patients with non-
obstructive coronary arteries, abnormal CFR was a strong predictor of mortality (OR =3.93, P <
0.001) and major adverse cardiovascular events (MACE) (OR =5.16, P < 0.001). Similarly, a meta-
analysis of 16 studies involving 10,848 patients confirmed abnormal CFR as a robust predictor of

mortality and MACE in individuals with non-obstructive CAD ©®.

The index of micro-circulatory resistance (IMR) was initially developed to specifically determine the
coronary microcirculation. IMR can be estimated using specialised guidewires with pressure and
temperature sensors simultaneously measuring distal coronary pressure (Pd) and mean transit time
(Tmn) using the thermodilution technique. IMR, defined as an index of the lowest achievable

resistance in the microcirculation, can be calculated as follows:

Pdyy,
IMR = | ——>— | = (Pdpuypx Tmnyy,)
Tmnyy,

As with other coronary physiology indices, the IMR is a continuous variable requiring a dichotomous
cut-off for clinical use. Numerous studies have attempted to define the normal reference range for
IMR by assessing the values in patients with CAD and healthy controls 677°. Based on these

investigations, a cut-off value of 225 has been recommended by expert guidelines to indicate an



abnormal IMR °. Given its specificity for determining coronary microcirculation, IMR is a valuable
tool for evaluating patients with ANOCA. In a study involving 139 patients with ANOCA,
approximately 20% had an IMR of 225, implicating microvascular dysfunction as the underlying
cause of their symptoms. Furthermore, IMR was strongly correlated with the Duke treadmill score (r
=-0.74, P <0.001) in the ANOCA cohort. These findings highlight the significant link between

exercise limitation and the severity of microvascular dysfunction 2.

Discordance between CFR and IMR can occur in patients with ANOCA. The characteristics and
outcomes of IMR and CFR discordance in patients with ANOCA were investigated in a study by Lee et
al. Their study classified 230 patients without obstructive epicardial CAD into four groups: normal
IMR/normal CFR, abnormal IMR/normal CFR, normal IMR/abnormal CFR and abnormal
IMR/abnormal CFR. The underlying mechanism driving discordance between IMR and CFR was
ascribed to variations in resting flow, with patients in the normal IMR/abnormal CFR group
exhibiting significantly lower mean resting Tmn (Tmngest) (0.31s vs 1.20s, P < 0.05) than those in the
abnormal IMR/normal CFR group. Patients in the discordant IMR and CFR groups did not display
significantly worse outcomes than those in the normal IMR/normal CFR group, and only patients in
the abnormal IMR/abnormal CFR group had an increased risk of MACE (HR = 5.6, P = 0.03). This
study suggested that concordant abnormalities in both CFR and IMR were necessary to place

patients with ANOCA patients at a higher risk of adverse clinical outcomes .

1.4.2. Coronary vasoreactivity testing

The most established approach for vasoreactivity testing is the intracoronary infusion of ACh 527273,

which is a vasoactive substance that triggers vasospasm via cholinergic receptors on VSMCs 74, When

ACh is administered as a low-dose infusion in patients with a healthy endothelium, a vasodilatory



response is caused owing to the endothelial release of NO ?’. In contrast, dysfunctional endothelium
cannot release sufficient NO to overcome the stimulated vascular smooth muscle muscarinic
receptors, leading to mild vasoconstriction, typically <30% 2’. In ACh provocative spasm testing, rapid
bolus administration of high-dose ACh produces severe vasoconstriction (i.e. >90%) in patients
predisposed to coronary vasomotor hyperreactivity. The adoption of these mechanistic
considerations and an established safety track record ’®> have made ACh provocation testing the
most commonly used diagnostic test for CAS. Nevertheless, the heterogeneity in dosage and
administration time has limited cardiologists’ understanding and acceptance of a uniform protocol

[Figure 1.3].

Diagnostic Choice of
definition provocation age

nt
H
0, N
Ergonovine N Nom

Administration Coronary vessels
time to be tested
| LCA
/ aa T TN RCA
Blood i S

>75% vs >90%
— constriction

HN
CHH®N'O? *C*HO*

Acetylcholine I

|

Drug halflife graph

Concentration (% of Medium)

100
75

50 \

25 \

o \ —
0 1 2 = 4 5 6 7 8

Time (elimination half-lives)

Medication washout Dosage Use of temporary
duration pre-procedure regime pacing wire

Figure 1.3: Key factors underlying the variability in coronary provocation testing

1.4.2.1. Dosage and coronary artery predominance



Doses vary for left (LCA) and right (RCA) coronary arteries but are uniformly higher for the left
system [Table 1.1]. The maximum dosage for LCA is 200 pg and that for RCA is 80 ug. Sueda et al.
suggested that a dose of 200 pg improved diagnostic utility, especially in patients with a high clinical
suspicion of CAS and no provoked spasm with smaller doses 7. However, the propensity for pseudo-
positive reactions at such doses may reduce the diagnostic specificity. Alternatively, the Women’s
Ischaemia Syndrome Evaluation (WISE) study employed a protocol of sequential intracoronary
reinfusions of incremental ACh doses (0.182—1.82-18.2 mg/mL), such as that of Tio and Sara et al. ””-
%, The CorMica trial emulated this protocol but added an ACh bolus of 100 pg (LCA) and 50 pg (RCA)
80 Most protocols adopt an incremental dosing regimen and commence testing in the LCA. In
contrast, others focus on testing the RCA initially and terminating the procedure later if a spasm is
identified 8. Saito et al. proposed omitting the 50 ug dose of ACh in the LCA if little coronary artery
construction was caused by 20 g, leading to reduced contrast volume and procedural time 2.
Interestingly, men and women exhibited different responses to ACh, with men demonstrating a
minimal lumen diameter—dose relationship with doses of 200 ug and women showing little changes
with doses >50 pg . These findings suggested that an incremental sex-adjusted dosage regime

could improve the diagnostic utility of provocation testing.

The possible predominance of coronary spasm within specific coronary arteries was explored by
Sueda and Kohno 84, In a retrospective analysis of 1,392 patients who had undergone ACh-based
provocative testing, the proportion of spasm involving the left circumflex artery (LCx, 28.3%) was
significantly lower (P < 0.001) than that involving the RCA (73.3%) and the LAD artery (72%) .
Subsequent studies from Korea confirmed these findings 8. These results implied that the LCx
might be less responsive to ACh-based provocative testing. Several studies have avoided provocative

testing in the RCA altogether 77838687 Despite reducing the procedural time and contrast



administration, this approach can neglect the presence of multi-vessel spasm, a known poor

prognostic marker >”°8, Furthermore, single-vessel testing may reduce the diagnostic yield.

1.4.2.2. Administration time

Okumura et al. administered 20, 50 and 100 pg in the LCA and 20 and 50 pg in the RCA as serial 20-s
boluses in a study that validated the ACh provocative spasm protocol. In this landmark study,
patients fulfilling the variant angina clinical criteria for spontaneous vasospastic episodes, along with
a negative control cohort (i.e. patients with cardiomyopathy, arrhythmia, valvular disease,
hypertension and congenital heart disease), were examined using this ACh administration protocol
8 The findings confirmed that the protocol was highly sensitive (90%) and specific (99%), validating
its use for diagnosing CAS. Although modifications of this protocol have been described, they have

not been validated against the native disorder characterised by spontaneous spasm episodes.

The heterogeneity in ACh administration protocols has partly arisen from clinical research studies
designed to assess functional endothelial integrity. These protocols utilise 2—3-min low-dose (<20
ug) ACh infusions and have been adopted in multiple studies 777°#°2_ Qther protocols have
described longer manual injections of 60 s 8°*94, Sueda and Kohno reported the results of a study
that included 30 patients with ischaemic heart disease who initially received an intracoronary 20-s
ACh injection, followed by a 3-min infusion. The researchers noted a positive spasm provocation in
73.3% and 33.3% (P < 0.05) patients, respectively *. These results implied that the administration
time of intracoronary ACh may affect the results of provocative testing. The limitations of this study

included a small sample size, with most patients being male smokers (83.3% and 76.7%, respectively)

95

1.4.2.3. Temporary pacemaker insertion and procedural approach



The insertion of a temporary transvenous pacemaker (TTP) during provocative testing has also
varied among international research groups. Many institutions advocate for the insertion of a TTP
upfront 6% Unsurprisingly, a back-up pacing rhythm was considerably higher during ACh
administration into the RCA, especially during a rapid 20-s injection compared with a 3-min infusion
(63.3% vs 23.3%; P < 0.01) *. Despite a marginal increase in procedural time, it may avoid serious
complications. Ong et al. preferred to avoid a TTP and suggested that a transient atrioventricular
block almost always resolves within seconds of reducing the speed of administration °1. However,
whether this approach, with a potentially slower administration of the provocation agent, will

decrease the diagnostic yield is uncertain.

The optimal procedural approach site for both artery and vein (assuming insertion of a TTP) was
investigated by Sueda and Kohno 1%, They retrospectively analysed the outcomes of 1,829 ACh-
based provocative tests according to vascular access routes, including i) femoral artery and femoral
vein (16%); ii) brachial artery and femoral vein (27.2%); iii) brachial artery and brachial vein (32.2%);
iv) radial artery and brachial vein (13.8%) and v) radial artery and femoral vein (9.6%) °*. These
groups had no statistical difference in procedure-related major complications. However, the
investigators observed that the radial artery and brachial vein combination provided the highest
comfort for both operators and patients without compromising the diagnostic utility 1%, Current
guidelines do not specify a preferred approach, although the use of intra-arterial vasodilators (e.g.
nitroglycerine [NTG], verapamil) and operator experience are key influencing factors 1%2. Intra-
arterial vasodilators are routinely administered for trans-radial access to increase radial artery size
and reduce radial spasm 1%, However, these agents may decrease the diagnostic yield of provocation
testing when administered during the index procedure. Verapamil is generally avoided owing to its
relatively long half-life. Nonetheless, NTG is used during concomitant coronary physiology testing.

Despite its rapid half-life (approximately 3 min) 1%, the residual effect of NTG on the sensitivity of



coronary provocation testing remains unclear. Current practice is based on expert consensus, but
further studies are required to investigate the potential confounding effect of vasodilators on these

provocation studies 72

Table 1.1: Protocols for acetylcholine provocation testing



Billetal.?® | 2021 Poland 25-50- | 25-50-75 180 48 46.9 34.1 >90%
100
Konst et 2021 | Netherlands 2-20- - 60-180 24-48 42.9 NR >90%
al.¥” 100-200
Montone 2021 Italy 20-50—- 20-50 180 24-48 37.7 21.3 >90%
etal.®® 100-200
Pargaonkar | 2020 United 20-50—- - 60 48 - - -
et al.® States 100-200
Probst et 2020 Germany 2-20—- 80 180 - 26.1 42.2 >90%
al.®? 100-200
Sara et 2020 United 0.182—- - 180 48 - - -
al.” States 1.82—
18.2ug/ml
Sueda et 2020 Japan 20-50- 20-50-80 20 24 59.3 - >90%
al.’%® 100-200
Ford et 2019 UK 100 50 20 - 37.1 325 >90%
al.’°
Deyamaet | 2018 Japan 50-100 50 30 48 44.6 - >90%
al.’%®
Tateishiet | 2018 Japan 20-50—- 20-50 20 48 48.8 - -
al.0 100
Kimetal.®® | 2018 Korea 20-50- - 60 48 >90%
100
Leeetal.?® | 2017 Korea 20-50- - - 48 13.9 29.5 >75%
100
Saito et 2017 Japan 20-50- 20-50 20 48 40.3 - >90%
al.’? 100
Hoshino et | 2016 Japan 20-50—- 20-50 60 24 30.9 - >75%
al.®t 100
Choi et 2016 Korea 20-50—- - 60 72 77.7 - >70%
al. 100
DiFiore et 2015 Australia 25-50—- 25-50 20 48 44.3 32 >90%
al.1os 100
Ongetal.® | 2014 Germany 2-20- 80 180 48 334 24.2 >75%
100-200
Sato et 2013 Japan 20-50- 20-50 20 - 49.6 - >90%
al.¥’ 100
Takagi et 2013 Japan 20-50- 20-50 20 24 100% >90%
al.*® 100




Wei et al.” | 2012 United 0.182—- — 180 24 7.3 - >50/70%
States 1.82-18.2
ug/mL
Tioetal.” | 2002 | Netherlands 0.182- - 180 24-72 - - >50/90%
1.82-18.2
ug/mL
Okumura 1988 Japan 20-50- 20-50 20 - 90 - -
et al.®® 100

1.5. Non-invasive diagnostic testing

Non-invasive evaluation of patients with ANOCA is an evolving field, with several imaging
modalities available to assess the vasodilator capacity of the coronary microvasculature and
estimate myocardial blood flow. Transthoracic Doppler echocardiography of the LAD is a widely
applicable technique for assessing coronary flow velocity reserve'®. However, its use is limited
by technical challenges, reduced spatial resolution, and operator dependency. Myocardial
contrast echocardiography offers a more objective measure of vasodilator capacity, but its

clinical adoption has been restricted by the absence of validation in large-scale studies '%’.

Positron emission tomography (PET) and cardiac magnetic resonance imaging (CMR) are
currently the most robust modalities for quantifying myocardial blood flow. PET allows
automated calculation of absolute global myocardial blood flow (mL/min/g) at rest and during
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hyperaemia through tracer uptake in the left ventricular myocardium'®. CMR, alternatively,
derives myocardial perfusion reserve from rest-stress signal intensity changes and can provide

guantitative absolute flow estimates'®. While CMR offers superior spatial resolution and avoids

ionising radiation, its widespread use is limited by cost and availability.

Non-invasive methods for diagnosing coronary artery spasm remain less developed, owing to

limitations in efficacy and reproducibility. The JCS guidelines endorse hyperventilation and




exercise testing with ECG monitoring as non-pharmacological provocative approaches,
targeting a respiratory rate of 25/min for up to six minutes, with termination in the event of
angina or ischaemic ECG changes’. The COVADIS group similarly recognises hyperventilation
but favours the cold pressor test as a reflexogenic stimulus, although these techniques have
largely been superseded by pharmacological provocation®. More recently, large-scale
ergonovine echocardiography data has emerged; in a cohort of 14,012 patients, CAS was
detected in 15.3% through either ECG changes or reversible regional wall motion
abnormalities™. Further studies are required to establish diagnostic accuracy and define their

role in clinical practice.

1.6. Aims of the thesis

Despite advances in our understanding of patients with ANOCA, significant knowledge gaps remain
in the evaluation and management of this heterogeneous condition. The overarching objective of
this thesis is to refine diagnostic strategies, optimise procedural protocols, and enhance clinical

outcomes in this complex patient population. The specific aims are as follows:

1. To determine the prevalence and predictors of coronary vasomotor dysfunction (CVDys) in a
prospective cohort of patients with ANOCA. All patients underwent standardised CFT in at least
one major epicardial vessel. Group comparisons and multivariable logistic regression were

employed to identify independent clinical and angiographic predictors of CVDys.

2. To assess the diagnostic validity of current ACh provocation protocols, comparing conventional
versus high-dose regimens in detecting CAS. This was evaluated in a diverse population

comprising patients with suspected ANOCA and individuals undergoing coronary angiography for



non-coronary indications. Diagnostic performance was assessed by calculating sensitivity,

specificity, and predictive values of both regimens.

To evaluate the impact of prior intracoronary NTG administration on the diagnostic yield of ACh
provocation testing. Using a ACh rechallenge protocol, we assessed the re-inducibility of
epicardial spasm at 5- and 10-minute intervals following intravascular NTG administration in
patients with a confirmed initial positive response. This study aimed to clarify the temporal

influence of NTG on coronary vasoreactivity and its implications for diagnosing CAS.

To quantify the incidence and identify predictors of TTP use during ACh provocation testing.
Given the variability in procedural safety protocols across institutions, we prospectively
examined the rate of TTP activation and associated clinical characteristics in patients with

suspected CAS.

To evaluate the incremental diagnostic utility of multi-vessel versus single-vessel CFT in patients
with ANOCA. In a prospective study design, comprehensive CFT was performed in all three major
epicardial coronary arteries to determine whether multi-vessel assessment improves the

detection of CVDys and enables more granular classification of ANOCA endotypes.

To determine whether multi-vessel CFT improves patient-reported outcomes compared with
single-vessel testing. In a randomised controlled trial, patients were assigned to undergo either
multi-vessel or single-vessel CFT. The primary outcome was angina severity at 6 months.
Secondary outcomes included diagnostic reclassification, changes in health status, clinical utility,

and procedural safety.



Chapter Two: Methods

2.1. Invasive coronary angiography

Invasive coronary angiography (ICA) was performed as the standard procedure according to local
protocols. At the two tertiary hospitals (Concord Hospital and Royal Prince Alfred Hospital) where
most studies were conducted, arterial access was gained via the radial or femoral artery. A 6-French
guiding catheter was used to engage the coronary arteries, and multiple angiographic projections
were performed to visually assess the epicardial coronary arteries. Imaging was typically
performed at 15 frames per second with standard zoom to enhance and optimise vessel

delineation.

2.2. Invasive coronary function testing

CFT was performed in the morning, and patients were requested to withhold vasoactive medications
(e.g. calcium channel blockers [CCB] and long-acting nitrates) and methylxanthine-containing
substances for >4 times the duration of the drug’s half-life. A continuous 12-lead ECG was monitored
throughout the procedure, and standard resuscitation equipment was available. Intra-arterial

vasodilator drugs (e.g. NTG and CCB) were avoided in all patients before CFT.

2.3. Coronary vasoreactivity testing

Coronary vasoreactivity was assessed via ACh provocation. A TTP was inserted via the femoral vein
to compensate for potential bradycardia. Activation of the TTP was contingent upon a pause of >5s.

A 6-French angioplasty guiding catheter without side holes was inserted into the LCA or RCA as per



the operator’s clinical judgement. For the LCA assessment, incremental doses of 20, 50, 100 and 200
ug of ACh were injected over 20 s, with a 2-min gap between doses. After each injection, cine-
images were obtained to evaluate the change in coronary diameter via quantitative coronary
angiography. If CAS was induced, with reproducible symptoms and ST-segment alterations, the
provocation test was terminated and concluded to be positive. A similar protocol was followed for
the RCA, with incremental doses of 20, 50 and 80 pg of ACh. When coronary spasm was induced and
did not resolve spontaneously within 3 min after completing ACh testing or in instances of

haemodynamic instability, NTG was administered.

2.4. Coronary physiology protocol

Coronary physiology was evaluated using a pressure—temperature sensor guidewire (PressureWire
X; Abbott Corporation, Chicago, IL). The guidewire was prepared by flushing the package coil with

normal saline and switching on the PressureWire™ Transmitter and Receiving System.

The pressure guidewire was advanced until the sensor was located 1-2 mm distal to the guide
catheter tip, at which point the guidewire pressure was equalised to that of the guide catheter
pressure. Multiple measures were taken to minimise pressure signal drift and measurement error.
As electrical and thermal instabilities are inherent in all sensors and occur linearly over time,
measurements were performed rapidly to reduce the inevitable signal drift that occurs during
lengthy procedures 2. To avoid contrast adhering to the guidewire and affecting pressure wire
measurements, the guide catheter was generously flushed with saline before equalisation and the
vessel was wired with a minimal amount of contrast !*3. The needle introducer was always removed

from the haemostasis valve during both equalisation and measurement to avoid pressure drift 112,



The guidewire was advanced to the distal third of the vessel. Intracoronary NTG was administered at
200 pg to produce maximal epicardial coronary vasodilation. Subsequently, the proximal coronary
pressure during rest (Pagest) and distal coronary pressure during rest (Pdgest) were recorded. Three
boluses of 3 mL room temperature saline were injected into the coronary artery via the guiding
catheter. The transit time of the saline injections was determined using the thermodilution
technique, and the average of the three resting transit times was recorded as Tmngest. An
intravenous adenosine infusion was administered via a large-bore peripheral cannula or femoral
venous sheath at 140 pg/kg/min for a minimum duration of 90 s to achieve maximal hyperaemia.
The proximal coronary pressure during hyperaemia (Panyp) and distal coronary pressure during
hyperaemia (Pdwy,) were recorded. Thermodilution curves were then constructed in the same
manner as mentioned above to estimate the hyperaemic mean transit time (Tmnyy,) 1*4. After the
coronary physiology measurements were completed, the guidewire was pulled back to the guide
catheter tip to check for pressure signal drift. If a signal drift of >3 mmHg occurred, the pressure wire
was re-equalised and the physiology measurements were repeated. A signal drift of <3 mmHg was
considered acceptable as repeat measurements were unlikely to change significantly at this drift

level 13,

All measurements were recorded using the Coroflow system (Coroventis Research AB, Uppsala,
Sweden). The coronary physiology indices were automatically calculated with computerised

software using the following formulae:



IMRApp = PdHyp X TmnHyp

Pdyyy,
IMR;qic = Payyp x Tmnyy, x 1.35 x (T) —0.32
Hyp

Figure 2.1: Example of different coronary physiology indices obtained in real-time using the

Coroflow software

The blue and orange (green box) represent thermodilution curves produced from 3 mL injections of room temperature
normal saline during rest and maximal hyperaemia, respectively. The mean Tmngest and Tmnyy, and the values of their 3x
individual measurements are highlighted by the orange and blue boxes, respectively. CFR = coronary flow reserve, FFR =
fractional flow reserve, IMR = index of micro-circulatory resistance, Pa = proximal coronary pressure, Pd = distal coronary

pressure, Tmnuyp = mean Tmn during hyperaemia, Tmngest = mean Tmn during rest



2.5. Dobutamine-stress diastolic fractional flow reserve

Functional assessment of a myocardial bridge on coronary angiography was performed with
dobutamine-stress diastolic fractional flow reserve (FFR). Intravenous dobutamine was given in
increments of 10-20 pg/kg/min every 3 min until at least 85% of the maximal heart rate for age was
achieved; alternatively, a maximal dose of 50 pg/kg/min with up to 1 mg of atropine was
administered. A continuous Pd/Pa trace at peak dobutamine stress was recorded. Pd/Pa was
measured using a digital calliper at peak dobutamine stress in diastole 3-5 times/beat and averaged
using 2—3 beats to obtain the average diastolic FFR at peak dobutamine stress 1'°. A dobutamine

diastolic FFR of <0.76 was considered positive based on previous studies %7,

2.6. Two-dimensional quantitative coronary angiography measurements

2D quantitative coronary angiography (QCA) measurements were performed offline using standard
commercial software in batches, with the operator blinded to the coronary physiology index values.
Automated distance calibration was used to determine the pixel size. All measurements were
acquired during the end-diastolic period, with the assistance of ECG-gated identification when
available. Angiographic views that clearly depicted the measured stenoses and had the least
foreshortening/overlapping were used. Edge detection correction was performed if necessary. The

% diameter stenosis was measured twice and averaged.
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3.1. Introduction

CAD, the single leading cause of mortality in Australia, is characterised by angina pectoris 1.
Approximately half of all patients undergoing coronary angiography for stable angina have non-
obstructive coronary arteries 1. CVDys, encompassing both CMD and CAS, is the underlying
pathology in 60%—-90% of this patient cohort **2°, The prevalence of ANOCA is higher in women
(50%-70%) than in men (30%-50%), with a predilection for a younger patient cohort 3. These
patients experience an angina burden comparable to that of individuals with obstructive CAD in
conjunction with a diminished quality of life, frequent hospitalisations and adverse cardiovascular

outcomes #4121,

Conventional diagnostic tests, including ICA and coronary computed tomography angiography
(CCTA), often miss coronary vasomotor disorders. The American College of Cardiology/American
Heart Association and the ESC guidelines recommend CFT to categorise patients with ANOCA into
distinct endotypes, including epicardial vasospastic angina (VSA), microvascular angina (MVA) or a
combination thereof 12#123, This approach enables tailored therapy that addresses the underlying

pathology, alleviating the angina burden and improving the quality of life &.

Despite these recommendations, testing for coronary vasomotor disorders is available only in
limited centres in Australia and New Zealand, leading to a lack of local prevalence data. This study
aimed to determine the prevalence of coronary vasomotor disorders within an ANOCA population in
Australia. Furthermore, it attempted to identify predictive factors associated with specific ANOCA

endotypes in individuals undergoing CFT.



3.2. Methods

Consecutive patients with ANOCA who underwent CFT between June 2021 and June 2023 were
included in this multi-centre, prospective observational study. These elective patients were referred
to our centre due to a high suspicion of an ANOCA endotype, with the majority experiencing
worsening or ongoing symptoms despite medical therapy. Before CFT, obstructive CAD was ruled out
using ICA or CCTA. The patients (218 years) underwent ACh provocation and adenosine-mediated
coronary physiology assessment in at least one epicardial artery, with additional testing of other
arteries left to the operator’s discretion. For safety reasons, CFT was not performed if the epicardial
coronary artery was small, non-dominant or severely tortuous. Exclusion criteria included
obstructive epicardial coronary arteries, non-coronary indication for invasive angiography (e.g. valve
disease), technical factors precluding safe passage of the pressure guidewire, inability to receive
adenosine, recent (within 3 weeks before cardiac catheterisation) ST-segment elevation myocardial

infarction and/or inability to provide informed consent.

Comprehensive clinical data on patient characteristics, cardiac risk factors, and symptom profiles
were systematically collected before CFT. Information on conventional cardiovascular risk factors
and non-conventional variables linked to CVDys was also documented. Furthermore, patients were
asked to provide details regarding their angina and quality of life by completing the Seattle Angina
Questionnaire (SAQ), EuroQol 5-Dimension 5-Level Questionnaire (EQ5D-5L) and Patient Health
Questionnaire-4 (PHQ-4). The study protocol adhered to the ethical principles outlined in the 1975
Declaration of Helsinki and received approval from the Human Research Ethics Review Board.
Written informed consent was obtained from all participants, ensuring their voluntary participation.

RR and ASCY had full access to all study data and were responsible for their integrity and analysis.



3.2.1. Invasive coronary function testing

CFT was performed in the morning, ensuring standardised timing across patients [Figure 3.1]. The
patients were instructed to withhold vasoactive medications (e.g. CCBs and long-acting nitrates) and
methylxanthine-containing substances for >4 times the duration of the drug’s half-life. Throughout
the procedure, continuous monitoring of a 12-lead ECG was implemented. At the same time,
standard resuscitation equipment was readily available to ensure patient safety. ICA was performed
according to standard institutional practice, utilising either the radial or femoral route.
Administration of intra-arterial vasodilator drugs (e.g. NTG and CCB) was avoided before CFT.
Diagnostic ICA was performed to confirm the absence of obstructive CAD, defined as a visual
diameter stenosis of >50% in combination with a measured resting full-cycle ratio (RFR) of <0.89

and/or FFR of <0.80 2%, If no obstructive CAD was present, CFT was performed.

Figure 3.1: Proposed diagnostic algorithm for coronary function testing
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Following the exclusion of obstructive coronary artery disease via coronary angiography (A), the algorithm involves
vasoreactivity testing (B) using intracoronary acetylcholine to detect coronary artery vasospasm. Diffuse left anterior
descending artery spasm is denoted by the white arrow. Subsequently, coronary physiology assessment (C) with adenosine
is employed to measure the coronary vasodilatory capacity and micro-circulatory resistance. An IMR valve of >25 (white

circle) or a CFR value of <2.0 (yellow circle) denotes CMD.

Abbreviations: CFR = coronary flow reserve, CMD = coronary microvascular dysfunction, ECG = electrocardiogram, IMR =

index of micro-circulatory resistance, MVA = microvascular angina, VSA = vasospastic angina

Coronary vasoreactivity was evaluated using ACh provocation. A TTP was introduced into the right
ventricle via the femoral vein to compensate for potential bradycardia. Activation of the TTP was
contingent upon a pause of >5 s. A 6-French angioplasty guiding catheter without side holes was
inserted into the target epicardial coronary artery. For the LCA, incremental doses of ACh (20, 50,
100 and 200 pg) were injected over 20 s, with a 2-min interval between doses. After each injection,
cine-images were obtained to assess the change in coronary diameter via QCA, as previously
described 2. If the provocation test induced CAS, reproducible symptoms and ST-segment
alterations (see definitions below), the test was stopped and deemed positive. A similar protocol
was adopted to evaluate the RCA, with incremental doses of ACh (20, 50 and 80 pg). Additional
feedback was conveyed to the treating physician in instances of a positive CAS test triggered by
higher doses (200 pg in the LCA and 80 ug in the RCA). Intracoronary NTG at a bolus dose of 200 pg

was routinely administered to assess the basal coronary tone after CAS provocation.

Coronary physiology was evaluated using a pressure—temperature sensor guidewire (PressureWire
X; Abbott Corporation, Chicago, IL). After equalising the pressure to that of the guide catheter, the
guidewire was advanced to ensure that the sensor was positioned in the distal third of the vessel

and at least 80 mm from the guiding catheter. If not already done, 200 pg of intracoronary NTG was



administered. The resting Pa and Pd were recorded. Three boluses of 3 mL room temperature saline
were injected into the coronary artery via the guiding catheter. The transit time of the saline
injections was determined using the thermodilution technique, and the average of the three resting
transit times was recorded as the Tmngest. Next, an intravenous adenosine infusion (140 pg/kg per
min) was administered via a large-bore peripheral cannula or femoral venous sheath to induce a
steady state of maximal hyperaemia. The hyperaemic mean proximal pressure and distal pressure
were recorded. Thermodilution curves were similarly constructed to determine the Tmnpuy,. The
calculations for the respective coronary haemodynamic indices included (a) Pd/Pa during
hyperaemia for FFR, (b) Tmngest /Tmnyy, for CFR and (c) Pd x Tmnyy, for IMR. All measurements were

recorded using the Coroflow system (Coroventis Research AB, Uppsala, Sweden).

In a subset of patients with myocardial bridge on coronary angiography, further functional
assessment was performed using dobutamine-stress diastolic FFR. Intravenous dobutamine was
given in increments of 10-20 pg/kg/min every 3 min until at least 85% of the maximal heart rate for
age was achieved or a maximal dose of 50 pg/kg/min with up to 1 mg of atropine was administered.
A continuous Pd/Pa trace at peak dobutamine stress was documented. Pd/Pa was measured using a
digital calliper at peak dobutamine stress in diastole 3—5 times/beat and averaged using 2—3 beats to
obtain the average diastolic FFR at peak dobutamine stress 6. A dobutamine diastolic FFR of <0.76

was considered positive as per previous studies %,

3.2.2. Definitions

CVDys was defined according to the underlying pathophysiological endotype based on the published
international consensus %1%, Epicardial vasospasm was defined as a focal or diffuse epicardial

coronary diameter reduction of >90% in response to ACh compared with the relaxed state after



intracoronary NTG infusion, with a reproduction of recognisable symptoms and ischaemic ECG
changes. Microvascular spasm was diagnosed when recognisable symptoms were reproduced, with
ischaemic ECG alterations in the absence of >90% epicardial diameter reduction in response to ACh.
Ischaemic ECG changes were defined as transient ST-segment elevation or depression of >0.1 mV or
ischaemic T-wave changes in at least two contiguous leads. Furthermore, CMD was confirmed if
coronary physiology assessment showed a CFR of <2.0 and/or an IMR of >25, following current
consensus documents 8. Non-cardiac chest pain was diagnosed when there was no obstructive

epicardial CAD (FFR > 0.80) and CFT was normal (CFR = 2.0, IMR < 25 and negative ACh testing).

3.2.3. Statistical analysis

For continuous data, descriptive statistics were reported as either mean * standard deviation (SD) or
median with interquartile range (IQR) depending on the data distribution. Categorical data were
presented as counts and percentages. Group differences were determined using appropriate
statistical tests, including one-way analysis of variance (ANOVA), t-tests, chi-squared tests or Fisher’s
exact tests, as deemed appropriate for the specific comparisons. A significance threshold of P < 0.05
was used to determine statistical significance. Binary logistic regression analyses were performed
using pre-specified variables of interest, with MVA and VSA as the outcomes. Receiver operating
characteristic (ROC) curves were constructed to evaluate the predictive capacity of the variables for
MVA and VSA. To assess discrimination of the regression model, Harrell’s C-statistic corresponding
to the area under the ROC curve was applied to estimate the goodness of fit and diagnostic

accuracy. All statistical analyses were performed using R version 4.2.2 17,

3.3. Results:

3.3.1. Clinical and procedural characteristics



This study was conducted at two tertiary referral institutions and included 120 patients from a
geographically diverse New South Wales population [Table 3.1]. Ten patients who previously had
non-obstructive coronary arteries on CCTA had obstructive CAD on ICA and were excluded [Figure
3.2]. The patient cohort had a mean age of 58 + 13 years, with 63.6% of the participants being
women. Clinical, laboratory and medication data are presented in Table 3.2. Patients with CVDys
were more likely to be older (59 + 11 vs 51 + 15, P = 0.024), overweight (61.1% vs 15.0%, P < 0.001)
and receiving aspirin (72.2% vs 40.0%, P = 0.007) and beta-blocker therapy (33.3% vs 15.0%, P =
0.049). There was a statistically significant difference (P = 0.003) in the distribution of angina
patterns between patients with CVDys and those without the condition. The CVDys group exhibited
a significantly lower overall angina summary score (mean 53 vs 63 units; —-10 [95% CI -15to -2] P =
0.014), increased angina frequency (mean 63 vs 74 units; -11 [95% Cl -21 to -1] P = 0.038), worse
angina stability (mean 39 vs 53 units; -14 [95% Cl -25 to -2] P = 0.026) and limitation (mean 63 vs 78
units; —15 [95% Cl -26 to -5] P = 0.007) than those without CVDys. Additionally, the CVDys group
reported a significantly lower quality of life (0.61 vs 0.67, P = 0.043), as assessed using EQ5D-5L. No
significant differences in psychological comorbidities were observed between the groups, as

evaluated using PHQ-4.

Figure 3.2: Study flowchart
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Abbreviations: ANOCA = angina with non-obstructive coronary arteries, CAD = coronary artery disease, MVA = micro-

vascular angina, VSA = vasospastic angina

Table 3.1: Geographical distribution of patients undergoing coronary function testing

Health district Number of patients
Sydney Local 24
Southwestern Sydney 24
Southeastern Sydney 17
Western Sydney 17
Northern Sydney 13
Western NSW 12
Nepean Blue Mountains 5
Hunter New England 3
Illawarra Shoalhaven 2
Centra Coast Local 1
Northern NSW 1




Table 3.2: Patient characteristics according to the presence or absence of coronary vasomotor

dysfunction

All patients (n = CVDys No CVDys (n = P-
110) (n=90) 20) value

Background
Age, years 58+13 59+11 51.0+15 0.024
Female 70 (63.6%) 55 (61.1%) | 15 (75%) 0.528
BMI 27.2(5.22) 27.5(5.5) | 25.5(3.6) 0.044
Ethnicity 0.496

Caucasian 75 (68.1%) 63 (70.0%) | 12 (60%)

Asian 14 (12.6%) 10 (11.1%) | 4 (20%)

Southeast Asian 6 (5.4%) 6 (6.7%) 0 (0.00%)

Middle Eastern 14 (12.7%) 10 (11.1%) | 4 (20%)

Others 1(0.9%) 1(1.11%) | 0(0.00%)
Risk factors
Hypertension 54 (49.1%) 45 (50.0%) | 9 (45.0%) 0.728
Hypercholesterolaemia 64 (58.2%) 53 (58.9%) | 11 (55.5%) 0.766
Diabetes 21 (19.1%) 19 (21.1%) | 2 (10.0%) 0.362
Overweight 58 (52.7%) 55 (61.1%) | 3 (15.0%) <0.001
Family history of CAD 37 (33.6%) 28 (31.1%) | 9 (45.0%) 0.441
Current smoking 45 (40.9%) 39 (43.3%) | 6(30.0%) 0.377
Peripheral vascular disease 10 (9.0%) 10(11.1%) | 0 (0.00%) 0.197
CAD 14 (12.7%) 12 (13.3%) | 2 (10.0%) 0.730
Cerebrovascular accident 6 (5.5%) 4 (4.4%) 2 (10.0%) 0.596
Obstructive sleep apnoea 12 (10.9%) 11 1(5.0%) 0.481

(12.2%)

Excessive alcohol 8 (7.3%) 6 (6.7%) 2 (10.0%) 1.00
Excessive caffeine intake 13 (11.8%) 11 (12.2%) | 2 (10.0%) 1.00
Migraine 18 (16.4%) 14 (15.5%) | 4 (20%) 0.627
Chronic pain syndrome 29 (26.4%) 23 (25.5%) | 6 (30%) 0.683
Anxiety 23 (20.9%) 18 (20%) | 5 (25%) 0.613
Depression 29 (26.4%) 23 (27.7%) | 4 (20%) 0.543




Medications

Aspirin 73 (66.4%) 65 (72.2%) | 8(40.0%) 0.007
P2Y12 Inhibitor 13 (11.8%) 13 (14.4%) | 0(0.00%) 0.131
Statin 69 (62.7%) 59 (65.6%) | 10 (50.0%) 0.202
ACE-I/ARB 33 (29.7%) 26 (28.9%) | 7 (35.0%) 0.973
Beta-blocker 33 (29.7%) 30(33.3%) | 3(15.0%) 0.049
Calcium channel blockers 25 (22.7%) 20 (22.2%) | 5(25.0%) 0.755
Nicorandil 10 (9.0%) 9(10.0%) | 1(5.0%) 0.681
Nitrates 22 (20.0%) 19 (21.1%) | 3 (15.0%) 0.575
Laboratory
Total cholesterol 3.91(0.73) 3.94 (0.77) | 3.75(0.39) 0.303
LDL 1.86 (0.67) 1.90 (0.69) | 1.68 (0.49) 0.275
HDL 1.34(0.38) 1.38(0.39) | 1.18 (0.25) 0.083
Triglycerides 1.38 (0.56) 1.34(0.51) | 1.61 (0.80) 0.387
Creatinine 75.2 (15.9) 74.7 (16.3) | 77.0(15.7) 0.710
Hs-CRP ng/L 1.28 (1.01) 1.19 (0.96) | 1.60 (1.16) 0.405
HsTnt, ng/L 7.80 (3.96) 7.98 (4.11) | 6.75(2.87) 0.315
CK-MB 3.47 (9.94) 3.89(10.9) | 1.46(1.19) 0.214
Symptoms
CCS angina class: 0.014

1 34 (30.9%) 22 (24.4%) | 11 (55.0%)

2 49 (44.5%) 41 (45.6%) | 8(40.0%)

3 25 (22.7%) 24 (26.7%) | 1(5.0%)

4 3(2.7%) 3(3.3%) 0 (0.00%)
Angina pattern: 0.003

Predominately rest 28 (25.5%) 25 (27.8%) | 3 (15.0%)

Predominately exertion 40 (36.4%) 37 (41.1%) | 3 (15.0%)

Mixed 43 (39.1%) 28 (31.1%) | 14 (70.0%)
Circadian pattern: 0.030

Predominately daytime (7 am—7 pm) 31 (28.2%) 28 (31.1%) | 3 (15.0%)

Predominately nocturnal (7 pm—7 am) 21 (19.1%) 20 (22.2%) | 1(4.8%)

Throughout the day

59 (53.6%)

42 (46.6%)

16 (80.0%)




Functional cardiac assessment

Normal 54 (49.1%) 12 (60.0%) | 42 (46.7%) 0.280
Inconclusive 9 (8.2%) 2 (10.0%) 7 (7.8%) 0.743
Abnormal 38 (34.5%) 4(20.0%) | 34 (37.8%) 0.134
Seattle Angina Questionnaire

Summary 55.4 (14.2) 53.4 (14.2) | 62.6 (12.6) 0.014
Limitation 66.0 (20.8) 63.2 (20.0) | 78.4 (19.8) 0.007
Stability 41.7 (19.9) 39.2 (18.5) | 52.8 (22.5) 0.026
Frequency 65.3 (25.4) 63.3(26.6) | 74.1(17.1) 0.038
Satisfaction 57.5(25.4) 55.7 (24.7) | 65.6 (27.5) 0.176
Angina QoL 41.5 (15.8) 41.4(16.3) | 42.1(13.2) 0.843
Quality of life (EQ-5D-5L)

Index score 0.63 (0.16) 0.61(0.16) | 0.67 (0.17) 0.043
VAS score 63.6 (13.8) 62.5(13.9) | 68.3 (12.4) 0.048
Psychological distress (PHQ-4)

Total score 4.08 (3.27) 4.25(3.32) | 3.84(3.69) 0.261
Anxiety score 2.02 (1.91) 2.15(1.83) | 1.93 (2.06) 0.319
Anxiety score 23 (suggesting anxiety) 41 (37.2%) 34 (37.7%) | 7 (35%) 0.412
Depression score 1.99 (1.76) 2.10(1.71) | 1.91(1.62) 0.291
Ezs:zsssiig:)score 23 (suggesting 39 (35.4%) 33 (36.6%) | 6 (30%) 0.389

Abbreviations: ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, BMI = body mass

index, CAD = coronary artery disease, CCS = Canadian Cardiovascular Society, CK-MB = creatine kinase MB, CVDys =

coronary vasomotor dysfunction HDL = high-density lipoprotein, hs-CRP = high-sensitivity C-reactive protein, hsTnt = high-
sensitivity troponin T, LDL = low-density lipoprotein, P2Y12 = purinergic receptor P2Y, G-protein coupled, 12 protein, QoL =

quality of life, VAS = visual analogue score

*Data are shown as n (%) or mean + SD (standard deviation)



Most ICAs were performed via radial arterial access (64.5%) without intra-arterial vasodilators. Three
patients (4.2%) needed conversion to femoral access owing to radial spasm. Of the patients who
initially underwent femoral access, 13% (5/39) had prior documented instances of radial spasm.
Over half of the patients (54.5%) had angiographically normal coronary arteries. No fatal adverse
events were reported. Nonetheless, one serious adverse event, a guiding catheter-induced coronary
dissection that necessitated percutaneous coronary intervention, was observed (0.9%). Transient
atrial fibrillation was noted in 12 patients (10.9%) during ACh provocation, of which two required
direct current (DC) cardioversion and the remaining resolved spontaneously before discharge.

Procedural characteristics are summarised in Table 3.3.

Table 3.3: Procedural characteristics

Final access site

Radial 71 (64.5%)

Femoral 39 (35.5%)

Intra-procedural details

Total procedure time (min) 51 (43-59)

Total contrast (mL) 135 (110-165)

Complications

Atrial fibrillation 12 (10.9%)

Coronary dissection 1(0.9%)

*Data are shown as n (%) or median and IQR (interquartile range)

3.3.2. Prevalence of coronary vasomotor disorders



In the cohort of 110 patients, CFT indicated CVDys in 81.8% (90/110) of the patients. Regarding

specific ANOCA endotypes, MVA occurred in 31.8% (35/110), VSA in 25.5% (28/110) and a mixed

presentation of MVA and VSA in 24.5% (27/110) of the patients [Table 3.4]. Functional assessment of

the coronary microcirculation identified abnormalities in 57.3% (63/110) of the study cohort. In this

group, 49.2% (31/63) had an elevated IMR, 31.7% (20/63) had a reduced CFR and the remaining

19.0% (12/63) had both abnormal IMR and CFR. ACh provocation testing revealed CAS in 57.3%

(63/110) of the patients, with 50% (55/110) exhibiting epicardial vasospasm and 7.3% (8/110)

displaying microvascular vasospasm. Of the patients with epicardial spasm, a diffuse pattern was

evident in 59.2% (32/54), whereas 42.6% (23/54) exhibited focal spasm. When evaluating the dose—

response association, most CAS occurred with a 100 pg dose in the LCA (53.8%) and a 50 pg dose in

the RCA (50%) [Table 3.5]. Myocardial bridging was perceived in 12 patients in the study cohort. A

formal assessment of the ischaemic potential of the tunnelled segment was performed in five

patients with a dobutamine challenge, all of which were significant (dFFR 0.73 + 0.03). The CFT

results are listed in Table 3.6.

Table 3.4: Patient characteristics according to the ANOCA endotype

MVA (n= | VSA(n=28) | MVA/VSA Non- P-value
35) (n=27) cardiac (n
=20)

Background
Age 62+9 55+13 60+ 12 51+15 0.005
Female, n (%) 24 (68.6%) | 18 (66.7%) | 12 (44.4%) | 15(75.0%) | 0.156
BMI 27.9(3.8) | 26.4(4.4) 282(7.9) |255(3.6) |o0.222
Ethnicity 0.425

Caucasian 26 (74.3%) | 20(74.1%) | 16 (59.3%) | 13 (65.0%)

Asian 4(11.4%) | 1(3.7%) 5(18.5%) | 4(20.0%)

Southeast Asian 2 (5.7%) 3(11.1%) 1(3.70%) | 0(0.00%)




Middle Eastern 3 (8.6%) 2 (7.4%) 5 (18.5%) 4 (20.0%)

Others 0 (0.00%) 1(3.7%) 0 (0.00%) 0 (0.00%)
Risk Factors
Hypertension 22 (62.9%) | 10(37.0%) 13 (48.1%) | 9(45.0%) | 0.207
Hypercholesterolaemia 20 (57.1%) | 16 (59.3%) 17 (63.0%) | 11 (55.0%) | 0.903
Diabetes 6(17.1%) 5(18.5%) 8 (29.6%) 2(10.0%) | 0.389
Family history of CAD 13 (37.1%) 6 (22.2%) 9 (33.3%) 9 (45.0%) | 0.463
Current smoking 3 (8.57%) 20 (74.1%) 16 (59.3%) 6 (30.0%) <0.001
Peripheral vascular disease 9 (25.7%) 1(3.7%) 0 (0.00%) 0 (0.00%) 0.001
CAD 3 (8.6%) 4 (14.8%) 5 (18.5%) 2(10.0%) | 0.626
Cerebrovascular accident 1(2.9%) 2 (7.4%) 1(3.7%) 2 (10.0%) 0.767
Obstructive sleep apnoea 5(14.3%) 2 (7.4%) 3(11.1%) 1(5.0%) 0.696
Excessive alcohol 2 (5.71%) 2 (7.4%) 2 (7.4%) 2 (10.0%) 1.000
Excessive caffeine intake 4 (11.4%) 3(11.1%) 4 (14.8%) 2 (10.0%) 0.953
Migraine 5(14.3%) 6 (22.2%) 4 (14.8%) 4 (20.0%) 0.693
Chronic pain syndrome 7 (20.0%) 9(32.1%) 7 (26.0%) 6 (30.0%) 0.783
Medications
Aspirin 20(57.1%) | 21(77.8%) 23 (85.2%) | 8(40.0%) | 0.002
P2Y12 Inhibitor 5(14.3%) 4 (14.8%) 3(11.1%) 0(0.00%) | 0.363
Statin 22 (62.9%) | 17 (63.0%) 20(74.1%) | 10(50.0%) | 0.316
ACE-I/ARB 16 (45.7%) 6 (22.2%) 11 (40.7%) | 7(35.0%) | 0.266
Beta-blocker 10 (28.6%) | 11 (40.7%) 9 (33.3%) 3(15.0%) | 0.248
Calcium channel blockers 7 (20.0%) 5(18.5%) 8(29.6%) 5(25.0%) 0.795
Nicorandil 3 (8.57%) 3(11.1%) 3(11.1%) 1(5.0%) 0.915
Nitrates 3 (8.57%) 7 (25.9%) 9 (33.3%) 3(15.0%) | 0.082
Laboratory
Total cholesterol 3.99(0.72) | 3.75(0.60) 3.99(1.00) | 3.75(0.39) | 0.707
LDL 2.06 (0.66) | 1.54(0.52) 1.97 (0.84) | 1.68(0.49) | 0.127
HDL 1.39(0.32) | 1.39(0.50) 1.32(0.41) | 1.18(0.25) | 0.581
Triglycerides 1.12 (0.45) | 1.57(0.55) 1.45(0.44) | 1.61(0.80) | 0.059
Creatinine 72.8(16.9) | 76.3(11.8) 76.5(19.3) | 77.0(15.7) | 0.868
Hs-CRP ng/L 1.12 (1.16) | 1.63(0.91) 1.14 (0.67) | 1.60(1.16) | 0.507




HsTnT, ng/L 7.37 (3.18) | 8.80(4.62) 8.29 (4.73) | 6.75(2.87) | 0.598
CK-MB 5.42 (15.0) | 1.56(1.43) 2.49(1.05) | 1.46(1.19) | 0.761
Symptoms

CCS angina class: 0.065
1 9 (25.7%) 5 (18.5%) 7 (25.9%) 12 (60.0%)

2 15 (42.9%) | 11 (40.7%) 15 (55.6%) | 8 (40.0%)
3 9 (25.7%) 10 (37.0%) 5 (18.5%) 1(5.0%)
4 2 (5.71%) 1(3.70%) 0 (0.00%) 0 (0.00%)

Angina pattern: <0.001
Predominately rest 1(2.86%) 16 (59.3%) 7 (25.9%) 3 (15.0%)
Predominately exertion 26 (74.3%) 5(18.5%) 6 (22.2%) 3 (15.0%)

Mixed 8 (22.9%) 6 (22.2%) 14 (51.9%) | 15 (75.0%)

Circadian pattern: <0.001
Predominately daytime (7 am—7 pm) | 18 (51.4%) 6 (22.2%) 4 (14.8%) 3 (15.0%)
Predominately nocturnal (7 pm-7

am) 3 (8.57%) 12 (44.4%) 5 (18.5%) 1(5.0%)
Throughout the day 14 (40.0%) 9 (33.3%) 18 (66.7%) | 17 (85.0%)

Functional cardiac assessment

Normal 14 (40.0%) | 16 (57.1%) 12 (44.4%) | 12 (60.0%) | 0.675

Inconclusive 4 (11.4%) 2 (7.1%) 1(3.7%) 2 (10.0%) 0.285

Abnormal 13 (37.1%) | 5(17.9%) 11 (40.7%) | 4(20.0%) 0.103

Seattle Angina Questionnaire

Summary 54.5(15.0) | 55.8(13.5) 50.1(12.9) | 62.6(12.6) | 0.042

Limitation 65.1(20.0) | 64.4(18.4) 59.4 (22.1) | 78.4(19.8) | 0.028

Stability 41.2 (21.2) | 36.9(15.0) 37.8(17.8) | 52.8(22.5) | 0.052

Frequency 55.3(23.9) | 61.4(23.5) 49.6 (26.0) | 65.6(27.5) | 0.187

Satisfaction 65.2 (25.1) | 60.5(30.4) 61.4(25.3) | 74.1(17.1) | 0.330

Angina QoL 42.5(17.4) | 41.7 (14.2) 38.0(15.7) | 42.1(13.2) | 0.737

Quality of life (EQ-5D-5L)

Index score 0.64 (0.19) | 0.59(0.21) 0.52 (0.16) | 0.67(0.17) | 0.089

VAS score 64.8 (13.3) | 61.3(14.46) | 60.7 (13.7) | 68.3(12.4) | 0.071

Psychological distress (PHQ-4)




Total score 3.91(3.56) | 4.35(3.83) 4.13 (3.65) | 3.84(3.69) | 0.236
Anxiety score 1.98 (1.76) | 2.06 (1.98) 2.01(1.87) | 1.93(2.06) | 0.183
Depression score 1.93(1.98) | 2.29(2.04) 2.12(1.93) | 1.91(1.62) | 0.197

Abbreviations: ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, BMI = body mass

index, CAD = coronary artery disease, CCS = Canadian Cardiovascular Society, CK-MB = creatine kinase MB, CVDys =

coronary vasomotor dysfunction, HDL = high-density lipoprotein, hs-CRP = high-sensitivity C-reactive protein, hsTnt = high-

sensitivity troponin T, LDL = low-density lipoprotein, MVA = micro-vascular angina QoL = quality of life, VSA = vasospastic

angina

*Data are shown as n (%) or mean + SD (standard deviation)

Table 3.5: Summary of acetylcholine dose response during coronary provocation testing

Left coronary artery (n = 52) Right coronary artery (n = 20)
Dosage (ug) No. of CAS Dosage (ug) No. of CAS
20 5 (9.6%) 20 7 (35%)
50 15 (28.8%) 50 10 (50.0%)
100 28 (53.8%) 80 3 (15%)
200 4(7.7%)

Abbreviations: CAS = coronary artery spasm

*Data are shown as n (%)

Table 3.6: Coronary function testing results according to the ANOCA endotype

MVA (n = 35)

VSA (n = 28)

MVA/VSA (n =
27)

Non-cardiac (n
=20)

value

Diagnostic angiography [6F JL and JR diagnostic]




Angiographically

ol vessels 19 (54.3%) 12 (44.4%) 14 (51.9%) 15 (75.0%) 0.141
Myocardial bridging* | 2 (5.7%) 8 (29.6%) 2 (8.0%) 0 (0.00%) 0.094
Acetylcholine testing [6F EBU/XB + JR guide or 6F Ikari guide]
Epicardial spasm 0 (0.00%) 28 (100%) 27 (100%) 0 (0.00%) <0.001
Diffuse NA 18 (63.0%) 14 (51.9%) NA
Focal NA 10 (37.0%) 13 (48.1%) NA
::')i:sr::’ascmar 8 (22.9%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0.010
#Coronary physiology assessment [6F EBU/XB + JR guide or 6F Ikari guide]
Mean resting transit
time (s) 0.93 (0.63-1.29) | 0.83 (0.61-1.20) | 1.01(0.73-1.26) | 0.67 (0.48-0.77) | 0.015
Resting Pd 89.0 (79.8-98.5) | 90.5 (82.8-99.2) | 87.5 (80.8-96.2) | 90.0 (80.5-97.0) | 0.971
Resting Pa 93.0 (84.5-104) | 95.5(90.0-108) | 92.0(85.8-100) | 94.0(85.5-101) | 0.869
Mean hyperaemic
transit time () 0.34 (0.24-0.46) | 0.23 (0.15-0.28) | 0.26 (0.22-0.36) | 0.15 (0.11-0.17) | <0.001
RFR 0.92 (0.91-0.95) | 0.92 (0.89-0.94) | 0.92 (0.89-0.94) | 0.93 (0.91-0.95) | 0.129
FFR 0.91 (0.89-0.93) | 0.90 (0.86-0.93) | 0.91 (0.89-0.93) | 0.90 (0.88-0.94) | 0.549
IMR 26.0 (19.0-36.0) | 14.0 (11.0-18.0) | 25.0 (16.2-32.8) | 12.0(9.00-15.0) | <0.001
CFR 2.70 (2.02-3.80) | 3.50 (2.70-5.80) | 3.20 (2.42-4.38) | 4.50 (3.10-8.00) | 0.008

Abbreviations: ANOCA = angina with non-obstructive coronary arteries, CFR = coronary flow reserve, FFR = fractional flow

reserve, IMR = index of micro-circulatory resistance, MVA = microvascular angina, , Pd = distal coronary artery pressure, Pa

= aortic pressure, RFR = resting full-cycle ratio, VSA = vasospastic angina

#Coronary physiology assessment represents the left anterior descending artery

*Assessed via diagnostic angiography without specific intracoronary imaging

**Data are shown as n (%) or median and IQR (interquartile range)

3.3.3. Predictors of coronary vasomotor disorders

Being overweight (OR, 4.2 [95% Cl 1.9-9.3]; P = 0.015) and ischaemia on stress testing (OR, 2.4 [95%

Cl 1.1-4.3]; P = 0.028) were the factors associated with MVA. Previously identified risk factors of




older age (OR, 1.22 [95% Cl 1.01-1.48]; P = 0.055) and female sex (OR, 1.69 [95% CI 0.13-10.32]; P =
0.697) were positively linked to MVA, although the relationship was not statistically significant.
Regarding VSA, smoking was positively correlated with the diagnosis (OR, 9.1 [95% Cl 2.21-39.3]; P =
0.007). Exercise-induced angina was predominant in MVA (P = 0.023), whereas VSA was more
commonly associated with rest angina (P = 0.001) [Table 3.7]. Angina burden, as evaluated using the
SAQ, did not differ markedly between patients with MVA and those with VSA [Table 3.8]. In addition,
a trend towards a higher angina burden was observed in patients with an elevated IMR (mean 52 vs
58; -6 [95% Cl -13 to -3]; P = 0.056) or reduced CFR (mean 53 vs 60; -7 [95% Cl -15 to -4]; P =

0.068), although not statistically significant [Tables 3.9 and 3.10].

Table 3.7: Differences in angina characteristics between patients with MVA and VSA

MVA (n = 62) VSA (n = 54) P-value
Angina Pattern
Predominately rest 8 (12.9%) 23 (42.6%) 0.001
Predominately exertion 32 (51.6%) 11 (20.4%) 0.023
Mixed 22 (35.5%) 20 (37.0%) 0.500

Abbreviations: MVA = micro-vascular angina, VSA = vasospastic angina, QoL = quality of life

Values are in n (%)

Table 3.8: Differences in angina and quality of life (as per SAQ) between patients with MVA and

VSA

MVA (n = 62) VSA (n = 54) P-value

Seattle Angina Questionnaire

Summary 52.7 (19.4) 52.8 (17.3) 0.964




Limitation 62.8 (21.1) 61.7 (20.4) 0.800
Stability 39.8(19.3) 37.4(20.1) 0.500
Frequency 53.0(24.3) 55.3 (22.7) 0.654
Satisfaction 63.7 (25.3) 61.0 (23.8) 0.614
Angina QoL 40.7 (15.7) 39.8 (16.2) 0.766

Abbreviations: MVA = microvascular angina, VSA = vasospastic angina, SAQ = Seattle Angina Questionnaire, QoL = quality

of life

*Data are shown as n (%) or median and IQR (interquartile range)

Table 3.9: Differences in angina and quality of life (as per SAQ) between patients with normal and

abnormal IMR

IMR < 25 (n = 67) IMR > 25 (n=43) | P-value

Seattle Angina Questionnaire

Summary 57.9 (13.5) 52.2 (14.7) 0.056
Limitation 70.2 (19.3) 62.5(21.5) 0.074
Stability 43.2 (20.1) 39.8 (19.8) 0.404
Frequency 60.2 (26.0) 54.1 (24.4) 0.239
Satisfaction 67.4 (24.7) 62.5 (26.2) 0.350
Angina QoL 42.1 (14.8) 40.8 (17.1) 0.685

Abbreviations: IMR = Index of micro-circulatory resistance, MVA = microvascular angina, VSA = vasospastic angina, SAQ =

Seattle Angina Questionnaire, QoL = quality of life

*Data are shown as n (%) or median and IQR (interquartile range)

Table 3.10: Differences in angina and quality of life (as per SAQ) between patients with normal

and abnormal CFR



CFR>2.0(n=78) | CFR<2.0(n=32) | P-value

Seattle Angina Questionnaire

Summary 59.6 (14.2) 53.0 (14.4) 0.068
Limitation 69.3 (20.9) 60.2 (20.8) 0.089
Stability 43.2 (20.1) 37.9 (19.6) 0.235
Frequency 60.5 (24.7) 51.4 (26.3) 0.119
Satisfaction 67.0 (25.3) 60.2 (24.9) 0.228
Angina QoL 43.2 (17.0) 40.8 (15.4) 0.509

Abbreviations: CFR = Coronary flow reserve, MVA = microvascular angina, VSA = vasospastic angina, SAQ = Seattle Angina

Questionnaire, QoL = quality of life

*Data are shown as n (%) or median and IQR (interquartile range)

3.4. Discussion

In this study of patients with ANOCA undergoing CFT, the following were the major findings: 1)
Coronary vasomotor disorders were highly prevalent (>80%); 2) Functional coronary abnormalities
such as enhanced coronary vasoreactivity, diminished coronary vasodilation and elevated micro-
vascular resistance often overlapped each other [Figure 3.3]; 3) Risk factor profiles varied among
ANOCA endotypes; 4) On objective evaluation, patients with CVDys had a significantly poorer quality
of a life than those without such abnormalities. These results highlight the importance of CFT in
elucidating the underlying aetiology of angina in this patient cohort. This approach enables clinicians

to prescribe tailored therapy to improve the outcomes in patients with ANOCA.

Figure 3.3: Overlap of coronary vasomotor disorders in patients with ANOCA
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Of the patients with ANOCA, 62 (56%) were diagnosed with coronary artery vasospasm. Additionally, 31 (27%) patients had
a high IMR (IMR > 25), 20 (18%) patients had a low CFR (CFR < 2.0) and 12 (11%) patients had a combination of both.
Notably, over half (56.5%) of the patients with coronary artery vasospasm demonstrated an overlap with microvascular

functional abnormalities.

Abbreviations: ANOCA = angina and non-obstructive coronary arteries, CFR = coronary flow reserve, IMR = index of micro-

circulatory resistance

3.4.1. Diagnostic yield of coronary function testing

The overall prevalence of CVDys was 81.8% in our study, consistent with previous cohorts that
utilised CFT to diagnose CVDys 19121, |n the current population, 57.3% of the patients exhibited an
abnormal response on coronary physiology testing, which is higher than the 38%—44% reported in
previous studies 812, Considering specific endotypes, abnormal vasodilator capacity (CFR) was

observed in 29.1% of the patients and elevated micro-vascular resistance (IMR) in 39.1%. The higher



overall prevalence of CMD observed in our study could be ascribed to increased multi-vessel testing
based on clinical suspicion. This approach differs from previous studies, which focused on testing a
single coronary vessel, often the LAD. These findings suggest that multi-vessel coronary physiology

assessment may improve the identification of abnormalities in the coronary micro-vasculature.

In the current cohort, CAS was noted in over half of the patients during ACh provocation testing.
These observations are aligned with a local study conducted by Di Fiore et al 1, which
demonstrated inducible spasm (epicardial and microvascular) in 62% of the patients, and an

investigation by Ford et al 12

, Which reported a prevalence of 54%. In contrast, studies performed in
Japan have documented higher rates of CAS than our cohort 12, Such patients have been described
as having diffusely hyperactive coronary arteries, with a lower prevalence of significant CAD than
Caucasian populations 8. These variations may reflect the increased basal tone in this population,
potentially attributable to lifestyle and genetic variations 378, Furthermore, differences in the
reported prevalence of CAS among studies may be due to the heterogeneity in current diagnostic
protocols for invasive provocation testing, which differ in terms of administration time, dosage

regimen and the specific vessels tested 1%,

3.4.2. Clinical and angina characteristics of coronary vasomotion disorders

Our cohort’s predominance of women (63.6%) is consistent with prior research emphasising the sex
disparity within this patient population. The pivotal WISE study *° established that symptomatic
women with ANOCA had a worse prognosis, indicating that meticulous clinical evaluation and

management are imperative in this patient population.



Our study further revealed that MVA was linked to being overweight and ischaemia on stress
testing; in contrast, patients with VSA were more likely to be smokers. The female sex was positively
associated with MVA, although it did not reach statistical significance, possibly attributed to the
relatively small size of our patient cohort. Furthermore, variations were observed in angina
characteristics, with MVA predominantly resulting in exercise-induced angina and VSA mainly
causing resting angina. These findings are aligned with those from prior research in a similar patient

population 399131,

Serum biomarker levels, including troponin, creatine kinase-myocardial band and hs-CRP, did not
differ significantly between ANOCA endotypes. These findings highlight the limitations of
conventional biomarkers, which focus on atherosclerotic CAD and are weakly correlated with
disorders of coronary vasomotion. This finding underscores the need for further research into novel
biomarkers that can screen for specific ANOCA endotypes using non-invasive methods, offering

valuable diagnostic and prognostic insights.

Patients with ANOCA with concomitant CVDys experienced a lower quality of life than those without
the condition despite the lack of significant differences in psychological comorbidities. This is likely
attributed to an increased angina burden, as indicated by the SAQ. Interestingly, the angina burden
was not significantly different among the various ANOCA endotypes. This contrasts with the findings
of Ford et al., who reported a more pronounced decline in the SAQ Summary Score (SAQSS) in
patients with VSA than in those with MVA 2%, Our results might have been influenced by referral
bias, geographic differences, and the relatively higher proportion of patients (24.5%) presenting with

a mixed VSA and MVA endotype.



The diverse clinical characteristics observed in these patients underscore the presence of distinct
phenotypes with varied pathophysiological mechanisms. The limited discriminative ability of MVA
and VSA predictive models signifies that our understanding of these complex mechanistic pathways
is incomplete. In addition, the lack of differences in the medical therapy among patients with ANOCA
reinforces the need to classify this cohort into specific endotypes via CFT. Given the documented
benefits of stratified medical therapy in this patient cohort, comprehensive evaluation and

subsequent management are vital to optimise patient outcomes.

3.4.3. Limitations

First, this study included a select population referred specifically for CFT to ANOCA expertise centres
by their treating physicians. This selective referral process might have led to the high rate of
functional abnormalities observed in our study. Second, the number of epicardial coronary vessels
tested was not uniform among the participants as the operators were allowed to decide on the
number of vessels tested based on clinical suspicion. Third, although our ACh provocation protocol
was based on clinical expertise and insights from prior clinical studies, significant heterogeneity
exists in such protocols worldwide 12232, This diversity might have contributed to variations in the

reported prevalence of CAS across institutions.

Lastly, owing to the recency of data, longitudinal assessment of symptom burden and quality of life
was unavailable, limiting our capacity to draw definitive conclusions regarding the long-term clinical
implications of CFT. Nevertheless, the CorMicA trial confirmed that CFT-guided stratified medical

therapy improved the angina status and quality of life in a comparable patient cohort .

3.5. Conclusion



This study provides key insights into the clinical characteristics and prevalence of coronary
vasomotor disorders among patients with ANOCA. The findings revealed that most of these patients
exhibit coronary functional abnormalities, which compromise their quality of life. These results
emphasise the importance of enhancing national awareness about this heterogeneous condition and
establishing a standardised national protocol for CFT. Such initiatives will empower cardiologists to
effectively diagnose and manage common causes of angina, ultimately leading to better patient

care.
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4.1. Introduction

CAS, referring to the transient vasoconstriction of the coronary vasculature, is a common
mechanism ANOCA. It’s complex pathophysiology, driven by endothelial dysfunction and
smooth muscle hypercontractility, leads to a spectrum of clinical manifestations ranging from
recurrent angina to fatal arrhythmias. IC provocation testing with ACh remains the gold
standard test for diagnosing CAS and carries a Class |Ib recommendation for investigating
patients with suspected ANOCA 2. This diagnostic approach has gained popularity in recent years,

allowing clinicians to tailor therapy, alleviating angina symptoms and improving the quality of life &.

Nevertheless, significant heterogeneity in ACh provocation protocols worldwide has limited the
widespread adoption and acceptance of this procedure among cardiologists 12°. Most researchers
have used incremental ACh doses of up to 100 ug in the LCA and 50 pg in the RCA. This dose
selection is based on a study performed in 1988 by Okumura et al., the only investigation of its kind,
which reported high sensitivity (90%) and specificity (99%). However, some centres have
recommended higher doses, including 200 pg in the LCA and 80 pg in the RCA 79092119133 '\Whjle
higher doses may improve the diagnostic yield, they exacerbate the risk of pseudo-positive
reactions, potentially reducing the diagnostic specificity. The current study aimed to evaluate the
diagnostic validity of current ACh provocation protocols, and also test the use of higher doses

up to 200pg in the LCA and 80pg in the RCA.

4.2. Methods

This multicenter, prospective study assessed the diagnostic validity of ACh provocation testing.
Over a two-year period between June 2022 to June 2024, consecutive patients who were
referred to two tertiary referral centres for invasive coronary function testing for suspected

ANOCA were included in the study. To include a negative control group, patients with no angina



referred for ICA due to non-coronary indications, such as cardiac arrhythmia and valvular heart

disease, were also approached to be included in the study during this period.

Diagnostic ICA was performed to confirm the absence of obstructive CAD in all patients, defined as a
visual stenosis of >50%. Patients (218 years) underwent ACh provocation testing in all three major
epicardial arteries. However, this testing was avoided in cases where the coronary arteries were
non-dominant. Patients were excluded if they had a recent (within 3 weeks before cardiac
catheterisation) ACS, prior heart transplantation, coronary artery bypass grafting, serum creatinine

>1.5 mg/dL and/or an inability to provide informed consent.

Clinical data on patient characteristics, cardiac risk factors and symptom profiles were acquired
before the procedure. Information on conventional cardiovascular risk factors and non-conventional
variables associated with vasomotor dysfunction was recorded. The study protocol adhered to the
ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Human Research
Ethics Review Board. Written informed consent was obtained from all participants. RR and ASCY had

complete access to all study data and were responsible for data integrity and analysis.

4.2.1. Acetylcholine provocation testing protocol

Patients were requested to withhold vasoactive medications (e.g. CCB and long-acting nitrates) and
methylxanthine-containing substances for at least >4 times the duration of the drug half-life.
Continuous 12-lead ECG monitoring with radiolucent leads was performed throughout the
procedure. Diagnostic ICA was done according to standard institutional practice via the radial or

femoral route. Administration of intra-arterial vasodilator drugs (e.g. NTG and CCB) was avoided



before ACh provocation testing in all patients. After confirming the absence of obstructive CAD,

multi-vessel ACh provocation testing was conducted.

A TTP was inserted via the femoral vein to compensate for potential bradycardia. Activation of the
TTP was contingent upon a pause of >5 s. A 6-French angioplasty guiding catheter without side holes
was then positioned in either the LCA or the RCA, guided by clinical judgement. For the LCA
assessment, incremental doses of 20, 50, 100 and 200 ug of ACh were injected over 20 s each time,
with a 2-min gap between the doses [Figure 4.1]. After each injection, cine-images were obtained to
assess the change in coronary diameter via QCA, as previously described'?. If CAS was induced, with
reproducible symptoms and ST-segment alterations (see definitions below), the provocation test
was terminated and concluded to be positive. A similar protocol was followed for the RCA, with
incremental doses of 20, 50 and 80 ug of ACh [Figure 4.1]. When coronary spasm was induced and
did not resolve spontaneously within 3 min following the completion of ACh testing or in instances
of haemodynamic instability or significant chest pain, NTG was administered. No further ACh
provocation was performed subsequently. To evaluate basal coronary tone, intracoronary NTG was

routinely administered using a bolus dose of 200 pg after completing ACh provocation.

Figure 4.1: Acetylcholine provocation protocol for the left and right coronary arteries. All doses
were administered over 20 s, with a 2-min interval between consecutive doses
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LCA = left coronary artery, RCA = right coronary artery

4.2.2. Definitions

A true positive was defined as a patient with typical symptoms of CAS who demonstrated a
positive response to ACh provocation testing. Conversely, a false positive referred to an
asymptomatic patient who demonstrated a positive response to ACh provocation testing.
Epicardial CAS corresponded to a focal or diffuse epicardial coronary diameter reduction >90%
in response to IC ACh compared with the relaxed state after intracoronary nitroglycerin, with
reproduction of recognizable symptoms and ischemic ECG changes. Microvascular CAS was
diagnosed when there was reproduction of recognizable symptoms with ischemic ECG
changes in the absence of >90% epicardial diameter reduction in response to ACh. Ischemic
ECG changes were defined as transient ST-segment elevation or depression of >0.1 mV, or

ischemic T-wave changes, in at least two contiguous leads.

4.2.3. Statistical analysis



Continuous data are presented as mean * standard deviation (SD), or median and interquartile
interval, as appropriate. Categorical data are presented as counts and percentages. Sensitivity,
specificity, positive predictive value (PPV), and negative predictive value (NPV), were calculated
using standard contingency table methods [Figure 4.2]. Group differences were assessed using
appropriate statistical tests, including one-way analysis of variance (ANOVA), t-tests, Chi-
squared tests, or Fisher's exact tests, as deemed suitable for the specific comparisons. A
significance threshold of p < 0.05 was used to determine statistical significance. All analyses

were performed with R version 4.2.2. (Vienna, Austria) 1?’.

Figure 4.2: Comparison of contingency tables between conventional and high dose
acetylcholine provocation protocols for diagnosing coronary artery spasm in patients with
ANOCA.

Conventional Acetylcholine Dose Protocol

True Positive False Positive
N =54 N=1

False Negative True Negative
N=38 N=19




High Acetylcholine Dose Protocol

True Positive False Positive
N =61 N=4

False Negative True Negative
N =1 N=16

4.3. Results

This study was conducted across two tertiary referral centres. Of 100 patients referred for CFT,
62 with typical symptoms of CAS were included. An additional 20 patients undergoing ICA for
non-coronary indications served as controls. The overall cohort (n=82) had a 82 patients (62
with ANOCA and 20 controls). Clinical, laboratory, and medication data are detailed in Table
4.1. ANOCA patients were more likely to have undergone a previous coronary angiogram (46.8%
vs. 20%, p = 0.02) and less likely to have angiographically normal arteries (47% vs. 80%, p =
0.009). Conversely, the negative control patients were significantly older (65.6 + 9.9 years vs.
56.2 +10.2 years, p =0.001) and less likely to be on anti-anginal therapy (20% vs. 64%, p =
0.001). The negative control group consisted of patients without angina who had a non-
coronary indication for invasive angiography. Among these 20 patients, 10 (50%) had

cardiomyopathy, 7 (35%) had valvular heart disease, and 3 (15%) had malignant arrhythmia.

Table 4.1: Patient characteristics



Age, years 58.5+10.9 56.2+10.2 65.6+9.9 0.001
Female 46 (56.1%) 38 (63.1%) 8 (40.0%) 0.159
Body mass index, kg/m? 26.7+ 3.6 26.5+3.4 27.5%4.2 0.323
Ethnicity 0.408

Caucasian 60 (73.2%) 43 (69.4%) 17 (85.0%)

Asian 9(11.0%) 8 (12.9%) 1(5.00%)

Southeast Asian 5(6.10%) 4 (6.45%) 1(5.00%)

Middle Eastern 6 (7.32%) 6 (9.68%) 0 (0.00%)

Other 2 (2.44%) 1(1.61%) 1(5.00%)
Smoking Status, n (%) 0.382

Never 54 (65.9%) 39 (62.9%) 15 (75.0%)

Former 24 (29.3%) 19 (30.6%) 5 (25.0%)

Current 4 (4.88%) 4 (6.45%) 0 (0.00%)

Hypertension 37 (45.1%) 28 (45.2%) 9 (45.0%) 1.000
Hypercholesterolemia 45 (54.9%) 36 (58.1%) 9 (45.0%) 0.446
Diabetes 14 (17.1%) 10 (16.1%) 4 (20.0%) 0.728
Overweight 44 (53.7%) 33(53.2%) 11 (55.0%) 1.000
Family History of CAD 25 (30.5%) 21 (33.8%) 4 (20.0%) 0.472
Peripheral Vascular Disease 4 (4.88%) 2 (3.23%) 2(10.0%) 0.249
CAD 11 (13.4%) 9(14.5%) 2(10.0%) 0.722
Previous Invasive Angiogram 33 (40.2%) 29 (46.8%) 4 (20.0%) 0.020
Preventative Therapy, n (%)

Aspirin 44 (53.7%) 34 (54.8%) 10 (50.0%) 0.905

ACE-I/ARB 31 (37.8%) 17 (27.4%) 14 (70.0%) 0.002

Statin 41 (50.0%) 30 (48.4%) 11 (55.0%) 0.797
Angina Therapy, n (%)

Beta-blocker 34 (41.5%) 27 (43.5%) 7 (35.0%) 0.679




Calcium Channel Blockers 25 (30.5%) 14 (22.6%) 11 (21.6%) 0.035
Nitrates 4 (4.88%) 4 (6.45%) 0 (0.00%) 0.569
Nicorandil 16 (19.5%) 16 (25.8%) 0 (0.00%) 0.016

ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, CAD = coronary artery disease,

Values are mean + or n (%)

4.3.1. Acetylcholine provocation testing

ACh provocation testing using a conventional dosage regimen of up to 100 pg in the LCA and 50

pg in the RCA revealed CAS in 67.1% (55/82) of patients. Epicardial spasm was observed in

63.4% (52/82), with 57.7% (30/52) exhibiting a diffuse pattern and 42.3% (22/52) a focal pattern.

Microvascular spasm was observed in 3.7% (3/82). CAS was predominantly observed in the left

anterior descending artery (LAD) in 60.0% (33/55, followed by the RCA in 25.5% (14/55) and the

left circumflex artery (LCx) in 18.1% (10/55) of patients [Table 4.2].

Table 4.2: Summary of invasive acetylcholine provocation testing according to the coronary vessel

a) ANOCA group

Acetylcholine Testing

Epicardial Spasm

34 (54.8%)

12 (19.4%)

13 (21.7%)

Diffuse Spasm 20 (32.3%) 8 (12.9%) 7 (11.6%)
Focal Spasm 14 (22.6%) 4 (6.5%) 6 (10.0%)
Microvascular Spasm 4 (6.5%) 0 (0%) 2 (3.3%)

Dose-related spasm




20 g 7 (11.3%) 2 (3.2%) 5 (8.3%)
50 pg 10 (16.1%) 4(6.5%) 8 (13.3%)
*100 pg 14 (22.6%) 4 (6.5%) 2 (3.3%)
200 pg 6 (9.7%) 2 (2.0%) NA

LAD = left anterior descending, LCx = left circumflex, RCA = right coronary artery

*(80 ug for RCA)

b) Negative control group

LAD (n=20) LCx (n=20) ‘ RCA (n=20)
Acetylcholine Testing
Epicardial Spasm 4 (20%) 1(5.0%) 3 (15%)
Diffuse Spasm 4 (20%) 1(5.0%) 3 (15%)
Focal Spasm 0(0.0%) 0 (0.0%) 0(0.0%)
Microvascular Spasm 0 (0.0%) 0 (0.0%) 0 (0.0%)
Dose-related spasm
20 pg 0 (0.0%) 0 (0.0%) 0 (0.0%)
50 pg 0(0.0%) 0 (0.0%) 1(5.0%)
*100 pg 1(5.0%) 0 (0.0%) 2 (10%)
200 pg 3 (15%) 1(5.0%) NA

LAD = left anterior descending, LCx = left circumflex, RCA = right coronary artery

*(80 pug for RCA)

At a higher ACh dosage regimen of 200 pg in the LCA and 80 pg in the RCA, provocation testing
revealed CAS in 79.3% (65/82) of patients. Epicardial spasm occurred in 74.4% (61/82), with

60.7% (37/61) showing a diffuse pattern and 39.3% (24/61) a focal pattern. Microvascular



spasm was identified in 4.9% (4/82). CAS was most frequently detected in LAD in 64.6% (42/65)

of patients, followed by the RCA in 27.7% (18/65) and the LCx in 20.0% (13/65) of patients.

Among patients with inducible spasm on ACh provocation testing, 93.4% (61/65) had typical
angina consistent with CAS. The conventional dosage regimen resulted in a diagnostic rate of
89.5% (54/61). The higher dosage regimen led to an increased detection of symptomatic CAS
(n=61) but was associated with a higher incidence of false positives (n = 4) compared to the
conventional doses (n = 1). Among the additional seven patients diagnosed with CAS at high
ACh doses, 85.7% were men. Notably, one patient with typical symptoms of CAS did not

demonstrate inducible spasm during intracoronary ACh provocation testing.

The high dose ACh regimen demonstrated significantly greater sensitivity compared to the
conventional dose (98% vs. 87%, p = 0.008) [Figure 4.3]. However, this was accompanied by a
non-significant trend toward reduced specificity (80% vs. 95%, p = 0.08). Additionally, the high
dose regimen displayed a significantly higher NPV (94% vs. 70%, p = 0.01), while the PPV
remained comparable between groups (93% vs. 98%, p = 0.12). The negative (NLR) and positive
(PLR) likelihood ratios were calculated to account for disease prevalence, demonstrating

consistent findings [Figure 4.4].

Figure 4.3: Comparison of diagnostic test performance between conventional and high
dose acetylcholine provocation protocols for diagnosing coronary artery spasm in patients
with ANOCA.
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4.3.2. Dose-response relationship between ACh and %$MLD change

Figure 4.4 illustrates the dose-response relationship between ACh and the %MLD change
across the three major epicardial vessels. ANOCA patients consistently demonstrated a more
significant %MLD change in response to increasing ACh doses than the negative controls, a
trend observed across the LAD, LCx, and RCA. Statistical analysis confirmed that the dose-
response curves differed significantly between groups, with ANOCA patients showing a more
pronounced vasoconstrictive response: LAD (P =0.002,), LCx (P =0.015), and RCA (P <0.001).
The divergence between ANOCA and control groups became more evident at higher doses,
indicating a heightened susceptibility to ACh-mediated constriction in ANOCA patients [Table
4.5]. The variability in response, as indicated by the error bars, was notably higherin ANOCA
patients. Conversely, the negative controls exhibited more consistent and narrower error bars,

indicating more uniform responses across different ACh doses.

Figure 4.5: Dose—response relationship between intracoronary acetylcholine and minimal lumen
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Table 4.3: Dose-response relationship between intracoronary acetylcholine and % minimal lumen
diameter change

LAD
20 pg 16.0+12.2 7.55 +7.28 <0.001
50 pg 35.5+28.5 12.2+7.61 <0.001
100 pg 44.9 +30.0 244+19.4 0.001
200 g 49.1+26.9 33.7£26.0 0.037
LCx

20 pg 10.3 +7.65 4.75+2.53 <0.001
50 pg 22.8+19.6 10.9 + 8.94 <0.001
100 pg 29.7+213 17.9+18.3 0.018
200 g 31.7+15.2 21.5+9.79 0.002
RCA

20 pg 18.1+19.4 5.70 £5.79 <0.001
50 pg 30.0+25.3 13.2+7.95 <0.001
80 pg 31.2+16.6 21.2 £9.60 0.001

LAD = left anterior descending, LCx = left circumflex

4.3.3. Procedural characteristics

Most ICAs were performed using radial arterial access (81.7%). All study participants

underwent ACh provocation testing with a backup TTP in place. Over half of the patients



(54.8%) had angiographically normal coronary arteries. Right-dominant circulation was most
common (71%), followed by left-dominant (21%) and co-dominant (8%). No fatal adverse
events were reported. There was one serious adverse event (0.8%), specifically a guiding
catheter-induced coronary dissection that required percutaneous coronary intervention. During
ACh provocation testing, backup pacing was required in 14 patients (17.1%) during LCA
assessment and 35 patients (58.3%) during RCA evaluation. Transient atrial fibrillation was
observed in 9 patients (10.9%) during ACh provocation; one required direct current
cardioversion, while the remaining cases resolved spontaneously before discharge. Procedural

characteristics are summarised in Table 4.4.

Table 4.4: Procedural characteristics

ANOCA Group Negative

Control Group

All patients
(n=82)

Characteristics

(n=62)

(n=20)

Final Access Site

Radial

67 (81.7%)

49 (79.0%)

18 (90.0%)

Femoral

15(18.3%)

13 (21.0%)

2(10.0%)

Angiographic features

Angiographically normal

45 (54.8%)

29 (46.8%)

16 (80.0%)

Complication

Atrial Fibrillation 9(11.0%) 7 (11.3%) 2 (10.0%)
Coronary Dissection 1(0.8%) 1(0.8%) 0 (0.00%)
Activation of TPW

LCA 14 (17.1%) 11 (17.7%) 3(15.0%)
RCA 35(58.3%) | 22(35.5%) 13 (65%)

LCA = left coronary artery, RCA = right coronary artery, TTP = temporary transvenous pacemaker




Values are median and IQR or n (%)
4.4. Discussion

This study is the first to assess the diagnostic validity of contemporary ACh provocation testing
protocols. Although prior studies have assessed the accuracy of doses up to 100ug in the LCA
and 50pg in the RCA, they have yet to examine the diagnostic precision at higher doses. Our
findings demonstrate that the high dose ACh regimen significantly improves sensitivity,
highlighting its use in diagnosing CAS. However, the trend toward reduced specificity suggests a
higher likelihood of false-positive results, necessitating cautious interpretation. The lack of
difference in PPV (93% vs. 98%, p = 0.12) suggests both regimens perform similarly in

confirming true positives.

Patients with ANOCA often face a considerable symptom burden, leading to impaired quality of life
and recurrent hospitalisation **. Coronary vasomotor dysfunction is a common finding in these
patients, with over half exhibiting evidence of VSA 134135 ACh provocation testing is a safe and
effective approach for evaluating patients with ANOCA; however, testing protocols for administering

this provocative agent vary widely across institutions 1%°.

In the study that validated ACh provocation testing, Okamura et al. administered serial boluses of
20, 50 and 100 pg in the LCA and 20 and 50 g in the RCA over 20-s intervals . This landmark
research included patients who met the clinical criteria for variant angina with spontaneous
vasospastic episodes. A control cohort comprising patients with cardiomyopathy, arrhythmia,
valvular disease, hypertension, congenital heart disease and atypical chest pain was also included.
The protocol demonstrated high sensitivity (90%) and specificity (99%) for diagnosing epicardial CAS,

validating its clinical use. Notably, a proportion of patients in this study had moderate fixed



epicardial stenosis, indicating that the cohort did not exclusively represent patients with
nonobstructive coronary arteries. In current clinical practice, ACh provocation testing is
primarily performed in patients with nonobstructive coronary arteries, a criterion all
participants in this study met. A key strength of our study is the inclusion of a subset patients
undergoing ICA for non-coronary indications who had no history of angina. This group served as
a negative control, enabling a rigorous evaluation of the diagnostic accuracy of ACh

provocation testing in a contemporary cohort.

Sueda et al. explored the clinical utility of high-dose ACh provocation testing, reporting a heightened
diagnostic yield when using a maximal dose of 200 pg in the LCA, with detection rates increasing
from 19.3% to 40.9% ’®. Their cohort included patients with diverse anginal presentations, over 10%
of whom had evidence of organic stenosis, likely contributing to the higher prevalence of observed
epicardial CAS 3. Among the ANOCA population in our study, the diagnostic yield for CAS
increased by 8.5% with the high dose ACh dosage regimen. However, this was associated with
increased false positives (n=4). Conversely, the false negative rate was higher with the
conventional ACh regimen (9.8% vs 1.2%, p= 0.02). Sex-specific analysis revealed that false
negatives were more prevalent in male patients (75%), while the false positive rate remained
consistent between sexes at the higher ACh dose. These findings align with prior research
indicating a dose-dependent ACh response in males at doses up to 200 pg, while females had

minimal change beyond 50 pg ®.

Furthermore, our study confirmed that incremental doses of ACh elicited a significant %MLD change
across all three epicardial vessels. The ANOCA group consistently exhibited a higher %MLD
constriction than the control group at all ACh doses. This observation suggested more pronounced

physiological responses indicative of heightened vascular reactivity. The %MLD constriction



decreased at higher doses, potentially because of a ceiling effect or receptor desensitisation.
Considerable response variations were noted within the ANOCA group, indicating a heterogeneous
reaction to ACh [Figure 4.5]. In contrast, the negative control group displayed more stable
responses, likely due to the absence of endothelial dysfunction. These findings underscore the

reliability of the ACh provocation testing in differentiating between normal and pathological states.

Higher doses of ACh may improve the diagnostic yield by uncovering epicardial CAS in patients with
ANOCA who exhibit low disease activity. However, these doses may induce vasoconstriction in
patients without prior symptomes, resulting in false positives. This phenomenon could be attributed
to the fact that the higher concentration of ACh overwhelms the endothelial barrier, exerting a
direct spasmogenic effect on the vascular smooth muscle **’. The increased likelihood of false
positives with high ACh doses highlights the importance of careful patient selection and
consideration of appropriate dosing protocols. In populations with a lower pre-test probability of
VSA, the risk of false positives could outweigh the benefits of increased sensitivity, potentially
leading to overtreatment. Clinicians must balance the need for sensitivity in detecting epicardial CAS
with the risk of reduced specificity owing to non-specific vasoconstriction. Optimising the dosing
protocols and refining the patient selection criteria are pivotal for enhancing the accuracy and

reliability of diagnosing VSA in the ANOCA population.

4.4.1. Limitations

First, although this study is the largest to examine the diagnostic accuracy of contemporary ACh
protocols, the relatively small sample size, particularly in the control group, may limit the robustness
of our conclusions, underscoring the need for validation in larger cohorts. Recruiting control patients
was challenging as they had to undergo additional procedures of no clinical relevance to them.

Second, our study did not include specific assessments for endothelial dysfunction using low-dose,



slow ACh infusion as the focus was on diagnostic testing for coronary spasm in the context of
patients with ANOCA. Lastly, the absence of ACh rechallenge in our protocol might have limited the
detection of coexisting epicardial and microvascular spasm, potentially underestimating the

prevalence of this condition.

4.5. Conclusions

In patients with ANOCA, high dose ACh regimen increases the detection of CAS but may also
increase risk of overdiagnosis. This approach should be reserved for patients with a high clinical
suspicion, and results should be interpreted within the broader clinical context. Future
research should focus on standardising ACh provocation protocols to optimise the balance

between sensitivity and specificity for diagnosing CAS within the ANOCA population.



Chapter 5: Impact of Nitroglycerin Administration on Acetylcholine Provocation Testing in ANOCA
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Nitroglycerin Administration on Acetylcholine Provocation Testing in Angina With
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5.1. Introduction

Nearly half of all patients undergoing coronary angiography for stable angina have non-obstructive
coronary arteries . Invasive CFT, using ACh to diagnose CAS and a pressure—temperature sensing
guidewire to evaluate CMD, is considered the gold standard for evaluating patients with ANOCA 373,
These investigations carry a Class Ib recommendation in the ESC guidelines, supporting a tailored

therapeutic approach proven to enhance angina control and improve quality of life 5%,

The optimal sequence for CFT remains debatable, with several centres opting to perform ACh
provocation testing as the initial step %1340 |n this approach, NTG is administered after CAS
testing, followed by inserting an intracoronary pressure wire and administering adenosine for CMD
assessment. Conversely, other clinicians advocate that CMD testing be performed first as they
believe that ACh-induced spasm may alter baseline micro-vascular resistance and overall coronary
flow, potentially compromising the accuracy of the results 4142, This alternative approach requires
NTG administration before ACh provocation, which can potentially lead to a false negative test for
CAS 7218 Furthermore, the widespread adoption of radial access in most catheterisation
laboratories, where intra-radial NTG and/or CCB are routinely administered to prevent radial artery
spasm, may obscure accurate assessment of CAS. Although NTG is considered short-acting, its
administration following radial access before ACh testing may further contribute to the under-

diagnosis of CAS.

Given these divergent perspectives, the exact sequence of steps during CFT varies across centres,
and a consensus on the optimal protocol is lacking. Therefore, this study aimed to evaluate the

diagnostic impact of prior intra-vascular NTG on ACh provocation testing.



5.2. Methods

This multi-centre, prospective study assessed the effect of intra-vascular NTG on ACh provocation
testing in patients with ANOCA from August 2022 to June 2024. All patients were referred by their
treating cardiologist for suspected ANOCA. Diagnostic ICA was performed in all patients to rule out
obstructive CAD, defined as a diameter stenosis of <50% via visual estimation. The patients
underwent ACh provocation testing in the LCA and RCA. For safety reasons, ACh provocation testing
was avoided if coronary arteries were non-dominant or severely tortuous. The patients were
included in the study if they had evidence of epicardial CAS confirmed via ACh provocation testing.
Exclusion criteria included recent (within 3 weeks before cardiac catheterisation) ACS, prior heart
transplantation, coronary artery bypass grafting, serum creatinine >1.5 mg/dL and/or inability to

provide informed consent.

Clinical data on patient characteristics, cardiac risk factors and symptom profiles were collected
before the procedure. Both conventional cardiovascular risk factors and non-conventional variables
linked to vasomotor disorders were documented. The study protocol adhered to the ethical
guidelines of the 1975 Declaration of Helsinki and was approved by the Human Research Ethics
Review Board. Written informed consent was obtained from all participants. RR and ASCY had full

access to all study data and were responsible for ensuring data integrity and performing the analysis.

5.2.1. Acetylcholine provocation testing protocol

All ACh provocation testing procedures were conducted in the morning to ensure standardised
patient timing. The patients were requested to withhold vasoactive medications (e.g. CCB and long-

acting nitrates) and substances containing methylxanthine for >4 times the duration of the drug’s



half-life. Continuous 12-lead ECG monitoring was performed throughout the procedure. Diagnostic
ICA was done as per standard institutional practice via the radial or femoral artery. The
administration of intravascular vasodilator drugs (e.g. NTG and CCB) was avoided before ACh
provocation testing in all patients. After confirming the absence of obstructive CAD, multi-vessel ACh

provocation testing was conducted.

To compensate for potential bradycardia, a TTP was inserted via the femoral vein and was activated
only if a pause of >5 s occurred. A 6-French angioplasty guiding catheter without side holes was then
positioned in either the LCA or the RCA, guided by clinical judgement. For the LCA assessment,
incremental doses of 20, 50, 100 and 200 pg of ACh were injected over 20 s, with a 2-min gap
between doses. After each injection, cine-images were acquired to assess changes in coronary
diameter via QCA, as previously described 1. If CAS was induced, with reproducible symptoms and
ST-segment changes (see definitions below), the provocation test was terminated and concluded to
be positive. A similar protocol was followed for the RCA, with incremental doses of 20, 50 and 80 ug
of ACh. Intracoronary NTG was administered to reverse the effects of ACh after the completion of

testing.

5.2.2. Acetylicholine rechallenge protocol

To assess the re-inducibility of epicardial spasm, ACh rechallenge was performed in patients who
tested positive by re-administering the spasm provocation dose into the affected coronary artery.
Following the administration of intra-radial NTG (200 pg), ACh rechallenge was done at 5 min, with a
second challenge at 10 min if no epicardial spasm was detected during the initial assessment [Figure
5.1]. The monitoring methods for patient symptoms, ischaemic ECG changes and coronary artery

diameter reduction were similar to those of the initial assessment. Patients with an indeterminate



result during the ACh rechallenge, defined as symptom reproduction without either >90%

vasoconstriction or ECG changes, were categorised as having no spasm.

Figure 5.1: Study flowchart. Protocol for acetylcholine (ACh) rechallenge in patients with
confirmed epicardial coronary artery spasm (CAS)

Confirmed epicardial coronary
artery spasm (n=40)

~ Intravascular NTG
administration (200ug)

5 minutes

Acetylcholine rechallenge
(n=40)

10 minutes

*Acetylcholine rechallenge
(n=28)

Continuous 12 lead ECG and symptom monitoring

ECG = electrocardiogram, NTG = nitroglycerine

*Only patients (n = 28) who did not demonstrate epicardial CAS at the 5-min ACh rechallenge proceeded to the 10-min ACh
rechallenge.

5.2.3. Definitions

CAS was defined as per previously published international consensus . Epicardial spasm was
defined as a focal or diffuse epicardial coronary artery diameter reduction of >90% in response to

ACh compared with the relaxed state, with a reproduction of recognisable symptoms and/or



ischaemic ECG changes. Microvascular spasm was diagnosed when recognisable symptoms were
reproduced with ischaemic ECG changes in the absence of >90% diameter reduction in response to
ACh. Ischaemic ECG alterations were defined as transient ST-segment elevation or depression of

>0.1 mV or ischaemic T-wave changes in at least two contiguous leads.

5.2.4. Statistical analysis

Continuous data were presented as mean = SD or median and interquartile interval, as appropriate.
Categorical data were expressed as counts and percentages. The chi-square and Fisher’s exact tests
were used to compare categorical variables. The student’s t-test and the Mann—Whitney U test were
used to compare continuous variables, as appropriate. A significance threshold of P < 0.05 was used
to determine statistical significance. All analyses were performed using R version 4.2.2. (Vienna,

Austria) 1?7,

5.3. Results

This study was conducted across two tertiary referral centres and included 102 patients, 40 of whom
were diagnosed with epicardial CAS and underwent ACh rechallenge. The patient cohort had a mean
age of 59.3 £ 10.0 years, with 55% of the participants being women. The patients predominantly
reported rest angina (55%), followed by mixed rest and exertional angina (32.5%), with the
remaining presenting with exertional angina (12.5%). The patient cohort was diverse in terms of
ethnicity, with most being Caucasian (67.5%). Clinical, laboratory and medication data are listed in

Table 5.1.

Table 5.1: Patient characteristics



Age, years 59.3+10.0
Female 22 (55%)
Body mass index, kg/m? 26.2+3.4
Ethnicity
Caucasian 27 (67.5%)
Asian 4 (10.0%)
Southeast Asian 4 (10.0%)
Middle Eastern 5(12.5%)
Smoking status, n (%)
Never 27 (67.5%)
Former 9 (22.5%)
Current 4 (10.0%)
Hypertension 18 (45.0%)
Hypercholesterolaemia 25 (62.5%)
Diabetes 9 (22.5%)
Overweight 19 (47.5%)
Family history of CAD 12 (30.0%)
Peripheral vascular disease 1(2.5%)
CAD 3(7.5%)
Previous invasive coronary angiogram 18 (45.0%)
Cerebrovascular accident 1(2.5%)
Obstructive sleep apnoea 3(7.5%)
Migraine 10 (25.0%)
Chronic pain syndrome 8 (20.0%)

Preventative therapy, n (%)

Aspirin 28 (70.0%)

ACE-I/ARB 16 (40.0%)

Statin 23 (57.5%)




Angina therapy, n (%)

Beta-blocker

18 (45.0%)

Calcium channel blockers (withheld before testing)

10 (25.0%)

Nitrates (withheld before testing)

10 (25.0%)

Nicorandil (withheld before testing) 4 (10.0%)
Laboratory

Total cholesterol 3.70+0.62

LDL 1.85+0.71

HDL 1.11+041

Triglycerides 1.55+£0.65

Hbalc 5.55+0.71

CCS angina class:

1 10 (25.0%)
2 16 (40.0%)
3 11 (27.5%)
4 2 (5.0%)

Angina pattern:

Predominately rest

22 (55.0%)

Predominately exertion

5 (12.5%)

Mixed

13 (32.5%)

Circadian pattern:

Predominately daytime (7 am-7 pm)

12 (30.0%)

Predominately nocturnal (7 pm-7 am)

14 (35.0%)

Throughout the day

14 (35.0%)

Stress echocardiography

Normal 22 (59.5%)
Inconclusive 1(2.70%)
Abnormal 14 (37.8%)

Radionuclide myocardial perfusion

Negative or inconclusive

2 (66.7%)




Abnormal 1(33.3%)

ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, CAD = coronary artery disease, CCS =

Canadian cardiovascular society

Values are mean + or n (%)

5.3.1. Procedural characteristics

All ICAs were attempted via radial access; however, 15% of the patients required conversion to
femoral access owing to radial artery spasm and/or tortuosity. In all cases, NTG was administered via
the initial radial access before the ACh rechallenge. All participants underwent ACh provocation
testing, with a back-up TTP in place. More than half of the patients (55%) demonstrated
angiographically normal coronary arteries. The most prevalent coronary circulation pattern was
right-dominant (75%), followed by left-dominant (15%) and co-dominant (10%). There were no
serious adverse events. During ACh provocation testing, back-up pacing with TTP was required in six
(15%) and 21 patients (52.5%) during the LCA and RCA assessment, respectively. Transient atrial
fibrillation occurred in four patients (10%), and all cases resolved spontaneously on the day of the

procedure. The procedural characteristics are detailed in Table 5.2.

Table 5.2: Procedural characteristics

Final access site

Radial 34 (85%)

Femoral 6 (15%)




Coronary dominance

Right-dominant 30 (75%)
Left-dominant 6 (15%)
Co-dominant 4 (10%)
Complication

Atrial fibrillation 4 (10%)
Activation of TTP

LCA 6 (15%)
RCA 21 (52.5%)

LCA = left coronary artery, RCA = right coronary artery, TTP = temporary transvenous pacemaker

5.3.2. Acetylcholine provocation testing

In the study cohort, a diffuse spasm pattern was identified in 25 patients (62.5%), whereas the
remaining 15 patients (37.5%) exhibited a focal spasm [Table 5.3]. Epicardial CAS was observed in
the LAD in 90% (36/40) of the patients, followed by the LCx in 27.5% (11/40) and the RCA in 25%
(10/40) of the patients. Multi-vessel spasm was present in 15 (37.5%) patients. When evaluating the
dose-response relationship in the LCA (n = 37), CAS occurred in in 10.8% of the patients at 20 pg,
27% at 50 g, 48.6% at 100 pg and 13.6% at 200 pg. For the RCA (n = 10), CAS occurred in 40% of the

patients at 20 pg, 40% at 50 pug and 20% at 80 ug.

Table 5.3: Summary of invasive acetylcholine provocation testing

Acetylcholine testing

Epicardial spasm 40 (100%)




Diffuse spasm 25 (62.5%)

Focal spasm 15 (37.5%)

Location of the spasm

LAD 36 (90.0%)
LCx 11 (27.5%)
RCA 10 (25.0%)
Multi-vessel 15 (37.5%)

Dose required to provoke spasm

LCA (n=37)
20 ug 4 (10.8%)
50 ug 10 (27.0%)
100 pg 18 (48.6%)
200 pg 5(13.6%)
RCA (n=10)
20 ug 4 (40.0%)
50 ug 4 (40.0%)
80 ug 2 (20.0%)

Acetylcholine rechallenge

5 min
Epicardial spasm 12 (30.0%)
Micro-vascular spasm 2 (5.00%)
No spasm 26 (65.0%)
*10 min
Epicardial spasm 10 (25.0%)
Micro-vascular spasm 4 (10.0%)
No spasm 14 (35.0%)

LAD = left anterior descending artery, LCA = left coronary artery, LCx = left circumflex artery, RCA = right coronary artery



*Only patients (n = 28) who did not demonstrate epicardial CAS at the 5-min ACh rechallenge proceeded to the 10-min ACh
rechallenge.

5.3.3. Acetylcholine rechallenge characteristics

All patients underwent ACh rechallenge 5 min after intra-radial NTG administration. Epicardial spasm
was re-induced in 12 patients (30%), microvascular spasm was observed in 2 patients (5%) and 26
patients (65%) showed no evidence of CAS. Subsequent ACh rechallenge at 10 min was performed in
the latter 28 patients (70%) who did not demonstrate epicardial spasm during the initial rechallenge.
During subsequent testing, epicardial spasm was re-induced in 10 patients (25%), microvascular
spasm was noted in 4 patients (10%) and 14 patients (35%) did not show any evidence of spasm

[Figure 5.2].

Figure 5.2: Results of acetylcholine rechallenge

Confirmed epicardial coronary

artery spasm (n=40)

Acetylcholine rechallenge 5 minutes post-NTG

Microvascular
spasm (n=2)

Epicardial
spasm (n=12)

No coronary

spasm (n=26)

Acetylcholine rechallenge 10 minutes post-NTG

Epicardial Microvascular No coronary
spasm (n=10) spasm (n=4) spasm (n=14)

At 5 min, nitroglycerine was effective in preventing epicardial spasm in 28/40 (70%) patients. At 10 min,
nitroglycerine was effective in preventing epicardial spasm in 18/40 (45%) patients.

NTG = nitroglycerine

Figure 5.3 demonstrates the time-dependent relationship between ACh and the %MLD change. At 5

min post-NTG administration, the average %MLD reduction was 47% (+0.30). This reduction



increased to 64% (+0.24) at the 10-min mark, indicating a progressive vasoconstrictive response over

time.

Figure 5.3: Time-response relationship between intracoronary acetylcholine and % minimal lumen
diameter change

80 +

% reduction in MLD

Time post-NTG administration (mins)

MLD = minimal lumen diameter, NTG = nitroglycerine

5.4. Discussion

This study is the first to systematically evaluate the impact of intravascular NTG administration on
downstream ACh provocation testing in patients with ANOCA. The major finding is that the

sensitivity of ACh provocation testing is reduced to 30% and 55% at 5 min and 10 min post-NTG



administration, respectively. These results suggest that NTG administration decreases the diagnostic

efficacy of ACh provocation testing for CAS.

Patients with ANOCA often experience severe and recurrent symptomes, resulting in considerably
impaired quality of life, frequent hospitalisations for chest pain and repeated investigations 24,
Accurate identification of ANOCA endotypes via CFT is essential for tailoring optimal
pharmacological therapy in this patient population . The ESC and the American College of
Cardiology/American Heart Association guidelines recommend CFT %1%, However, global variability
in its implementation remains, particularly regarding the exact sequence of ACh provocation and

CMD testing.

Certain institutions advocate assessing the coronary microcirculation before ACh provocation owing
to its potential confounding influence on subsequent physiological measurements. Previous studies
have reported that resting mean transit time and baseline resistance index are elevated in patients

with a positive ACh provocation test compared with those exhibiting a negative response 1414,

These findings have been corroborated by studies using transthoracic Doppler echocardiography and

intracoronary dual-sensor guidewires (measuring Doppler velocity and pressure) 146147,

Conversely, although NTG administration is vital for achieving maximal vasodilation during CMD
assessment, it may inadvertently result in the under-diagnosis of CAS 7143, NTG acts primarily on
larger conduit coronary arteries via the NO pathway, with its vasodilatory effects diminishing as the
vessel size decreases 8. In addition, nitrates have been shown to exert their vasodilatory effects on
epicardial coronary arteries for approximately 10-15 min 13, Seitz et al. demonstrated that after the

induction of significant epicardial spasm with a dose of ACh provocation, re-administration of the



same dose 3 min post-NTG failed to re-induce focal epicardial vasospasm and was highly effective in
preventing diffuse epicardial spasm *°. This finding implies that a 3-min interval is insufficient for
accurate CAS diagnosis following NTG administration. The present study was designed to evaluate
the effect of ACh administration after 5 and 10 min of intra-radial NTG, which is the approximate
time taken to perform CMD assessment in an equipped CFT lab. Our results established that
intracoronary NTG prevented the reproduction of epicardial CAS in 70% and 45% of the patients at

the 5- and 10-min time points, respectively.

Furthermore, our study revealed a time-dependent reduction in MLD within the epicardial vessels
following intra-vascular NTG administration. At 5 min post-NTG, the mean MLD reduction was 47%
(£0.30), which increased to 64% (+0.24) at 10 min, indicating an elevated vasoconstrictive response
with delayed re-exposure to ACh [Figure 5.4]. This finding suggests that at least a prolonged interval
between NTG administration and subsequent ACh provocation should be considered, or

alternatively, NTG should be avoided before ACh testing.

ACh rechallenge identified concomitant microvascular spasm in 15% (6/40) of the patients,
consistent with previous research *°. As noted by Sellke et al., NTG has reduced efficacy in
preventing spasm within the coronary micro-circulation compared with its more potent effects on
epicardial circulation . The limited effect in smaller coronary microvessels may be attributed to the
diminished biotransformation of NTG in these vessels. This observation highlights the heterogeneity
and complexity of vasomotor disorders in patients with ANOCA. It is crucial for clinicians to consider

additional diagnoses, such as microvascular spasm, as it has significant treatment implications °%1>2,

Figure 5.4: Example of a patient who underwent acetylcholine rechallenge
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An example of a patient with (A) diffuse epicardial spasm of the left anterior descending artery (red arrow) provoked by
intracoronary acetylcholine (ACh) 100 pg; ACh rechallenge at 5 min (B) and 10 min (C) demonstrated a progressive
vasoconstrictive response (gold arrows) without reaching the >90% diameter stenosis threshold for epicardial spasm.

5.4.1. Limitations

First, our sample size is relatively small, underscoring the need to validate our findings in a larger
cohort. Second, the timing of the ACh rechallenge was limited to 5- and 10-min post-NTG
administration. Although this protocol provided valuable data on the time-dependent response to
ACh, it did not explore longer intervals, which might have offered further insights. Third,
tachyphylaxis cannot be excluded as the mechanism for failed CAS provocation during the ACh
rechallenge. Furthermore, the same dose of ACh that initially provoked epicardial CAS during the
ACh rechallenge was used. Employing higher doses during the rechallenge might have potentially
increased the detection rate of epicardial CAS. Lastly, our study did not assess the clinical
implications of vasomotor responses, particularly whether patients with re-inducible spasms post-

NTG administration were less responsive to conventional therapy.

5.5. Conclusions

-

»



NTG administration can decrease the effectiveness of ACh provocation testing in diagnosing CAS in
patients with ANOCA. Our findings suggest that clinicians should avoid NTG administration before
performing ACh provocation testing or delay the testing much longer than 10 min after its
administration. Future studies should aim to define the appropriate sequential order for CFT in

patients with ANOCA.
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6.1. Introduction

As part of CFT, ACh provocation testing has become an integral diagnostic tool when evaluating
patients with ANOCA. ACh administration protocols vary from one institution to the other in terms
of dose and speed of administration. Rapid ACh administration to specifically test for coronary
spasm, such as 20-s injections, has been recommended by several large groups, including the
Japanese Circulation Society (JCS) 2 and the landmark CorMICA study that established the benefit of
CFT for evaluating patients with ANOCA . Intracoronary ACh can result in transient sinus
bradycardia and/or atrioventricular block, particularly with higher and faster administration. There is
significant variability among international institutions regarding the routine use of a TTP in managing
bradyarrhythmias during such procedures 3. The current practice does not recommend the routine
use of a prophylactic TTP unless the RCA is selected for testing ’>. This recommendation is based on
expert consensus owing to a paucity of definitive evidence. Our objective was to assess the
incidence of back-up pacing during ACh provocation testing using rapid administration and identify

potential predictive factors.

6.2. Methods

In this multi-centre prospective observational study, multi-vessel testing was systematically
performed in consecutive patients with ANOCA suspected of CAS. The patients were instructed to
withhold vasoactive medications (e.g. CCBs and long-acting nitrates) and methylxanthine-containing
substances for >4 times the duration of the drug’s half-life. The administration of intra-arterial
vasodilator drugs (e.g. NTG and CCB) was avoided before ACh provocation testing in all patients.
Diagnostic ICA was performed to confirm the absence of obstructive CAD, defined as visual stenosis

of >50% in combination with a measured RFR of <0.89 and/or FFR of <0.80.



Before ACh provocation testing, a TTP was inserted into the right ventricle via the femoral vein.
Activation was contingent upon a prolonged sinus pause (>5 s) or a profound bradycardia (<30 bpm
for >30 s). The testing involved incremental doses of ACh in the left (20-200 pg) and right (20-80 pg)
coronary arteries injected manually through a 6-French guiding catheter without side holes over 20
s. After each injection, cine-images were acquired to assess the change in coronary diameter via
QCA, as previously described 2. If CAS was induced, with reproducible symptoms and ST-segment
alterations (see definitions below), the provocation test was terminated and concluded to be
positive. NTG was administered when spasm was induced and did not resolve spontaneously within

3 min after completing ACh testing or in instances of haemodynamic instability.

The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Sydney Local Health District Human Research Ethics Committee. Written informed
consent was obtained from all participants. RR and ASCY had complete access to all study data and

were responsible for their integrity and analysis.

6.2.1. Definitions

Epicardial spasm was defined as a focal or diffuse epicardial coronary diameter reduction of >90% in
response to ACh compared with the relaxed state after intracoronary NTG, with a reproduction of
recognisable symptoms and ischaemic ECG changes. Microvascular spasm was diagnosed when
recognisable symptoms were reproduced with ischaemic ECG alterations in the absence of >90%
epicardial diameter reduction in response to ACh. Ischaemic ECG changes were defined as transient
ST-segment elevation or depression of >0.1 mV or ischaemic T-wave changes in at least two

contiguous leads.



6.2.2. Statistical analysis

Continuous data were presented as mean = SD or median and IQR, as appropriate, and analysed
using an independent samples t-test or Mann—Whitney U test, depending on data distribution.
Categorical data were expressed as count (%) and examined using chi-squared or Fisher’s exact test,
as appropriate. A P-value of <0.05 was considered statistically significant. All analyses were

performed using R version 4.2.2. (Vienna, Austria) 17/,

6.3. Results

This study was conducted across two tertiary referral institutions from 16" December 2021 to 13
October 2023 and included 196 vessels from 102 patients. The patient cohort had a mean age of
58.9 £ 11.5 years, with 55.9% of the participants being women. ACh provocation testing revealed
CAS in 60.8% (62/102), with 50% (51/102) exhibiting epicardial spasm and 10.8% (11/102) showing
evidence of microvascular spasm. Among patients with epicardial spasm, a diffuse pattern was
observed in 56.9% (29/51), whereas 43.1% (22/51) had focal spasms. CAS was observed mainly in
the LCA (80.6%) and to a lesser extent in the RCA (33.9%). In addition, multi-vessel spasm were

evident in 30 patients (29.4%).

During ACh provocation of the LCA (n = 102), 25.5% (26/102) of the patients required back-up
pacing. Dose-dependent analysis revealed no pacing requirement at 20 pg, 1% at 50 pg, 10.8% at
100 pg and 25.5% at 200 pg. When testing the RCA (n = 94), 61.7% (58/94) required back-up pacing,
with rates of 20.2% at 20 pg, 48.9% at 50 pg and 61.7% at 80 pg. While assessing the LCA, patients
with left coronary dominance were more likely to require back-up pacing (42.3% vs 11.8%, P = 0.001)
[Table 6.1]. During RCA testing, back-up pacing was increased in patients with baseline sinus

bradycardia compared with those without (25.9% vs 5.2%, P = 0.036). Conduction abnormalities on



baseline ECG were not significantly different between the groups (p = ns). No patients required

conversion to a permanent pacemaker. Atrial fibrillation occurred in 9.8% (10/102) of the patients,

of which two required DC cardioversion before discharge. The remaining cases of atrial fibrillation

resolved spontaneously within 30 min, with no need for treatment or consequent thromboembolic

events. No episodes of ventricular tachycardia or fibrillation were observed. No procedural

complications were observed following TTP insertion.

Table 6.1: Patient and procedural characteristics

Age, years 57.5£109 |59.4+11.8 | 0.446 ii'g * 572121 | 0276
Women 17 (65.4%) 40 (52.7%) 0.402 27 (46.5%) | 21 (58.3%) 0.266
Body mass index, kg/m? 26.5+3.1 27.4+3.9 0.272 26.6+35 28.2+4.0 0.057
Coronary risk factors

Hypertension 10 (38.5%) 40 (52.6%) 0.254 28 (48.2%) | 17 (47.2%) 0.921
Hypercholesterolaemia 17 (65.3%) 48 (63.2%) 1.000 39 (67.2%) | 19 (52.8%) 0.161
Diabetes 3 (11.5%) 14 (18.4%) 0.541 10(17.2%) | 5 (13.9%) 0.666
Family history of CAD 10 (38.5%) 20 (26.3%) 0.398 17 (29.3%) | 10 (27.8%) 0.873
Current smoking 7 (26.9%) 15 (19.7%) 0.784 12 (20.1%) | 9 (25%) 0.626
rnr;"ri\?:;tfsr:°"ary 4(154%) | 9(11.8%) 0640 | 8(13.8%) | 5(13.9%) 0.989
Cerebrovascular accident | 1 (3.9%) 4 (5.3%) 0.812 4 (6.9%) 1(2.8%) 0.743
Obstructive sleep apnoea | 2 (7.7%) 9(11.8%) 0.725 5 (8.6%) 4(11.1%) 0.689
Angiographic features

Minor CAD 14 (53.8%) 38 (50.0%) 0.739 28 (48.3%) | 18 (50.0%) 0.871
Coronary dominance

Right-dominant 13 (50.0%) 60 (78.9%) 0.005 44 (75.8%) | 26 (72.2%) 0.694




Left-dominant 11(42.3%) | 9(11.8%) 0.001 9(15.5%) | 6(16.7%) 0.882
Co-dominant 2(7.7%) 8 (10.5%) 0.970 5 (8.6%) 2 (11.1%) 0.884
Conduction

abnormalities

Sinus bradycardia 7 (26.9%) 13 (17.1%) 0.276 15 (25.9%) | 3 (5.2%) 0.036
Left anterior fascicular

block 5(19.2%) 10 (13.2%) 0.450 8(13.8%) 4 (11.1%) 0.705
It_)elz(:tcfosterior fascicular 3(11.5%) 14 (18.4%) 0.541 12 (20.7%) | 3 (8.3%) 0.193
First-degree AV block 1(3.8%) 5 (6.6%) 0.609 3 (5.2%) 2 (5.6%) 0.695
Second-degree AV block 1(3.8%) 1(1.3%) 0.987 1(1.7%) 1(2.8%) 0.696
Third-degree AV block 0 (0.00%) 0 (0.00%) NA 0(0.00%) | 0(0.00%) NA
E:i::b””d'e branch 1(3.8%) 1(1.3%) 0987 | 1(1.7%) | 1(2.8%) 0.696
Left-bundle branch block | 1 (3.8%) 2 (2.6%) 0.722 2 (3.4%) 1(2.8%) 0.672

AV = atrioventricular, CAD = coronary artery disease

Values are mean + or n (%)

6.4. Discussion

In this study of patients with ANOCA undergoing ACh provocation testing, the following were the
significant findings: 1) back-up pacing in the LCA was observed in a quarter of the patients,
particularly at high doses; 2) almost two-thirds of the patients required back-up pacing during RCA
testing; 3) patients with left coronary dominance were more likely to need back-up pacing during
LCA testing; 4) patients with baseline sinus bradycardia were more likely to require back-up pacing

during RCA testing [Figure 6.1]



Figure 6.1: Predictive factors and acetylcholine dose-dependent relationship for temporary

pacemaker activation
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Contrary to conventional belief, which predominantly associates bradyarrhythmias with RCA testing,
our findings revealed a high incidence during LCA testing. Coronary anatomical variations may be
responsible for this observation. Despite most patients having sinoatrial and atrioventricular nodal
arteries originating from the RCA, coronary arterial dominance may affect their origin, with some
arising from the left circulation *°3. Such anatomical differences can expose these vessels to high
doses of ACh and subsequent bradyarrhythmias. While some advocate for upfront TTP insertion,
others lean towards its avoidance, contending that transient atrioventricular block self-resolves

within seconds upon reducing the speed of ACh administration **3. Although intentionally slowing



down ACh administration may alleviate transient bradyarrhythmias, such adjustments could

potentially compromise the diagnostic yield and lead to a false negative result when testing for CAS

95

While acknowledging the importance of our findings, a key limitation is the use of a rapid ACh
administration time of 20 s, which inherently predisposes to a higher likelihood of back-up pacing.
Nevertheless, this practice mirrors protocols employed by the JCS 72, the CorMICA study ¥ and the

Robert—Bosch—Krankenhaus institution %°.

6.5. Conclusions

Our study is the first to report the rates of significant bradycardia or pauses when employing rapid
ACh injections for CFT and provides guidance in situations wherein TTP is required when performing
these examinations. Our experience supports using a prophylactic TTP during ACh provocation
testing of the RCA, particularly in patients with baseline sinus bradycardia. For LCA testing, clinicians
should consider a TTP in cases of left coronary dominance and with the administration of a high ACh

dose.
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7.1. Introduction

Nearly half of all patients who undergo coronary angiography for stable angina have non-obstructive
coronary arteries 1. CVD, including CAS (epicardial and micro-vascular) and/or CMD, is the underlying
pathophysiology in 60%—90% of these patients 119>, CVDys is characterised by a relative mismatch
between coronary artery blood flow and oxygen demand, resulting in angina pectoris and
myocardial ischaemia. This condition is associated with high rates of morbidity, including impaired
quality of life and recurrent hospitalisations, leading to the considerable utilisation of healthcare

resources %4,

Although ICA remains the gold standard for diagnosing obstructive CAD, its diagnostic utility is
limited in cases of ANOCA. Invasive CFT, using ACh to diagnose coronary (epicardial and micro-
vascular) spasms and adenosine to evaluate the structural and functional integrity of the micro-
circulation, is the gold standard for assessing patients with ANOCA. The ESC and American College of
Cardiology/American Heart Association guidelines advocate using CFT to categorise patients with
ANOCA into distinct endotypes 123144, This classification allows clinicians to tailor therapy to

individual patients, an approach that has been shown to improve the angina status and quality of life

80

CFT is routinely performed on a single coronary vessel. Testing the left coronary circulation,
specifically the LAD, is recommended as it typically subtends the largest myocardial territory . In
cases where technical factors, such as tortuous coronary anatomy, preclude instrumentation of the
LAD, testing of the LCx and RCA may be considered 3. While single-vessel testing assumes that
disorders of coronary vasomotion are pan-coronary, previous studies have suggested the presence

of regional discrepancies across different coronary territories . The current practice is based on



consensus, and whether testing multiple coronary territories would augment the diagnostic yield is
unclear. Hence, this study aimed to evaluate the diagnostic efficacy of multi-vessel CFT in patients

with ANOCA.

7.2. Methods

This multi-centre, prospective observational study assessed multi-vessel CFT in patients with ANOCA.
All patients were referred by their treating cardiologist for suspected CVDys. Diagnostic ICA
confirmed the absence of obstructive CAD, defined as >50% visual stenosis in combination with a
measured RFR of <0.89 and/or FFR of <0.80 1%, Patients (>18 years of age) underwent ACh
provocation followed by adenosine-mediated coronary physiology assessment in all three major
epicardial arteries [Figure 7.1]. A minimum interval of 10 min was allowed between the two
procedures. In the case of a small, non-dominant or severely tortuous coronary artery, CFT was
avoided for safety reasons. Patients exhibiting resting or hyperaemic indices indicative of obstructive
CAD were subsequently excluded from the study. In addition, those with a non-coronary indication
for invasive angiography (e.g. valve disease), technical factors precluding safe passage of the
pressure guidewire, an inability to receive adenosine, a recent (within 3 weeks before cardiac
catheterisation) ST-segment elevation myocardial infarction and/or an inability to provide informed

consent, were excluded.

Clinical data on patient characteristics, cardiac risk factors and symptom profiles were acquired
before CFT. Information on conventional cardiovascular risk factors (e.g. diabetes,

hypercholesterolaemia, hypertension and premature CAD in first-degree relatives) and non-

) 126,155

conventional variables associated with vasomotor dysfunction (e.g. caffeine intake were



recorded. In addition, patients were asked to report angina characteristics and quality of life

measures via the SAQ.

The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Human Research Ethics Review Board. Written informed consent was obtained
from all participants. RR and ASCY had complete access to all study data and were responsible for

their integrity and analysis.

Figure 7.1: Study protocol for multi-vessel coronary function testing
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CFR = coronary flow reserve, ECG = electrocardiogram, IMR = index of micro-circulatory resistance, LAD = left anterior

descending artery, LCA = left coronary artery, LCx = left circumflex, RCA = right coronary artery

7.2.1. Invasive coronary function testing

All CFT procedures were performed in the morning, and the patients were requested to withhold
vasoactive medications (e.g. CCBs and long-acting nitrates) and methylxanthine-containing
substances for >4 times the duration of the drug’s half-life. A continuous 12-lead ECG was monitored
throughout the procedure, and standard resuscitation equipment was available. ICA was performed
as per standard institutional practice via the radial or femoral route. Administration of intra-arterial
vasodilator drugs (e.g. NTG and CCB) was avoided before CFT in all patients. A standard diagnostic
ICA was performed to confirm the absence of obstructive CAD. If obstructive CAD was ruled out, CFT
was performed. The choice of the first vessel to be tested was left to the operator’s discretion.

Subsequently, CFT was performed on the remaining major epicardial coronary arteries.

Coronary vasoreactivity was determined using ACh provocation. A TTP was inserted via the femoral
vein to compensate for potential bradycardia. Activation of the TTP was contingent upon a pause of
>5s. A 6-French angioplasty guiding catheter without side holes was inserted into either the LCA or
the RCA according to the operator’s clinical judgement. For LCA assessment, incremental doses of
20, 50, 100 and 200 ug of ACh were injected over 20 s, with a 2-min gap between the doses. After
each injection, cine-images were obtained to evaluate alterations in coronary diameter via QCA, as
previously described 1. If CAS was induced, with reproducible symptoms and ST-segment changes
(see definitions below), the provocation test was terminated and concluded to be positive. A similar
protocol was adopted for the RCA, with incremental doses of 20, 50 and 80 pg of ACh. When CAS
was induced and did not resolve spontaneously within 3 min after completing ACh testing or in

instances of haemodynamic instability, NTG was administered.



Coronary physiology assessment was performed using a pressure—temperature sensor guidewire
(PressureWire X; Abbott Corporation, Chicago, IL). The guidewire was advanced after equalisation to
guide the catheter pressure, ensuring that the sensor was positioned in the distal third of the vessel
and at least 80 mm from the guiding catheter. If not already done, intracoronary NTG was
administered at a dose of 200 pg. The resting mean Pa and Pd were recorded. Three boluses of 3 mL
room temperature saline were injected into the coronary artery via the guiding catheter. The transit
time of the saline injections was determined using the thermodilution technique, and the average of
the three resting transit times was recorded as the Tmngest. Next, an intravenous adenosine infusion
(140 pg/kg per min) was administered via a large-bore peripheral cannula or femoral venous sheath
to induce a steady state of maximal hyperaemia. The hyperaemic mean proximal pressure and distal
pressure were documented. Thermodilution curves were constructed in the same manner to
determine the Tmnuyp. The calculations for the respective coronary haemodynamic indices included
(a) Pd/Pa during hyperaemia for FFR, (b) Tmngest /Tmnyy, for CFR and (c) Pd x Tmnyy, for IMR. All
measurements were recorded using the Coroflow system (Coroventis Research AB, Uppsala,

Sweden).

7.2.2. Definitions

CVDys was defined according to the underlying pathophysiological endotype as per previously
published international consensus . Epicardial CAS was defined as a focal or diffuse epicardial
coronary diameter reduction of >90% in response to ACh compared with the relaxed state after
intracoronary NTG, with a reproduction of recognisable symptoms and ischaemic ECG changes.
Micro-vascular CAS was diagnosed when recognisable symptoms were reproduced with ischaemic
ECG changes in the absence of >90% epicardial diameter reduction in response to ACh. Ischaemic

ECG alterations were defined as transient ST-segment elevation or depression of >0.1 mV or



ischaemic T-wave changes in at least two contiguous leads. CMD was confirmed if coronary
physiology assessment indicated a CFR of <2.5 and/or IMR of >25, as defined by current consensus
documents 123, A diagnosis of non-cardiac chest pain required non-obstructive epicardial CAD (FFR >

0.80) and normal CFT (CFR > 2.5, IMR < 25 and negative ACh testing).

7.2.3. Statistical analysis

Continuous data were presented as mean = SD or median and IQR, as appropriate. Categorical data
were expressed as count (%). The chi-squared or Fisher’s exact test was used, as appropriate, for
categorical data analysis. McNemar’s test was utilised to evaluate the alteration in diagnostic yield of
multi-vessel compared with single-vessel CFT. A P-value of <0.05 was considered statistically
significant. Assuming a 50% diagnostic rate using conventional single-vessel CFT in patients with
ANOCA, a sample size of 78 patients was calculated to achieve 80% statistical power for detecting a
10% difference in diagnosis. The significance level was set at 5%. All analyses were performed using

R version 4.2.2. (Vienna, Austria) 7.

7.3. Results

This study was conducted across two tertiary referral institutions and included 228 vessels from 80
patients. The patient cohort had a mean age of 57.8 £ 11.8 years, with 60% of the participants being
women. Clinical and medication data are listed in Table 7.1. Patients with CVDys were more likely to
receive beta-blocker therapy (45.5% vs 14.3%, P = 0.03). In addition, this group tended to be
overweight (66.6% vs 35.7%, P = 0.074). Rest angina was observed in 25%, exertional angina in 35%

and mixed rest and exertional angina in the remaining 40%.



Statistically significant differences were noted in age (P = 0.043), presence of hypertension (P =
0.048) and results of functional cardiac assessment (P = 0.037) among patients with no CMD, single-
vessel CMD and multi-vessel CMD [Table 7.2]. Moreover, within the no CAS, single-vessel CAS and
multi-vessel CAS sub-groups, a statistically significant difference was seen in the presence of minor

CAD (P = 0.003) [Table 7.3].

Table 7.1: Patient characteristics

Age, years 57.8+11.8
Women 48 (60%)
Body mass index, kg/m? 27.2+4.1
Ethnicity
Caucasian 54 (67.5%)
Asian 12 (15%)
Southeast Asian 4 (5%)
Middle Eastern 9(11.2%)
Tongan 1(1.3%)

Coronary risk factors

Hypertension 39 (48.8%)
Hypercholesterolaemia 51 (63.7%)
Diabetes 14 (17.5%)
Family history of CAD 22 (27.5%)
Current smoking 18 (22.5%)
Previous coronary intervention 10 (12.5%)

Other risk factors

Cerebrovascular accident 6 (7.5%)
Obstructive sleep apnoea 9 (11.2%)
Excessive alcohol 9(11.2%)
Excessive caffeine intake 9 (18%)
Medications

Aspirin 55 (68.8%)




P2Y12 Inhibitor 11 (13.8%)

Statin 53 (66.2%)
ACE-I/ARB 27 (33.8%)
Beta-blocker 28 (35%)
Calcium channel blockers 24 (30%)
Nicorandil 5(6.25%)
Nitrates 18 (22.5%)

Angina characteristics

Predominately rest angina 20 (25%)
Predominately exertional angina 28 (35%)
Mixed rest and exertional angina 32 (40%)
Predominately daytime angina (7 am—7 pm) 24 (30%)
Predominately nocturnal angina (7 pm—7 am) 14 (17.5%)
No circadian pattern 42 (52.5%)

Functional cardiac assessment

Normal 44 (55%)
Inconclusive 8 (10%)
Abnormal 28 (35%)

Coronary dominance

Right-dominant 60 (75%)
Left-dominant 13 (16%)
Co-dominant 7 (9%)

ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, CAD = coronary artery

disease

Values are mean + or n (%)

Table 7.2: Patient characteristics according to coronary microvascular dysfunction sub-groups

Age, years 54.6 £+10.1 59.3+13.7 61.3+10.7 0.043

Women 19 (63.3%) 13 (48.1%) 13 (56.5.7%) 0.270




Body mass index, kg/m? 26.7+4.4 27.1+3.1 27.9+4.8 0.571
Ethnicity 0.864

Caucasian 21 (70.0%) 20 (59.1%) 13 (56.5%)

Asian 3(3.8%) 4 (14.8%) 5(21.7%)

Southeast Asian 1(1.3%) 1(3.7%) 2 (8.7%)

Middle Eastern 3(3.8%) 4 (14.8%) 2 (8.7%)

Tongan 1(1.3%) 0 (0.00%) 0 (0.00%)
Coronary risk factors
Hypertension 10 (33.3%) 14 (51.9%) 15 (65.2%) 0.048
Hypercholesterolaemia 19 (63.3%) 18 (66.6%) 14 (60.9%) 0.963
Diabetes 4 (13.3%) 7 (8.6%) 3 (13.0%) 0.605
Family history of CAD 10 (33.3%) 8 (10%) 4(17.4%) 0.434
Current smoking 9 (30.0%) 7 (8.6%) 2 (8.7%) 0.444
Previous coronary intervention | 5 (16.6%) 3 (3.8%) 4 (17.4%) 0.791
Other risk factors
Cerebrovascular accident 5(16.6%) 1(3.7%) 0 (0.00%) 0.055
Obstructive sleep apnoea 2 (6.6%) 3(11.1%) 4 (17.4%) 0.544
Excessive alcohol 4 (13.3%) 3(11.1%) 2 (8.7%) 0.914
Excessive caffeine intake 3 (10.0%) 2 (7.4%) 2 (8.7%) 0.901
Medications
Aspirin 22 (73.3%) 18 (66.6%) 15 (65.2%) 0.525
P2Y12 Inhibitor 5 (16.6%) 2 (7.4%) 4(17.4%) 0.527
Statin 19 (63.3%) 18 (66.6%) 16 (69.6%) 0.724
ACE-I/ARB 7 (23.3%) 10 (37.0%) 10 (43.5%) 0.279
Beta-blocker 9 (30.0%) 10 (37.0%) 9 (39.1%) 0.763
Calcium channel blockers 6 (20.0%) 11 (40.7%) 7 (30.4%) 0.356
Nicorandil 2 (6.6%) 2 (7.4%) 1(4.3%) 0.998
Nitrates 7 (23.3%) 7 (25.9%) 4(17.4%) 0.894
Angina characteristics
Angina pattern 0.053

Predominately rest angina 11 (36.6%) 4 (14.8%) 4 (17.4%)




Predominately exertional
_ 4 (13.3%) 9 (33.3%) 10 (43.5%)
angina
Mixed rest and exertional
_ 14 (46.6%) 16 (53.3%) 8 (34.8%)
angina
Circadian rhythm 0.317
Predominately dayti
redominately daylime 6 (20.0%) 10 (37.0%) 7 (30.4%)
angina (7 am—7 pm)
Predominatel t I
redominately notturna 4 (13.3%) 3(11.1%) 6 (26.1%)
angina (7 pm—-7 am)
No circadian pattern 19 (63.3%) 16 (59.3%) 9(39.1%)
Functional cardiac assessment
Exercise stress echocardiogram 0.037
Normal 21 (70.0%) 16 (55.2%) 8 (36.4%)
Inconclusive 6 (20.0%) 9 (31.0%) 13 (59.1%)
Abnormal 2 (6.6%) 4 (13.8%) 1 (4.55%)
Coronary dominance
Right-dominant 23 (76.6%) 21 (72.4%) 16 (72.7%) 0.798
Left-dominant 3(9.9%) 6 (20.7%) 4 (18.2%) 0.645
Co-dominant 1(3.3%) 2 (6.90%) 2 (9.09%) 0.850
Angiographic features
Minor CAD 15 (50.0%) 13 (48.1%) 13 (56.5%) 0.600
Seattle Angina Questionnaire
Summary 56.9 (17.4) 55.6 (12.5) 54.7 (11.7) 0.887
Limitation 63.7 (21.8) 67.0 (17.3) 66.7 (17.8) 0.786
Stability 44.0 (18.5) 40.7 (16.8) 37.1(17.2) 0.425
Frequency 57.6 (27.1) 53.8 (15.2) 52.1(18.9) 0.835
Satisfaction 59.5 (32.5) 64.9 (16.4) 56.5 (18.3) 0.362
Angina QoL 53.2 (16.0) 50.8 (13.1) 40.4 (10.3) 0.255

ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, CAD = coronary artery disease, CMD

= coronary microvascular dysfunction, QoL = Quality of life

Values are mean + or n (%)



Table 7.3: Patient characteristics according to coronary artery spasm sub-groups

Age, years 59.2 (13.3) 56.8 (11.7) 56.9 (8.62) 0.693
Women 22 (68.8%) 13 (39.4%) 10 (66.7%) 0.059
Body mass index, kg/m? 26.5 (4.07) 27.9 (4.32) 26.9 (3.16) 0.364
Ethnicity 0.890

Caucasian 22 (68.8%) 20 (60.6%) 12 (80.0%)

Asian 6 (18.8%) 5 (15.2%) 1(6.67%)

Southeast Asian 1(3.12%) 2 (6.06%) 1(6.67%)

Middle Eastern 3(9.38%) 5 (15.2%) 1(6.67%)

Tongan 0 (0.00%) 1(3.03%) 0 (0.00%)
Coronary risk factors
Hypertension 19 (59.4%) 16 (48.5%) 4(26.7%) 0.112
Hypercholesterolaemia 21 (65.6%) 19 (57.6%) 11 (73.3%) 0.552
Diabetes 3(9.38%) 8 (24.2%) 3 (20.0%) 0.314
Family history of CAD 8 (25.0%) 9 (27.3%) 5 (33.3%) 0.897
Current smoking 6 (18.8%) 8(24.2%) 4 (26.7%) 0.704
Previous coronary intervention 1(3.12%) 1(3.03%) 0 (0.00%) 0.870
Other risk factors
Cerebrovascular accident 2 (6.25%) 0 (0.00%) 4 (26.7%) 0.065
Obstructive sleep apnoea 4 (12.5%) 4(12.1%) 1(6.67%) 0.817
Excessive alcohol 2 (6.25%) 4 (12.1%) 3(20.0%) 0.408
Excessive caffeine intake 1(3.12%) 6 (18.2%) 2 (13.3%) 0.182
Medications
Aspirin 16 (50.0%) 27 (81.8%) 12 (80.0%) 0.216
P2Y12 Inhibitor 2 (6.25%) 3 (9.09%) 6 (40.0%) 0.105
Statin 21 (65.6%) 22 (66.7%) 10 (66.7%) 0.995
ACE-1/ARB 13 (40.6%) 10 (30.3%) 4(26.7%) 0.552
Beta-blocker 9 (28.1%) 16 (48.5%) 3 (20.0%) 0.091
Calcium channel blockers 5(15.6%) 4(12.1%) 4 (26.7%) 0.487




Nicorandil 2 (6.25%) 3(9.09%) 0 (0.00%) 0.641
Nitrates 4 (12.5%) 10 (30.3%) 4(26.7%) 0.246
Angina characteristics
Angina pattern 0.087
Predominately rest angina 3(9.38%) 10 (30.3%) 6 (40.0%)
a:;?::minatew exertional 13 (40.6%) 8 (24.2%) 2 (13.3%)
az/'gi?nead restand exertional 16 (50.0%) 15 (45.5%) 7 (46.7%)
Circadian rhythm 0.118
(: ;‘?:f: Fi:::;e'y daytime angina | ;' /¢ o) 8 (24.2%) 0 (0.00%)
a:;?::?:;:ﬁ';’;:st”ma' 3 (9.38%) 6 (18.2%) 4 (26.7%)
No circadian pattern 14 (43.8%) 19 (57.6%) 11 (73.3%)
Functional cardiac assessment
Exercise stress echocardiogram 0.850
Normal 3(10.7%) 2 (6.45%) 0 (0.00%)
Inconclusive 15 (53.6%) 17 (54.8%) 8 (61.5%)
Abnormal 10 (35.7%) 12 (38.7%) 5 (38.5%)
Coronary dominance
Right-dominant 23 (71.9%) 29 (87.9%) 8 (57.1%) 0.083
Left-dominant 1(3.1%) 7 (21.2%) 5 (35.7%) 0.058
Co-dominant 2 (6.2%) 3(9.1%) 0 (0.00%) 0.850
Angiographic features
Minor CAD 6 (18.8%) 23 (69.7%) 12 (80.0%) 0.003
Seattle Angina Questionnaire
Summary 59.0 (13.2) 54.3 (13.2) 47.9 (9.21) 0.035
Limitation 70.9 (18.2) 64.3 (14.6) 59.9 (13.4) 0.176
Stability 42.3(19.7) 40.5 (14.2) 37.5(13.0) 0.772
Frequency 60.4 (26.0) 52.4 (14.8) 44.4 (12.0) 0.220
Satisfaction 72.4 (24.2) 61.5 (22.7) 58.9 (21.6) 0.214
Angina QoL 45.0 (13.6) 42.1(15.8) 38.3(12.9) 0.381




ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, CAD = coronary artery disease, CAS =

coronary artery spasm, QoL = Quality of life

Values are mean + or n (%)

7.3.1. Diagnostic value of multi-vessel CFT

Among the cohort of 80 patients, the multi-vessel protocol demonstrated evidence of CVDys in
86.3% (69/80) cases compared with 68.8% (55/80) in the single-vessel protocol [Figure 7.2].
Therefore, 17.5% of the patients remained unidentified using single-vessel testing. Multi-vessel CFT
modified the diagnosis in 33.8% (27/80) of the patient population [Figure 7.3]. Compared with
single-vessel CFT, multi-vessel testing yielded a significantly greater prevalence of CVDys (86.3% vs
68.8%, P = 0.0005), CAS (60.0% vs 47.5%, P = 0.004) and CMD (62.5% vs 37.5%, P < 0.001) [Figure

7.4].

Figure 7.2: Distribution and co-existence of coronary functional abnormalities

Single-vessel (n=80) Multi-vessel (n=80)
Negative Coronary Artery Vasospasm Negative Coronary Artery Vasospasm
32% 31% Lo 23%
1% 11% 10% 16%
4% 10%
8% 8% 5% 9% 9% 9%
Low CFR High IMR Low CFR High IMR

(A) Venn diagram illustrating the prevalence of coronary functional abnormalities in single-vessel coronary function testing

(B) Venn diagram illustrating the prevalence of coronary functional abnormalities in multi-vessel coronary function testing



CFR = coronary flow reserve, IMR = index of microcirculatory resistance

Figure 7.3: Efficacy of multi-vessel coronary function testing in re-classifying ANOCA endotypes
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The figure demonstrates that multi-vessel coronary function testing altered the final diagnosis in 33.8% (27/80) of patients

with ANOCA.

Figure 7.4: Efficacy of multi-vessel coronary function testing in patients with angina and non-

obstructive coronary arteries
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» Multivessel CFT may, therefore, have a role in management of patients with ANOCA
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7.3.2. Procedural characteristics

Most ICAs were performed using radial arterial access (57.5%); all study participants underwent ACh
provocation testing, with a back-up TTP in situ. The LCA was tested first in 96.3% (77/80) of the
patients. There was a predominance of right-dominant circulation (75%), followed by left-dominant
(16%), with the remaining classified as co-dominant (9%). The median procedural time was 56 min
(IQR: 48—62 min), and the median total contrast volume was 155 mL (IQR: 135-180 mL). Although no
fatal adverse events were reported, one serious adverse event was observed, which involved a
guiding catheter-induced coronary dissection requiring percutaneous coronary intervention. During

ACh provocation testing, TTP was required in 12 (15%) patients during the LCA assessment and 46



(57.5%) during the RCA evaluation. Among those requiring TTP, 8 (66%) received a dose of 200 g
during the LCA assessment and 12 (26.1%) received 80 pg during the RCA assessment. Transient
atrial fibrillation was noted in 10 patients (12.5%), of which 2 required DC cardioversion and the
remaining resolved spontaneously before discharge. The procedural characteristics are summarised

in Table 7.4.

Table 7.4: Procedural characteristics

Final access site

Radial 46 (57.5%)

Femoral 34 (42.5%)

Intra-procedural details

Total procedure time (min) 56 (48-62)

Total contrast (mL) 155 (135-180)

Angiographic features

*Minor CAD 41 (51%)

Complications

Atrial fibrillation 10 (12.5%)
Coronary dissection 2 (2.5%)
Activation of TTP

LCA 12 (15%)
RCA 46 (57.5%)

*Minor CAD: visual irregularities on diagnostic angiography indicative of atherosclerotic plaque

CAD = coronary artery disease, LCA = left coronary artery, RCA = right coronary artery, TTP = temporary transvenous

pacemaker

Values are median and IQR or n (%)

7.3.3. Acetylcholine provocation testing



Results of ACh provocation testing revealed CAS in 60% (48/80) of the patients, with 52.5% (42/80)
exhibiting epicardial spasms and 7.5% (6/80) displaying microvascular spasm. Among the 42 patients
with epicardial spasms, a diffuse pattern was observed in 24 (57.1%) patients, whereas 18 (42.9%)
had focal spasm [Table 7.5]. CAS was predominantly evident in the LCA (38/48), although isolated
RCA spasms were detected in 20.8% (10/48) of the patients [Figure 7.5]. In addition, multi-vessel
spasms were seen in 16 patients (20.0%). When evaluating the dose-response relationship, most
CAS in the LCA occurred with a 100 pg dose (50%) and a higher 200 pg dose induced CAS in an
additional four patients (10.5%). An 80 ug dose for the RCA led to CAS in two more patients (13%).
[Table 7.6]. Across vessels, 32 patients (40.0%) had one-vessel CAS, 13 (16.3%) had two-vessel CAS

and 3 (3.8%) had CAS in all three vessels [Figure 7.6].

Table 7.5: Summary of invasive coronary function testing according to all coronary vessels

Acetylcholine testing

Epicardial spasm 30 (37.5%) 15 (18.8%) 15 (18.8%)

Diffuse spasm 21 (26.3%) 12 (15%) 5 (6.3%)
Focal spasm 9(11.3%) 3 (3.8%) 10 (66.7%)
Microvascular spasm 5 (6.3%) 0 (0%) 1(1.3%)

Coronary physiology testing

Resting indices

RFR

0.92 (0.90-0.95)

0.98 (0.96-0.99)

0.97 (0.93-0.99)

Mean resting transit time (s)

0.84 (0.58-1.15)

0.65 (0.43-0.94)

0.97 (0.67-1.27)

Hyperaemic indices

FFR

0.91 (0.87-0.93)

0.98 (0.96-0.99)

0.97 (0.93-0.99)

Mean hyperaemic transit time (s)

0.24 (0.13-0.34)

0.21 (0.12-0.28)

0.21 (0.16-0.39)

CFR

3.35(2.70-5.82)

3.30 (2.40—4.50)

4.50 (2.55-5.30)

IMR

16.0 (11-24)

15 (11.0-26)

17.0 (12.0-27.0)

LAD = left anterior descending, LCx = left circumflex, RCA = right coronary artery, RFR = resting full-cycle ratio, FFR =

fractional flow reserve, CFR = coronary flow reserve, IMR = index of microcirculatory resistance




Table 7.6: Summary of acetylcholine dose response during coronary provocation testing

Dosage (ug) No. of CAS Dosage (ug) No. of CAS
20 4 (10.5%) 20 5(31.3%)
50 11 (29.0%) 50 9 (56.3%)
100 19 (50%) 80 2 (13%)
200 4 (10.5%)

CAS = coronary artery spasm

Values n (%)

Figure 7.5: Distribution of epicardial coronary artery spasm across all coronary vessels

Coronary Artery Spasm (n=48)
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LAD = left anterior descending artery, LCx = left circumflex, RCA = right coronary artery

Figure 7.6: Prevalence of coronary artery spasm and coronary microvascular dysfunction
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(A) Bar graph illustrating the prevalence of coronary artery spasm across all three coronary vessels; CAS (coronary artery

spasm)

(B) Bar graph illustrating the prevalence of coronary microvascular dysfunction across all three coronary vessels; CMD

(coronary micro-vascular dysfunction)

7.3.4. Coronary physiology testing

Functional assessment of the coronary microcirculation demonstrated an abnormality in 62.5%
(50/80) of the study cohort and 35.5% (81/228) of all vessels. Among the 50 patients who exhibited
an abnormal response, 40% (20/50) had an elevated IMR, 30% (15/50) had a reduced CFR and the
remaining 30% (15/50) had both. CMD was observed at a similar rate in territories supplied by all
three major coronary vessels (LAD = 36.3%, LCx = 33.8%, RCA = 31.3%; P = 0.486). Among the cohort
with CMD, 27 patients (33.8%) had one-vessel CMD, 15 patients (18.8%) had two-vessel CMD and 8
patients (10%) had three-vessel CMD [Figure 7.6]. Vessel-specific analysis revealed a higher
prevalence of abnormal IMR in the LCx (77.8%) and RCA (76.0%) than in the LAD (62.1%), although
not statistically significant (P = 0.361). The presence of abnormal CFR did not differ significantly
across the vessels (P = 0.706). The distribution of CMD endotypes across vessels is presented in

Figure 7.7.



Figure 7.7: Distribution of coronary microvascular dysfunction across all coronary vessels

Left Anterior Descending (n=29) Left Circumflex (n=27) Right Coronary Artery (n=25)
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(A) Venn diagram illustrating the distribution of coronary microvascular dysfunction in the left anterior descending artery

(B) Venn diagram illustrating the distribution of coronary microvascular dysfunction in the left circumflex artery

(C) Venn diagram illustrating the distribution of coronary microvascular dysfunction in the right coronary artery

CFR = coronary flow reserve, IMR = index of micro-circulatory resistance, LAD = left anterior descending artery, LCx = left

circumflex, RCA = right coronary artery

7.3.5. Angina and quality of life measures

Compared with non-cardiac chest pain, a statistically significant difference in the SAQSS (P = 0.040)
was noted among the ANOCA endotypes. When comparing isolated LAD with non-LAD micro-
vascular dysfunction, no significant differences were observed in the SAQSS (P = 0.585) and its
individual domains, including angina limitation (P = 0.813), angina stability (P = 0.763), angina
frequency (P = 0.974), treatment satisfaction (P = 0.630) and quality of life (P = 0.236). Similar results
were observed when comparing isolated left and right CAS. The multi-vessel CMD group displayed a
significantly lower angina quality of life score (mean 40 vs 51 units; -11 [95% Cl -16 to -4], P =
0.045) than the single-vessel CMD group. When examining single vs multi-vessel CAS, a trend

towards greater angina frequency was observed in the multi-vessel CAS group (mean 44 vs 52 units;



-8 [95% Cl -14 to -2], P = 0.092), although not statistically significant. The SAQSS did not differ
significantly between the CMD endotypes (P = 0.433). A comparison of angina and quality of life

measures is summarised in Table 7.7.

Table 7.7: Comparison of angina and quality of life measures as per Seattle Angina Questionnaire

Table 7.7.1: Seattle Angina Questionnaire as per ANOCA endotype vs non-cardiac chest pain

Seattle Angina Questionnaire

Summary 52.9 (11.5) 59.9 (14.1) 0.040
Limitation 64.7 (18.4) 71.6 (20.3) 0.134
Stability 39.1(19.6) 47.7 (19.8) 0.092
Frequency 52.3(23.0) 60.9 (30.6) 0.142
Satisfaction 64.3 (27.8) 65.1 (27.5) 0.461
Angina QoL 41.3 (14.3) 45.8 (11.6) 0.167

ANOCA = angina with non-obstructive coronary arteries, QoL = Quality of life

Values are mean £ or n (%)

Table 7.7.2: Seattle Angina Questionnaire as per LAD vs non-LAD coronary microvascular
dysfunction (CMD)

Seattle Angina Questionnaire

Summary 56.5 (6.58) 55.1(8.62) 0.585
Limitation 68.6 (12.4) 67.3(18.2) 0.813
Stability 47.7 (13.5) 48.1(15.3) 0.763

Frequency 51.8 (21.4) 52.1(22.5) 0.974




Satisfaction 59.1 (24.6) 63.5(25.9) 0.630

Angina QoL 49.2 (6.93) 45.8 (9.19) 0.236

CMD = coronary micro-vascular dysfunction, QoL = quality of life

Values are mean £ or n (%)

Table 7.7.3: Seattle Angina Questionnaire as per LCA vs RCA coronary artery spasm (CAS)

Seattle Angina Questionnaire

Summary 51.9 (13.3) 44.6 (12.2) 0.199
Limitation 65.2 (20.0) 58.9 (17.6) 0.432
Stability 39.7 (17.1) 39.3(13.4) 0.952
Frequency 49.3 (25.9) 42.9 (13.8) 0.375
Satisfaction 67.0 (28.9) 65.5 (38.6) 0.927
Angina QoL 46.5 (10.1) 41.5 (14.6) 0.382

CAS = coronary artery spasm, QoL = quality of Life

Values are mean £ or n (%)

Table 7.7.4: Seattle Angina Questionnaire as per single- vs multi-vessel coronary microvascular
dysfunction (CMD)

Seattle Angina Questionnaire

Summary 55.6 (12.5) 54.7 (11.7) 0.774
Limitation 67.0(17.3) 66.7 (17.8) 0.954
Stability 40.7 (16.8) 37.1(17.2) 0.562
Frequency 53.8 (15.2) 52.1(18.9) 0.741
Satisfaction 64.9 (16.4) 56.5 (18.3) 0.615
Angina QoL 50.8 (13.1) 40.4 (10.3) 0.045




CMD = coronary micro-vascular dysfunction, QoL = quality of life

Values are mean = or n (%)

Table 7.7.5: Seattle Angina Questionnaire as per single- vs multi-vessel coronary artery spasm

Seattle Angina Questionnaire

Summary 54.3 (13.2) 47.9 (9.21) 0.312
Limitation 64.3 (14.6) 59.9 (13.4) 0.647
Stability 40.5 (14.2) 37.5(13.0) 0.644
Frequency 52.4 (14.8) 44.4 (12.0) 0.092
Satisfaction 61.5(22.7) 58.9 (21.6) 0.701
Angina QoL 42.1(15.8) 38.3(12.9) 0.308

CAS = coronary artery spasm, QoL = quality of life

Values are mean * or n (%)

Table 7.7.6: Seattle Angina Questionnaire as per coronary microvascular dysfunction endotypes

Seattle Angina Questionnaire

Summary 57.9 (10.1) 53.6 (8.64) 54.3 (10.7) 0.433
Limitation 71.3(16.1) 59.8 (14.6) 68.5(19.2) 0.157
Stability 39.1 (25.8) 34.7 (20.0) 41.2 (16.8) 0.652
Frequency 54.4(21.9) 61.4 (24.0) 49.0 (21.3) 0.272
Satisfaction 60.9 (26.5) 72.8 (24.5) 68.7 (24.3) 0.411
Angina QoL 47.9 (11.2) 36.7 (14.7) 45.4 (13.6) 0.055

CFR = coronary flow reserve, IMR = index of micro-circulatory resistance

Values are mean * or n (%)



7.4. Discussion

This study is the first to report the diagnostic value of multi-vessel CFT, encompassing ACh
provocation and adenosine-medicating physiology assessment, in patients with ANOCA. Existing
research has focused on single-vessel CFT, primarily the left coronary circulation. In contrast, this
investigation has highlighted the ability of multi-vessel CFT to identify more patients across different
ANOCA endotypes [Figure 7.8]. The findings suggest that regional variations in coronary vasomotion
and microvascular function may be present, and single-vessel CFT could result in an under-diagnosis,

ultimately affecting clinical management and patient outcomes.

Figure 7.8: Prevalence of ANOCA endotypes, as determined using single- and multi-vessel coronary

function testing
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CMD = coronary microvascular dysfunction, CAS = coronary artery spasm

7.4.1. Diagnostic impact of multi-vessel CFT in coronary artery spasm



Among the patient cohort, the multi-vessel protocol revealed CAS in 60% (48/80), whereas the
single-vessel protocol showed the condition in only 47.5% (38/80). These findings are aligned with
those of Di Fiore et al., who reported inducible spasm in 62% of the patients undergoing multi-vessel
testing in a similar population cohort 1%, Interestingly, other studies have presented a diverse
prevalence of CAS, ranging from 59% to 71% 2%, This variability could be attributed to the
heterogeneity in current diagnostic protocols, including differences in administration time, dosage
regimen and the specific vessels assessed. A previous study by Sueda and Kohno explored the
distribution of CAS within specific coronary arteries in a retrospective analysis of 1,392 patients 8.
The results demonstrated that spasms in the LCx (28.3%) were significantly less frequent (P < 0.001)
than those in the RCA (73.3%) and LAD (72%) 8. Other studies subsequently validated these
observations, implying that the LCx may be less responsive to ACh provocation owing to its smaller
myocardial territory 826, These results mirror those of the present study, in which spasm in the LCx

was observed in only 31.3% (15/48) of the patients.

Certain studies have avoided provocative testing in the RCA to reduce procedural time and contrast
administration 778386119 However, such an approach may compromise diagnostic yield and overlook
the presence of multi-vessel spasm, a well-known poor prognostic indicator **’. In the current study,
10 patients (20.8%) exhibited isolated RCA spasms, emphasising the significance of comprehensive
multi-vessel testing. As stated by Feenstra et al. 132, the omission of RCA testing could result in

overlooked diagnoses, significantly impacting these patients’ clinical management and prognosis.

7.4.2. Diagnostic impact of multi-vessel CFT in coronary microvascular dysfunction

Multi-vessel CFT provides greater insights into coronary microcirculation abnormalities than single-

vessel CFT. This study revealed that almost two-thirds (62.5%) of the participants who underwent



multi-vessel coronary physiology testing demonstrated an abnormal response. In contrast, only
36.3% who underwent single-vessel testing exhibited abnormalities. These results agree with earlier
research that reported prevalence rates ranging from 29% to 44% in single-vessel testing of the
coronary micro-vasculature 1914158 Kobayashi et al. conducted a prospective study utilising multi-
vessel coronary physiology testing to identify clinical and angiographic predictors of an abnormal
IMR %9, The study observed that only 68% of the patients with CMD were diagnosed in the LAD
territory, highlighting that a considerable proportion (32%) were missed in single-vessel testing **°.
Their findings are consistent with those from the present study, which noted a comparable
prevalence of CMD in territories supplied by all three major coronary vessels (LAD = 36.3%, LCx =
33.8%, RCA =31.3%; P = 0.486). The incidence of abnormal CFR, a well-established prognostic

marker in this population, did not differ significantly among the three vessels.

Unlike our study, Kobayashi et al. omitted comprehensive CFT, specifically the inclusion of ACh
testing. Nevertheless, our collective findings allude that abnormalities of the coronary
microcirculation may be regional and conventional CMD testing in a single coronary territory may be
limited in its ability to detect abnormalities. This raises important questions about the validity of
current methods for assessing CMD and suggests that multi-vessel testing may be more effective in

identifying abnormalities in coronary microcirculation.

7.4.3. Clinical relevance of multi-vessel CFT in ANOCA

ANOCA is a complex clinical entity that often poses diagnostic challenges to clinicians. Patients with
this condition experience a decreased quality of life, are subjected to repeated coronary angiograms
and face an elevated risk of adverse events 1%°, |dentifying ANOCA endotypes precisely is crucial for

determining the most appropriate pharmacological therapy for such patients. CCBs are the first-line



drug of choice for patients with epicardial or micro-vascular spasms 1. Nitrates are preferred as
add-on agents for partial or non-responders 16%163, Beta-blockers, in combination with anti-
atherosclerotic therapy, are recommended in CMD %41%8, The latter involves ACE inhibitors,
angiotensin receptor blockers, and statins, which may enhance endothelial function and improve

hyperaemic myocardial blood flow .

Multi-vessel CFT can considerably increase the proportion of patients diagnosed with CVDys and
even alter the initially diagnosed ANOCA endotype, necessitating re-evaluation of the treatment
approach. This reassessment is crucial as distinct pathophysiological mechanisms may exist, and
current diagnostic methods can misclassify patients. This technique has implications in treating
current patients and poses challenges for future therapeutic clinical trials, where inaccurate
identification of ANOCA endotypes can confound results. Moreover, multi-vessel CFT can uncover
coexisting coronary functional abnormalities, such as enhanced coronary vasoreactivity and elevated
micro-vascular resistance, which are associated with a poor prognosis **, Interestingly, when
evaluating symptoms using the SAQ, no difference in angina burden was observed in patients with
CVDys restricted to a non-LAD vessel. The presence of multi-vessel CMD was linked to a lower
angina-related quality of life. This finding highlights the significance of multi-vessel CFT in refining
the diagnostic process and potentially improving patient outcomes via a more sophisticated

therapeutic approach.

7.4.4. Clinical recommendation

Drawing from our experience and critical evaluation of prior studies, we advocate for multi-vessel
CFT in patients with ANOCA (Figure 7.9). We recommend initiating testing in the LAD unless there is
a strong clinical suspicion for regional CMD or spasm. Should uncertainty persist after ACh
provocation and/or coronary physiology assessment, we suggest testing the contralateral epicardial

artery (LCA and/or RCA). This pragmatic approach facilitates precise identification of the underlying



ANOCA endotype, influencing clinical management. During CFT, ACh testing can be performed either

before or after coronary physiology assessment as the optimal sequence remains debatable.

Although multi-vessel CFT offers comprehensive diagnostic insights, the potential downsides
associated with this approach should be considered. Compared with single-vessel, multi-vessel
testing required a longer median procedural time (56 min, [IQR]: 48—62 min vs 40.5 min, [IQR]: 35.5—
46 min) and increased contrast administration (155 mL, [IQR]: 135-180 ml vs 110 mL, [IQR]: 90-120
mL). Additionally, one serious adverse event occurred. Hence, careful patient selection and operator

expertise are essential for minimising the potential risks of multi-vessel CFT.

Figure 7.9: Invasive diagnostic algorithm for multi-vessel coronary function testing
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CAS = coronary artery spasm, CMD = coronary microvascular dysfunction, LAD = left anterior descending artery, LCA = left

coronary artery, LCx = left circumflex, RCA = right coronary artery

7.4.5. Limitations

The limitations of this study are inherent to the internationally recognised protocols and diagnostic
criteria for chronic coronary syndromes. The study population comprised a selectively chosen group
of patients referred to expert ANOCA testing centres by their treating physicians, which might have
influenced the high rate of abnormalities observed. Nevertheless, the prevalence of abnormalities
noted in this study was consistent with that reported in previous literature. Specific testing for
endothelial dysfunction using a low-dose, slow ACh infusion was not performed, which could have
potentially affected the diagnostic yield of CFT. Given the ease of use, availability and clinician
expertise, the thermodilution method was used in coronary physiology assessment. Using Doppler
flow velocity or absolute flow measurements might have provided a more accurate assessment 517,
ACh rechallenge was not integrated into our protocol, potentially overlooking the presence of
coexisting epicardial and microvascular spasm ’*. Owing to the recency of the data, information on
the effect of diagnosis and medical therapy on quality of life and angina burden was not available.
This unavailability limited the ability to draw definitive conclusions regarding the clinical impact of

multi-vessel CFT in the current patient cohort.

7.5. Conclusions

This study suggests that multi-vessel CFT enhances the diagnostic utility in patients with ANOCA
compared with single-vessel CFT. Multi-vessel testing identifies more patients with CVDys and
facilitates a more precise classification of ANOCA endotypes. This strategy may improve clinicians’
ability to determine the appropriate therapeutic strategy in this heterogeneous patient population.

Further studies are required to elucidate the prognostic implications of this approach.



Chapter 8: Multi-vessel Compared with Single-vessel Coronary Function Testing in Diagnosing

Patients with Non-obstructive Coronary Artery Disease: The MAD-NOCA Trial



8.1. Introduction

ANOCA, including MVA and VSA, affects nearly half of the patients undergoing ICA for suspected
ischaemic heart disease . The underlying pathophysiology is coronary vasomotor disorders,
resulting in a supply—demand mismatch of myocardial perfusion %7213, patients with ANOCA often

face a high burden of symptoms, leading to impaired quality of life and recurrent hospitalisations

12,4

Advancements in scientific understanding and diagnostic tools now allow the routine evaluation of
ANOCA in the cardiac catheterisation laboratory via invasive CFT. Both the American College of
Cardiology/American Heart Association and the ESC guidelines recommend CFT to categorise
patients with ANOCA into distinct endotypes 4174, This approach facilitates tailored therapy to

address the underlying pathology, alleviating the angina burden and improving the quality of life &.

CFT typically targets a single coronary vessel, often the LAD, as it subtends the largest myocardial
territory ®3. Preliminary research by our group demonstrated that single-vessel CFT may lead to an
under-diagnosis, potentially overlooking regional variations in coronary vasomotion and micro-
vascular function 34, Therefore, this study aimed to assess the clinical efficacy of multi-vessel CFT in
patients diagnosed with ANOCA. We hypothesized that multi-vessel CFT to guide management

would improve angina severity and overall quality of life for these patients.

8.2. Methods

This prospective, multi-centre, randomised controlled trial assessed single- vs multi-vessel CFT in
patients with ANOCA [Figure 8.1]. All outpatients referred by their treating cardiologists for

suspected ANOCA were screened. A non-coronary indication for invasive angiography (e.g. valve



disease), technical factors precluding safe passage of the pressure guidewire, an inability to receive
adenosine, a recent (within 3 weeks before cardiac catheterisation) myocardial infarction and/or an
inability to provide informed consent were the exclusion criteria. Patients with an unexpected
finding of obstructive CAD (>50% diameter stenosis and/or FFR < 0.80) during ICA after obtaining

informed consent were also excluded.

Patients were enrolled from the cardiac day unit, and clinical data, including patient demographics,
cardiac risk factors, and symptom profiles, were obtained before CFT. Furthermore, the patients
were requested to provide details on angina characteristics and quality of life measures using
validated questionnaires 7>17°, After enrolment, they were randomly assigned in a 1:1 ratio to either
the intervention (multi-vessel CFT) or the control group (single-vessel CFT). Trained staff in the
catheterisation laboratory utilised a web-based randomisation tool to immediately randomise the
patients after initial coronary angiography revealed non-obstructive CAD. The randomisation
sequence employed block lengths randomised in blocks of 4, with every 20 allocations comprising 2
blocks of length 4 and 2 blocks of length 6, arranged in a random order. The patients were
considered randomised once the allocation was assigned on the web-based portal. The study
protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved
by the Human Research Ethics Review Board. Written informed consent was acquired from all
participants. RR and ASCY had complete access to the study data and were responsible for their

integrity and analysis.

Figure 8.1: Trial profile
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8.2.1. Invasive coronary function testing



All CFT procedures were performed in the morning, and the patients were requested to withhold
vasoactive medications (e.g. CCBs and long-acting nitrates) and methylxanthine-containing
substances for >4 times the duration of the drug’s half-life. A continuous 12-lead ECG was monitored
throughout the procedure, and standard resuscitation equipment was available. ICA was performed
as per standard institutional practice via the radial or femoral route. Administration of intra-arterial
vasodilator drugs (e.g. NTG and CCB) was avoided before CFT in all patients. A standard diagnostic
ICA was performed to confirm the absence of obstructive CAD. If obstructive CAD was not present,
CFT was performed. The first vessel to be tested was left to the operator’s discretion. In the
intervention group, CFT was performed on the remaining major epicardial vessels. In the case of a

small, non-dominant or severely tortuous coronary artery, CFT was avoided for safety reasons.

Coronary vasoreactivity was evaluated via ACh provocation. A 6-French angioplasty guiding catheter
without side holes was inserted into either the LCA or the RCA. For the LCA assessment, incremental
doses of 20, 50, 100 and 200 pg of ACh were injected over 20 s, with at least a 2-min gap between
the doses. After each injection, cine-images were obtained to assess the change in coronary
diameter via QCA, as previously described 1. If CAS was induced, with reproducible symptoms and
ST-segment alterations (see definitions below), the provocation test was terminated and concluded
to be positive. A similar protocol was adopted for the RCA, with incremental doses of 20, 50 and 80

ug of ACh.

Coronary physiology assessment was conducted using a pressure—temperature sensor guidewire
(PressureWire X; Abbott Corporation, Chicago, IL). Following equalisation to guide the catheter
pressure, the guidewire was carefully advanced to ensure that the sensor was positioned in the
distal third of the vessel and at least 80 mm from the guiding catheter. The assessment included CFR

(abnormal <2.5), IMR (abnormal 225) and FFR (abnormal <0.80) under steady-state conditions of



maximal hyperaemia induced by the intravenous infusion of adenosine (140 pg/kg per min), and a
thermodilution bolus technique was applied. Upon completion, the results were documented and
disclosed to the patient and the treating cardiologist, who had discretion over final treatment

decisions in both study groups.

8.2.2. Definitions of endotypes

CFT was used to categorise patients into ANOCA endotypes, including MVA, VSA or both, according
to the diagnostic criteria outlined in the guidelines > A diagnosis of vasospastic angina
required the occurrence of three conditions during ACh: (1) clinically significant epicardial
vasoconstriction (290%); (2) reproduction of usual chest pain symptoms; and (3) ischaemic changes
on ECG *°, MVA was defined based on standardised COVADIS diagnostic criteria: symptoms of
myocardial ischaemia, unobstructed coronary arteries and proven CMD (any of abnormal IMR, CFR
or micro-vascular spasm to ACh) %, Microvascular spasm was diagnosed when recognisable
symptoms were reproduced with ischaemic ECG changes without >90% epicardial diameter
reduction in response to ACh. Non-cardiac chest pain was diagnosed in the case of non-obstructive

epicardial CAD (FFR > 0.80) and normal CFT (CFR = 2.5, IMR < 25 and negative ACh testing).

8.2.3. Questionnaire and follow-up

The SAQ is a self-administered tool designed to gauge angina severity and is known for its validity,
reproducibility and sensitivity to changes 17°. This questionnaire evaluates various aspects such as
physical limitations owing to angina, symptom frequency and recent variations, treatment
satisfaction and the impact of the disease on overall quality of life. Scores on each scale range from 0

to 100, with higher scores indicating better functioning, such as reduced physical limitations, fewer



angina episodes and enhanced quality of life. The SAQSS amalgamates domains, including angina

limitation, frequency and quality of life, to comprehensively measure angina severity.

The health status was assessed using the EQ-5D-5L, a validated self-administered questionnaire
widely recognised as a standard tool for evaluating generic quality of life 176, The EQ-5D-5L scores
range from 0.59 to 1.00, with higher scores indicating better quality of life. Furthermore, the Brief
Iliness Perception Questionnaire (B-IPQ) was used to ascertain patients’ perceptions of their illness
177 the PHQ-4 for depression and anxiety screening 78 and the Treatment Satisfaction Questionnaire
(TSQM-9) 17°. At 6-month follow-up, patients’ angina symptoms and quality of life were re-assessed

using the same questionnaires for consistency and comparability.

8.2.4. Outcomes

The primary outcome was angina severity at 6-month follow-up, according to the SAQSS. The

following were the pre-specified secondary outcomes:

1. Diagnostic Utility: between-group difference in the diagnosis of ANOCA endotypes

2. Health Status: change from baseline using validated questionnaires, including the EQ-5D-5L,
TSQM-9, B-IPQ and PHQ-4, at 6-month follow-up

3. Clinical Utility: impact on medical therapy and downstream investigations

4. Safety profile of multi-vessel CFT

Research staff conducted follow-up assessments for outcomes and adverse events, including in-
person visits, telephonic follow-ups and electronic health record reviews. Downstream treatment
decisions were made the discretion of the treating physician. Major adverse cardiac and

cerebrovascular events, defined as cardiovascular death, non-fatal myocardial infarction,



hospitalisation for heart failure, non-fatal stroke or transient ischaemic attack and resuscitated
cardiac arrest, were monitored. Potentially relevant clinical events were assessed by the Clinical
Safety Committee, which operated independently of the investigators. This committee, blinded to

baseline data and randomised groups, ensured an unbiased evaluation of safety outcomes.

8.2.5. Statistical analysis

The study population included all participants who provided informed consent, and there were no
exclusions. Interim analyses were not performed, and trial enrolment was considered complete
upon reaching the predetermined recruitment target. Continuous data were represented as mean *
SD or median and IQR, as appropriate. Categorical data were expressed as count (%). Continuous
outcome measures recorded at baseline and 6 months were compared between randomised groups
using a mixed-effects linear regression model, including random effects for patients and fixed effects
for time points (baseline or follow-up), randomised groups and their interaction. The baseline-
adjusted intervention effect was estimated as the interaction term from this model. The chi-squared
or Fisher’s exact test was used, as appropriate, for categorical data analysis. A two-tailed analysis
was conducted, and a P-value of <0.05 was considered statistically significant. All analyses were

performed using R version 4.2.2 (Vienna, Austria) 1?7.

To detect a mean group difference of change in SAQSS of 11 units, a sample size of 47 patients per
group was calculated to provide 80% power to determine a between-group difference in SAQSS. This
calculation assumed a two-tailed 5% significance level and an SD of 19 units, consistent with
previous studies such as the CorMICA trial, which observed a change in SAQSS score of 11.7 units (P

=0.001) with CFT-linked medical therapy compared with placebo in patients with ANOCA &°.



8.3. Results

From 15 November 2021 to 12 August 2023, 131 elective patients referred for invasive CFT because
of suspected ANOCA were screened. Thirteen patients (9.9%) were excluded owing to patient
preference, and four (3%) were excluded for logistical reasons. In total, 114 (87%) patients provided
informed consent before undergoing ICA. Among them, obstructive CAD was detected in 12 (9.2%)

patients, and the remaining 102 were randomised (n = 51 intervention group; n = 51 control group).

The patient cohort had a mean age of 58.5 + 0.9 years, with 57.8% of the participants being women.
Clinical, laboratory and medication data are listed in Table 8.1. Both groups exhibited a high
prevalence of cardiovascular risk factors and the use of preventative and anti-anginal medications.
Almost half (48%) had previously undergone ICA. At baseline, the mean SAQ angina frequency score
was 60.4 + 23.5, indicating a frequency of weekly to monthly angina episodes (SAQ frequency score
31-60 denotes weekly angina, whereas 61-99 denotes monthly angina). The mean SAQ angina
limitation score was 59.9 + 20.9, reflecting mild to moderate angina limitation. Over one-third
displayed evidence of cardiac ischaemia on non-invasive stress testing (stress echocardiography n =

27 [32.5%], myocardial perfusion scan n = 6 [40%]).

Table 8.1: Patient characteristics

Age, years 58.5+10.9 58.1+11.7 58.8 +10.0

Female 59 (57.8%) 31 (60.8%) 28 (54.9%)

Body mass index, kg/m? 26.6+3.3 26.2+2.8 27.1+3.7




Ethnicity

Caucasian 75 (73.5%) 40 (78.4%) 35 (68.6%)
Asian 9 (8.8%) 4 (7.8%) 5(9.8%)
Southeast Asian 6 (5.9%) 1(1.96%) 5(9.8%)
Middle Eastern 11 (10.8%) 6 (11.8%) 5(9.8%)
Others 1(1.0%) 0 (0%) 1(2.0%)

Smoking status, n (%)

Never 63 (61.8%) 30 (58.8%) 33 (64.7%)
Former 13 (12.7%) 9 (17.6%) 4 (7.%)
Current 26 (25.5%) 12 (23.5%) 14 (27.5%)

Hypertension

50 (49.0%)

23 (45.1%)

27 (52.9%)

Hypercholesterolaemia

58 (56.9%)

27 (52.9%)

31 (60.8%)

Diabetes

16 (15.7%)

6 (11.8%)

10 (19.6%)

Overweight

61 (59.8%)

31 (60.8%)

30 (58.8%)

Family history of CAD

37 (36.3%)

22 (43.1%)

15 (29.4%)

Peripheral vascular disease

6 (5.9%)

3(5.9%)

3(5.9%)

CAD

10 (9.8%)

6 (11.8%)

4(7.8%)

Previous invasive coronary angiogram

49 (48.0%)

25 (49.0%)

24 (47.1%)

Cerebrovascular accident 2 (2.0%) 0 (0%) 2 (3.9%)

Obstructive sleep apnoea 13 (12.7%) 4 (7.8%) 9 (17.6%)
Excessive alcohol 8 (7.8%) 2 (3.9%) 6(11.8%)
Excessive caffeine intake 12 (11.8%) 4 (7.8%) 8 (15.7%)

Migraine

27 (26.5%)

13 (25.5%)

14 (27.5%)

Chronic pain syndrome

24 (23.5%)

11 (21.6%)

13 (25.5%)

Preventative therapy, n (%)

Aspirin

49 (48.0%)

25 (49.0%)

24 (47.1%)

ACE-I/ARB

30 (29.4%)

15 (29.4%)

15 (29.4%)

Statin

66 (45.1%)

22 (43.1%)

24 (47.1%)

Angina therapy, n (%)

Beta-blocker

38 (37.3%)

16 (31.4%)

22 (43.1%)

Calcium channel blockers

24 (23.5%)

13 (25.5%)

11 (21.6%)

Nitrates

19 (18.6%)

8 (15.7%)

11 (21.6%)




Nicorandil 10 (9.8%) 6 (11.8%) 4 (7.8%)
Laboratory

Total cholesterol 3.96+0.73 3.93+0.63 3.97 £ 0.80

LDL 1.89+0.69 1.82+0.73 1.93+0.67

HDL 1.35+0.37 1.40+0.31 1.31+041

Triglycerides 1.42+0.55 1.33+0.55 1.49+0.55

Hbalc 5.43+0.58 5.19 £ 0.69 5.61+0.42

CCS angina class:

1 32 (31.4%) 18 (35.3%) 14 (27.5%)
2 37 (36.3%) 16 (31.4%) 21 (41.2%)
3 27 (26.5%) 12 (23.5%) 15 (29.4%)
4 4 (3.9%) 3(5.9%) 1(1.96%)

Angina pattern:

Predominately rest

32 (31.4%)

17 (33.3%)

15 (29.4%)

Predominately exertion

27 (26.5%)

16 (31.4%)

11 (21.6%)

Mixed

43 (42.2%)

18 (35.3%)

25 (49.0%)

Circadian pattern:

Predominately daytime (7 am—7 pm)

36 (35.3%)

19 (37.3%)

17 (33.3%)

Predominately nocturnal (7 pm—7 am)

19 (18.6%)

9 (17.6%)

10 (19.6%)

Throughout the day

47 (46.1%)

23 (45.1%)

24 (47.1%)

Seattle Angina Questionnaire

Summary 55.9+15.8 56.4+15.1 55.3+16.7

Limitation 59.9+20.9 58.8+21.9 61.1+20.1

Stability 48.4 +23.1 51.3+233 45.6 £22.8

Frequency 60.4 £ 235 61.7+22.7 59.2+245

Satisfaction 67.0+24.1 65.7+21.4 68.4 + 26.6

Angina QoL 41.1+19.2 40.3+18.8 42.0+£19.6
Quality of life (EQ-5D-5L)

Index score 0.58 £0.22 0.59+0.22 0.57+0.2

VAS score 62.0+14.2 62.8+15.6 61.2+12.7
Treatment satisfaction (TSQM-9)

Effectiveness 55.0+15.6 55.4+15.9 545+15.4




Convenience 61.9+15.0 61.8+15.3 62.0+14.8

Global satisfaction 54.6 +13.0 55.5+14.5 53.8+1.4

Psychological distress (PHQ-4)

Total score 4.11+3.11 4.06+2.79 4.16+3.44

Iliness perception (B-1PQ)

Total score 47.2+9.10 48.1+8.72 46.2 £9.50

Stress echocardiography

Normal 50 (60.2%) 23 (56.1%) 27 (64.3%)
Inconclusive 6 (7.2%) 4 (9.8%) 2 (4.8%)
Abnormal 27 (32.5%) 14 (34.1%) 13 (31.0%)

Radionuclide myocardial perfusion

Negative or inconclusive 9 (60.0%) 6 (66.7%) 3 (50.0%)

Abnormal 6 (40.0%) 3(33.3%) 3(50.0%)

ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker, CAD = coronary artery disease,

Values are mean + or n (%)

Most ICAs were performed using radial arterial access (75.5%). In the intervention group, the median
procedural time was 53 min (IQR: 50-61), compared with 36 min (IQR: 32-41.5) in the control group.
Similarly, the median total volume of contrast used was higher at 140 min in the intervention group
(IQR: 120-160) compared with 100 min (IQR: 90-110) in the control group. The LAD was the target
vessel in 94% (48/51) of the patients in the control group and 96% (49/51) in the intervention group.
A total of 145 (94.8%) vessels were interrogated in the intervention group. Across all randomised
patients, the median FFR in the LAD was 0.90 (IQR: 0.87-0.93), indicative of non-obstructive CAD. Of
the 102 patients, 35 (34.3%) had isolated MVA, 22 (21.6%) had isolated VSA and 27 (26.5%) had
mixed (both) disease. Coronary vasomotor disorder was absent in 18 (17.6%) patients. The

procedural characteristics are summarised in Table 8.2.

Table 8.2: Procedural characteristics



Final access site

Radial

77 (75.5%)

38 (74.5%)

39 (76.5%)

Femoral

25 (24.5%)

13 (25.5%)

12 (23.5%)

Intra-procedural details

Total procedure time (min)

45.0 (35.2, 53.8)

36.0 (32, 41.5)

53.0 (50, 61)

Fluro time (s)

493 (381, 687)

395 (297, 456)

673 (546, 801)

Total contrast (mL)

118 (100, 150)

100 (90, 110)

140 (120, 160)

Angiographic features

Angiographically normal

40 (39.2%)

19 (37.3%)

21 (41.2%)

Acetylcholine testing

Epicardial spasm

49 (48%)

20 (39.2%)

29 (56.9%)

Diffuse spasm

32 (31.4%)

13 (25.4%)

19 (37.3%)

Focal spasm

17 (16.7%)

7 (13.7%)

10 (19.6%)

Microvascular spasm

8 (7.8%)

2 (3.9%)

5 (9.8%)

Invasive physiology*

LAD target artery

95 (93.1%)

48 (94.1%)

47 (92.2%)

Resting transit time, s

0.82 (0.62, 1.15)

0.83 (0.62, 1.11)

0.81(0.63, 1.19)

Hyperaemic transit time, s

0.25 (0.13, 0.36)

0.23 (0.11, 0.40)

0.25 (0.16, 0.34)

RFR

0.93 (0.91, 0.95)

0.93 (0.91, 0.95)

0.92 (0.90, 0.95)

FFR

0.90 (0.87, 0.93)

0.90 (0.88, 0.94)

0.91 (0.86, 0.93)

Index of micro-circulatory resistance

18.0 (12.0, 29.0)

18.0 (12.2, 31.0)

18.0 (12.0, 24.0)

Coronary flow reserve

3.25(2.38, 4.73)

3.35(2.30, 4.77)

3.25(2.52, 4.65)

Endotypes

MVA 35 (34.3%) 17 (33.3%) 18 (35.3%)
VSA 22 (21.6%) 11 (21.6%) 11 (21.6%)
Mixed 27 (26.5%) 9 (17.6%) 18 (35.3%)
Non-cardiac 18 (17.6%) 14 (27.5%) 4 (7.8%)
Complications

Atrial fibrillation 10 (9.8%) 3 (5.9%) 5 (9.8%)
Coronary dissection 2 (2.5%) 1(2%) 1(2%)




*First vessel tested

FFR = fractional flow reserve, MVA = microvascular angina, RFR = resting flow reserve, VSA = vasospastic angina

Values are median and IQR or n (%)

8.3.1. Primary outcome

All enrolled patients (n = 102) completed the primary outcome assessment (SAQ). At 6-month
follow-up, the SAQSS was not significantly different between the randomised groups. At 6 months,
the SAQSS in the intervention and control groups were 66.3 + 14.6 (change of 10.9 + 13.9 from
baseline) vs 64.3 + 11.5 (change of 7.9 + 13.5 from baseline), with no significant difference (P =
0.260) [Table 8.3]. This finding was consistent across all SAQ domains. Stratification by ANOCA

endotype revealed no difference in the SAQSS outcome between the randomised groups.

8.3.2. Secondary outcome

8.3.2.1. Diagnostic utility

The intervention yielded a significantly greater prevalence of coronary vasomotor disorders in the
patient cohort than in the control group (92.2% vs 72.5%, P = 0.019) [Table 8.4]. Across ANOCA
endotypes, the intervention demonstrated a higher prevalence of mixed disease (35.3% vs 17.6%, P
= 0.043). However, no significant differences were observed in the incidences of isolated MVA
(35.3% vs 33.3%, P = 1.00) and VSA (21.6% vs 21.6%, P = 1.00). Multi-vessel CFT modified the

diagnosis in 35.3% (18/51) of the patients in the intervention group.

8.3.2.2. Health status



Health-related quality of life (as assessed using the EQ-5D-5L questionnaire) at 6 months was higher
in the intervention arm (utility index score 0.095; 95% Cl: 0.01-0.18; P = 0.036, visual analogue score
7.6; 95% Cl: 1.1-14.0; P = 0.023). Treatment satisfaction for the convenience domain of TSQM-9
demonstrated a between-group difference of 8.8 points (95% Cl: 2.0-15.5; P = 0.012). For the global
satisfaction domain, the between-group difference was 7.4 points (95% Cl: 0.7-14.1; P = 0.032).
Significant differences were not observed in the illness perception (B-IPQ, P = 0.789) or psychological

distress levels (PHQ-4, P = 0.708).

8.3.2.3. Clinical utility

Physicians were more inclined to include anti-anginal therapy in the intervention arm than in the
control arm (84.3% vs 58.8%, P = 0.008). There was no difference in the use of preventative therapy
between the groups at the 6-month mark (66.7% vs 60.8%, P = 0.680). In the control group,
physicians were more likely to refer for non-cardiovascular investigations following CFT (23.5% vs
9.8%, P = 0.031). Physician inclination towards downstream cardiovascular-specific investigations did

not differ (P = 0.603).

8.3.2.4. Safety profile

Adverse events related to coronary function testing

Although no fatal adverse events were reported during CFT, two serious adverse events were
observed, one in each group. Both incidents entailed guiding catheter-induced coronary dissections
that necessitated percutaneous coronary intervention. One of the incidents resulted from multi-
vessel testing, and the other occurred from single-vessel testing. ACh provocation-induced atrial
fibrillation happened in 5.9% (3/51) of the patients in the control group and 9.8% (5/51) in the

intervention group. In the latter group, two patients required DC cardioversion and were discharged



without prolonged hospital stay. The remaining cases of atrial fibrillation resolved spontaneously

within 30 min, with no need for treatment or consequent thromboembolic events.

Adverse events following coronary function testing

All participants’ vital status at 6 months was obtained via face-to-face consultations,
teleconsultations and verification of electronic health records. MACE (5.9% in the control group vs
3.9% in the intervention group; P = 1.00) or unplanned hospitalisations owing to angina (13.7% in the
control group vs 7.8% in the intervention group; P = 0.52) did not differ significantly throughout the

6-month follow-up period. Furthermore, no mortality events occurred during this duration.

Table 8.3: Primary outcome and changes in health status at 6 months

6 Change from 6 Change from | Estimate 95% CI P-
months baseline months baseline Value

Primary efficacy endpoint — Seattle Angina Questionnaire

Angina summary 64.3 ¢ 7.87+£13.5 66.3 10.9+13.9 3.067 -8.369 to 0.26
score 11.5 14.6 2.236

Angina limitation 67.0 = 8.20+21.5 69.8 = 8.66 +24.2 0.462 -9.342to | 0.919

14.8 15.5 8.417
Angina stability 559+ 4.61+24.5 58.4 + 12.8+28.0 8.235 -18.426 0.117
20.4 234 to 1.956
Angina frequency 69.2 £ 7.55+23.6 68.3 ¢ 9.12+23.6 1.569 -10.717 0.738
18.9 21.4 to 7.58
Angina treatment 71.2 5.56+29.1 74.1 + 5.76 £ 28.6 0.204 -11.392 0.972
satisfaction 20.1 20.6 to 10.983
Angina QoL 53.0+ 12.8 £18.7 52.7+ 10.7 £ 23.0 -2.087 —-6.033to | 0.616
15.4 21.7 10.207

Secondary efficacy endpoint — Health status




Index score 0.60 = 0.02+0.25 0.68 = 0.11+0.19 0.095 0.008 to 0.036
0.09 0.10 0.183

VAS score 65.5 % 2.65+18.2 714 £ 10.2+14.9 7.588 1.136 to 0.023
12.1 11.5 14.04

Iliness perception 455+ -2.72+8.40 431+ -3.27+123 -0.559 -3.529to | 0.789
(B-1PQ) 8.02 9.55 4.646

Psychological 3.63¢% -0.43£3.32 3.53¢ -0.71+4.03 -0.275 -1.158to | 0.708
distress (PHQ-4) 2.05 2.29 1.707

Effectiveness 57.6% 2.17£16.5 63.0% 8.51+20.8 6.336 0.952 to 0.092
10.7 16.1 13.623

Convenience 624+ 0.65+16.2 715 9.43+18.5 8.779 2.038to 0.012
10.1 +15.0 15.52

Global 57.3% 1.82+15.2 63.0% 9.24+19.0 7.423 0.747 to 0.032
satisfaction 9.74 16.3 14.098

Values mean * or n (%) unless otherwise indicated.

*Adjusted mean difference at 6 months (intervention—control). Seattle Angina Questionnaire (SAQ): lower scores represent
worse angina symptoms. lliness perception: a lower score reflects a less threatening view of the illness. Patient Health
Questionnaire-4 (PHQ4) is a four-item brief screening tool for anxiety and depression; higher scores indicate more
psychological distress. VAS is a visual analogue score of EQ-5D validated quality of life tool, and higher scores indicate a
better quality of life. B-IPQ = Brief lliness Perception Questionnaire

Table 8.4: Secondary outcomes

Clinical events
Major cardiovascular events 5 (4.9%) 3 (5.9%) 2 (3.9%) 1.000
All-cause death 0 (0.0%) 0 (0.0%) 0 (0.0%) 1.000
Cerebrovascular event 0 (0.0%) 0 (0.0%) 0 (0.0%) 1.000
Heart failure hospitalisation 1(1%) 1(2.0%) 0 (0.0%) 1.000
Non-fatal myocardial Infarction: 4 (3.9%) 2 (3.9%) 2 (3.9%) 1.000
Hospitalisation for angina 11 (10.8%) 7 (13.7%) 4 (7.8%) 0.523
Clinical utility
Preventative therapy 63 (61.8%) 31 (60.8%) 32 (62.7%) 1.000




Anti-anginal therapy 73 (71.6%) 30 (58.8%) 43 (84.3%) 0.008
Change in medical therapy 53 (52.0%) 33 (64.7%) 20 (39.2%) 0.017
Additional cardiovascular tests 4 (3.9%) 3 (5.9%) 1(2%) 0.603
Additional non-cardiovascular tests 17 (16.7%) 12 (23.5%) 5(9.8%) 0.031
Diagnostic utility
Coronary vasomotor disorder 84 (82.4%) 37 (72.5%) 47 (92.2%) 0.019
MVA 35 (34.3%) 17 (33.3%) 18 (35.3%) 1.000
VSA 22 (21.6%) 11 (21.6%) 11 (21.6%) 1.000
Mixed 27 (26.5%) 9 (17.6%) 18 (35.3%) 0.043
Non-cardiac 18 (17.6%) 14 (27.5%) 4 (7.84%) 0.019

MVA = microvascular angina, VSA = vasospastic angina

Values are mean + or n (%)

8.4. Discussion

In this randomised controlled trial, compared with single-vessel, multi-vessel CFT did not significantly
improve the angina burden despite its superior diagnostic ability to identify the cause of angina.
However, the intervention was associated with improved health-related quality of life and treatment
satisfaction. Patients in the control group were more often referred for downstream investigations,

likely due to a diagnosis of non-cardiac chest pain.

Participants were enrolled from four hospitals across Australia over a 20-month period. For the
primary efficacy endpoint, the overall treatment effect of the intervention—a 6-month difference in
angina burden—was not significant (3U, 95% Cl: -8.37 to 2.24; P = 0.26). Several factors may

account for the absence of a significant between-group improvement.



First, effective disease-modifying therapies are unavailable for patients with ANOCA. Current
treatment recommendations lack robust evidence, with many supported by small-scale studies
demonstrating varying degrees of efficacy 8. Several of these studies did not differentiate between
ANOCA sub-types, which is crucial for effectively managing these patients 828, Despite the
widespread use of anti-anginal agents such as beta-blockers and CCBs as first-line treatments,
evidence is limited, particularly in patients with CMD 8, Clinicians have limited options, as
demonstrated in our cohort, where all patients diagnosed with an ANOCA endotype (n = 84) were on
either a beta-blocker (n = 35) or a CCB (n = 49) at 6-month follow-up. Moreover, Sinha et al. showed
that patients with an impaired CFR benefit the most from anti-ischaemic therapy #. The
comparable prevalence of impaired CFR between the groups (45.1% vs 31.4%, P = 0.154) may

explain the lack of improvement in angina burden across both cohorts.

Second, the treating cardiologist retained discretion over final treatment decisions. A recent survey
highlighted the considerable heterogeneity among practising cardiologists regarding prescribed
treatments, with one in three reporting a neutral sentiment or lack of confidence in managing
patients with ANOCA %, Despite advancements, the optimal management of these patients remains
challenging owing to the variability in underlying mechanisms and the potential for concurrent
disorders. Many physicians face challenges in optimising the pharmacological therapy for these
patients. Ideally, those with ANOCA should receive collaborative care from their referring physician
and experts at specialised ANOCA centres, where the necessary expertise in managing this complex
condition is available 8. A personalised strategy involving sequential initiation of treatments, with
careful titration every few weeks, is often necessary to evaluate therapeutic effectiveness and
ensure patient tolerance and compliance. This task becomes difficult when patients have concurrent
disorders that require navigating complex treatment regimens and considerations. The higher

incidence of mixed disease in the intervention compared with the control group (35.3% vs 17.6%)



might have complicated matters for treating physicians, mainly if they were unfamiliar with

managing concurrent ANOCA endotypes.

Third, because of potential limitations in experience, expertise and local availability, several second-
and third-line pharmacological therapies for patients experiencing refractory symptoms were under-
utilised. At 6-month follow-up, only two patients were prescribed cilostazol, and none received
prescriptions for ranolazine, ivabradine or cyproheptadine. Although evidence supporting the

efficacy of these therapies is limited, they have demonstrated some effectiveness in clinical practice

183,186-189

Despite the lack of objective improvement in angina status, multi-vessel CFT significantly enhanced
health-related quality of life and treatment satisfaction at 6-month follow-up. The effect of receiving
a definitive diagnosis presumably alleviated the uncertainty and provided validation to a cohort that
usually experiences repeated presentations to multiple medical providers. Furthermore, a diagnosis
followed by physician-guided therapy likely served as a powerful motivator for patients to adopt
lifestyle modifications and adhere more closely to medication regimens. Consistent with recent
trials, obtaining a diagnosis was associated with reduced downstream investigations, namely non-
cardiovascular related, alleviating patient burden and curbing healthcare costs linked to unnecessary

repetitive testing.

8.4.1. Clinical relevance of multi-vessel CFT in ANOCA

Considering clinical implications, multi-vessel CFT increased the proportion of patients diagnosed
with an ANOCA endotype. Moreover, it established the presence of coexisting coronary functional

abnormalities, such as enhanced coronary vasoreactivity and elevated microvascular resistance,



which are indicative of a poor prognosis 1?°. In addition, this intervention was associated with
improvements in health-related quality of life and treatment satisfaction but not angina burden. An
equal number of serious adverse procedural events occurred in both groups. The intervention group
exhibited longer median procedural times and increased contrast administration. Therefore,
clinicians should consider adjunctive CFT in contralateral epicardial arteries if uncertainty persists

after single-vessel testing.

Notably, two guide catheter-induced dissections occurred (2%), exceeding contemporary rates
for routine coronary angiography. Risk may be minimised by strict coaxial, shallow engagement,
avoidance of pressure damping, and use of less aggressive guide shapes. Mechanistically,
ANOCA patients may exhibit heightened vasomotor reactivity and vulnerable intimal surface,
potentially increasing susceptibility to ostial injury though this hypothesis merits further
evaluation. This reinforces that careful patient selection and the operator’s expertise are vital to

mitigate potential risks of such procedures.

8.4.2. Limitations

First, this study adhered to binary cut-offs for CFT, aligning with internationally recognised protocols
and diagnostic criteria for chronic coronary syndromes. Given the intricate pathophysiology of these
conditions, indeterminate (borderline) test results might have been misclassified. Second, while
blinding patients to group allocation would have reduced the bias, our local ethics committee
precluded this approach. Third, our reliance on patient-reported outcome measures, although
valuable, introduces susceptibility to bias, given that patients and cardiologists were aware of group
allocations. Incorporating objective measures of functional capacity or conducting repeated CFT
assessments could enhance the study’s robustness; however, the associated patient burden and
increased risk from repeated invasive testing warrant caution. Fourth, endothelial dysfunction was

not specifically tested using a low-dose, slow ACh infusion, which could have potentially affected the



diagnostic yield of CFT. Similarly, intra-vascular imaging to identify myocardial bridging was not
performed due to the considerable demands on the study participants. Lastly, the study’s duration
might have limited the assessment of long-term outcomes, including the sustained impact of multi-

vessel CFT on angina burden and clinical events.

8.5. Conclusions

In patients with ANOCA, multi-vessel CFT did not influence the angina burden despite its increased
yield in diagnosing the cause of the condition. Nonetheless, multi-vessel CFT improved health-
related quality of life and treatment satisfaction. This observation highlights the need for more

effective therapy in patients with ANOCA.



Chapter Nine: Conclusions and Future Directions

ANOCA encompasses a heterogeneous group of pathologies that often result in recurrent angina,
poor quality of life, frequent hospitalisations and adverse cardiovascular outcomes. Despite its
clinical significance, the diagnosis and management of ANOCA remain challenging and require more
nuanced approaches beyond conventional coronary assessments. This thesis investigated the
diagnostic and prognostic value of invasive CFT in ANOCA via a series of multi-centre prospective
studies. It explored the prevalence of coronary vasomotor disorders, evaluated the diagnostic
accuracy of CFT protocols and assessed the impacts of these diagnostic procedures on patient health
status. The findings aimed to refine diagnostic strategies, enhance patient care and improve long-
term management for patients with ANOCA, offering valuable insights for clinical practice and future

research.

Chapter three investigated the prevalence and predictive factors of CVDys in an Australian cohort of
patients with ANOCA, utilising invasive CFT. Among 110 patients, MVA was identified in 31.8%, VSA
in 25.5% and a mixed presentation of MVA and VSA in 24.5%. Patients with CVDys were older (59 +
11 vs 51 * 15 years, P = 0.024), more likely to be overweight (61.1% vs 15.0%, P < 0.001) and
reported a lower quality of life (EQ-5D-5L; 0.61 vs 0.67, P = 0.043). MVA was significantly associated
with being overweight (OR, 4.2; 95% Cl, 1.9-9.3; P = 0.015) and ischaemia on stress testing (OR, 2.4;
95% Cl, 1.1-4.3; P = 0.028), whereas VSA was strongly linked to smoking (OR, 9.1; 95% Cl, 2.21-39.3;
P = 0.007). These findings underscore the high prevalence of CVDys in patients with ANOCA and

highlight the crucial role of CFT in their diagnostic evaluation.

Chapter four evaluated the diagnostic validity of current ACh provocation protocols, focusing on a

maximum dose of 200 ug for the LCA and 80 ug for the RCA in diagnosing CAS. This multi-centre,



prospective observational study included 82 patients, encompassing those with suspected ANOCA
and those referred for ICA for non-coronary indications. Among patients with inducible spasm on
ACh provocation testing, 93.4% (61/65) had typical angina consistent with CAS. The
conventional ACh dosage regimen (up to 100 ug in the LCA and 50 ug in the RCA) yielded a
diagnostic rate of 67.1% (55/82). The higher dosage regimen 200 pg in the LCA and 80 ug in the
RCA) led to an increased detection of symptomatic CAS (n=61) but was associated with a higher
incidence of false positives (n = 4) compared to the conventional doses (n = 1). While higher ACh
doses significantly improves sensitivity, there is a trend toward reduced specificity suggests a
higher likelihood of false-positive results. These results suggest this approach should be
reserved for patients with a high clinical suspicion of CAS, and results should be interpreted

within the broader clinical context

Chapter five assessed the diagnostic effect of prior intra-vascular NTG administration on ACh
provocation testing. This study, conducted across two tertiary referral centres, included 102
patients, 40 of whom were diagnosed with epicardial CAS and underwent an ACh rechallenge. To
determine the re-inducibility of epicardial spasm, ACh was re-administered at 5-min intervals into
the affected coronary artery in patients who initially tested positive. The results indicated that the
sensitivity of ACh provocation testing decreased to 30% at 5 min and to 55% at 10 min post-NTG
administration. Furthermore, a time-dependent reduction in MLD was observed, with a 47% (£0.30)
decrease at 5-min post-NTG, which increased to 64% (+0.24) at 10 min. These findings suggest that
clinicians should avoid NTG administration before ACh provocation testing or at least delay testing

for greater than 10 min post-NTG to improve diagnostic accuracy.

Chapter six determined the incidence of back-up pacing during ACh provocation testing and

identified potential predictive factors in patients with ANOCA suspected of CAS. A TTP was inserted



into the right ventricle via the femoral vein before ACh testing, with activation triggered by a
prolonged sinus pause (>5 s) or profound bradycardia (<30 bpm for >30 s). During ACh provocation
of the LCA, 25.5% of the patients required back-up pacing, with a higher incidence in those with left
coronary dominance (42.3% vs 11.8%, P = 0.001) and at higher ACh doses. For the RCA, 61.7% of the
patients required pacing, which was significantly more frequent in those with baseline sinus
bradycardia than those without the condition (25.9% vs 5.2%, P = 0.036). These findings support the
use of prophylactic TTP during ACh provocation testing of the RCA, especially in patients with
baseline sinus bradycardia. For LCA testing, clinicians should consider TTP placement in patients with

left coronary dominance or when administering high doses of ACh.

Chapter seven examined the diagnostic yield of multi-vessel vs single-vessel invasive CFT in patients
with ANOCA. This multi-centre, prospective observational study included 228 vessels from 80
patients. Multi-vessel CFT resulted in more patients being diagnosed with CVDys (86.3% vs 68.8%, P
=0.0005), CAS (60.0% vs 47.5%, P = 0.004) and CMD (62.5% vs 36.3%, P < 0.001) compared with
single-vessel testing. Among patients with CAS (n = 48), spasms predominantly affected the left
coronary system (n = 38), with isolated right coronary spasms occurring in 20.8% of the patients.
CMD was observed in 62.5% of the cohort, affecting one vessel in 33.8%, two in 18.8%, and three in
10%. These findings demonstrate that compared with single-vessel testing, multi-vessel CFT provides
a higher diagnostic yield in patients with ANOCA. This observation suggests that multi-vessel CFT has

a role in managing patients with ANOCA.

Chapter eight explored whether multi-vessel, compared with single-vessel, CFT would improve
health outcomes in patients with ANOCA. In this multi-centre, randomised controlled trial, patients
were randomised 1:1 to either the intervention (multi-vessel CFT) or the control group (single-vessel

CFT). The primary outcome was the mean difference in angina severity at 6 months, assessed using



the SAQSS. Secondary outcomes included diagnostic utility, health-related quality of life and
treatment satisfaction. A total of 102 participants were randomised (51 in each group). Multi-vessel
CFT resulted in a higher diagnosis rate of CVDys than single-vessel testing (92.2% vs 72.5%, P =
0.019). Nonetheless, at 6 months, there was no significant difference in SAQSS between the groups
(change from baseline: 10.9 + 13.9 vs 7.9 + 13.5; P = 0.260). Multi-vessel CFT was linked to significant
improvements in health-related quality of life (EQ-5D-5L utility index score 0.095; 95% Cl: 0.01-0.18;
P = 0.036, visual analogue score 7.6; 95% Cl: 1.1-14.0; P = 0.023) and global treatment satisfaction
(anincrease of 7.4 points; 95% Cl: 0.7-14.1; P = 0.0325). Although multi-vessel CFT did not reduce
the angina burden, it considerably improved health-related quality of life and patient satisfaction in

those with ANOCA.

This thesis has offered critical insights into the diagnostic and prognostic value of invasive CFT in
patients with ANOCA, shedding light on the prevalence of coronary vasomotor disorders and
highlighting the diagnostic nuances of prevailing protocols. As diagnostic strategies continue to
evolve, the findings presented in this thesis may guide development of a globally standardised
CFT protocol to ensure consistent identification of ANOCA endotypes across centres. The next
step lies in translating diagnostic insights into personalised therapies that target specific
underlying mechanisms. Future research should prioritise randomised controlled trials
evaluating endotype-specific treatments to improve both symptom control and long-term
outcomes. Bridging diagnostic advances with therapeutic innovation will lead to improved

patient care, enhanced quality of life, and more effective long-term management of ANOCA.



References

10.

11.

12.

Jespersen L, Hvelplund A, Abildstrgm SZ, Pedersen F, Galatius S, Madsen JK,
Jgrgensen E, Kelbaek H, Prescott E. Stable angina pectoris with no obstructive
coronary artery disease is associated with increased risks of major adverse
cardiovascular events. Eur Heart J. 2012;33:734-744. doi: 10.1093/eurheartj/ehr331
Maddox TM, Stanislawski MA, Grunwald GK, Bradley SM, Ho PM, Tsai TT, Patel MR,
Sandhu A, Valle J, Magid DJ, et al. Nonobstructive coronary artery disease and risk of
myocardial infarction. Jama. 2014;312:1754-1763. doi: 10.1001/jama.2014.14681
Kunadian V, Chieffo A, Camici PG, Berry C, Escaned J, Maas AHEM, Prescott E, Karam
N, Appelman Y, Fraccaro C, 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 & Microcirculation
Endorsed by Coronary Vasomotor Disorders International Study Group.
Eurointervention. 2021;16:1049-1069. doi: 10.4244/eijy20m07_01 PMID - 32624456
Tavella R, Cutri N, Tucker G, Adams R, Spertus J, Beltrame JF. Natural history of
patients with insignificant coronary artery disease. Eur Heart J Qual Care Clin
Outcomes. 2016;2:117-124. doi: 10.1093/ehjqcco/qcv034

Kunadian V, Chieffo A, Camici PG, Berry C, Escaned J, Maas AHEM, Prescott E, Karam
N, Appelman Y, Fraccaro C, 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. Eur Heart J.
2020;41:3504-3520. doi: 10.1093/eurheartj/ehaa503

Komaru T, Kanatsuka H, Shirato K. Coronary microcirculation: physiology and
pharmacology. Pharmacol Ther. 2000;86:217-261. doi: 10.1016/s0163-
7258(00)00057-7

Camici PG, Crea F. Coronary Microvascular Dysfunction. New Engl J Med.
2007;356:830-840. doi: 10.1056/NEJMra061889

Kuo L, Chilian WM, Davis MJ. Coronary arteriolar myogenic response is independent
of endothelium. Circ Res. 1990;66:860-866. doi: 10.1161/01.res.66.3.860

Pries AR, Badimon L, Bugiardini R, Camici PG, Dorobantu M, Duncker DJ, Escaned J,
Koller A, Piek JJ, De Wit C. Coronary vascular regulation, remodelling, and
collateralization: mechanisms and clinical implications on behalf of the working
group on coronary pathophysiology and microcirculation. Eur Heart J. 2015;36:3134-
3146.

Kaski J-C, Crea F, Gersh BJ, Camici PG. Reappraisal of ischemic heart disease:
fundamental role of coronary microvascular dysfunction in the pathogenesis of
angina pectoris. Circulation. 2018;138:1463-1480.

Tsai S-H, Lu G, Xu X, Ren Y, Hein TW, Kuo L. Enhanced endothelin-1/Rho-kinase
signalling and coronary microvascular dysfunction in hypertensive myocardial
hypertrophy. Cardiovasc Res. 2017;113:1329-1337.

Crea F, Camici PG, Bairey Merz CN. Coronary microvascular dysfunction: an update.
Eur Heart J. 2014;35:1101-1111.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Takahashi J, Nihei T, Takagi Y, Miyata S, Odaka Y, Tsunoda R, Seki A, Sumiyoshi T,
Matsui M, Goto T, et al. Prognostic impact of chronic nitrate therapy in patients with
vasospastic angina: multicentre registry study of the Japanese coronary spasm
association. Eur Heart J. 2014;36:228-237. doi: 10.1093/eurheartj/ehu313

Haddock RE, Hill CE. Rhythmicity in arterial smooth muscle. J Physiology.
2005;566:645-656. doi: 10.1113/jphysiol.2005.086405

Nakano T, Osanai T, Tomita H, Sekimata M, Homma Y, Okumura K. Enhanced activity
of variant phospholipase C-deltal protein (R257H) detected in patients with
coronary artery spasm. Circulation. 2002;105:2024-2029. doi:
10.1161/01.cir.0000014613.36469.3f

Kakkar R, Ye B, Stoller DA, Smelley M, Shi NQ, Galles K, Hadhazy M, Makielski JC,
McNally EM. Spontaneous coronary vasospasm in KATP mutant mice arises from a
smooth muscle-extrinsic process. Circ Res. 2006;98:682-689. doi:
10.1161/01.RES.0000207498.40005.e7

Blissemaker E, Pistrosch F, Forster S, Herbrig K, Gross P, Passauer J, Brandes RP. Rho
kinase contributes to basal vascular tone in humans: role of endothelium-derived
nitric oxide. Am J Physiol Heart Circ Physiol. 2007;293:H541-547. doi:
10.1152/ajpheart.00770.2006

Lanza GA, Careri G, Crea F. Mechanisms of coronary artery spasm. Circulation.
2011;124:1774-1782. doi: 10.1161/circulationaha.111.037283

Camici PG, Tschope C, Di Carli MF, Rimoldi O, Van Linthout S. Coronary microvascular
dysfunction in hypertrophy and heart failure. Cardiovasc Res. 2020;116:806-816.
Prinzmetal M, Kennamer R, Merliss R, Wada T, Bor N. Angina pectoris. I. A variant
form of angina pectoris; preliminary report. Am J Med. 1959;27:375-388. doi:
10.1016/0002-9343(59)90003-8

Yasue H, Touyama M, Shimamoto M, Kato H, Tanaka S. Role of autonomic nervous
system in the pathogenesis of Prinzmetal's variant form of angina. Circulation.
1974;50:534-539. doi: 10.1161/01.cir.50.3.534

Yasue H, Touyama M, Kato H, Tanaka S, Akiyama F. Prinzmetal's variant form of
angina as a manifestation of alpha-adrenergic receptor-mediated coronary artery
spasm: documentation by coronary arteriography. Am Heart J. 1976;91:148-155. doi:
10.1016/s0002-8703(76)80568-6

Maseri A, Severi S, Nes MD, L'Abbate A, Chierchia S, Marzilli M, Ballestra AM, Parodi
O, Biagini A, Distante A. "Variant" angina: one aspect of a continuous spectrum of
vasospastic myocardial ischemia. Pathogenetic mechanisms, estimated incidence
and clinical and coronary arteriographic findings in 138 patients. Am J Cardiol.
1978;42:1019-1035. doi: 10.1016/0002-9149(78)90691-4

Yasue H, Omote S, Takizawa A, Masao N, Hyon H, Nishida S, Horie M. Comparison of
coronary arteriographic findings during angina pectoris associated with S-T elevation
or depression. Am J Cardiol. 1981;47:539-546. doi: 10.1016/0002-9149(81)90536-1
Yasue H, Mizuno Y, Harada E. Coronary artery spasm - Clinical features, pathogenesis
and treatment. Proc Jpn Acad Ser B Phys Biol Sci. 2019;95:53-66. doi:
10.2183/pjab.95.005

Chutkow WA, Pu J, Wheeler MT, Wada T, Makielski JC, Burant CF, McNally EM.
Episodic coronary artery vasospasm and hypertension develop in the absence of
Sur2 K(ATP) channels. J Clin Invest. 2002;110:203-208. doi: 10.1172/jci15672



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sandoo A, van Zanten JICSV, Metsios GS, Carroll D, Kitas GD. The endothelium and its
role in regulating vascular tone. Open Cardiovasc Med J. 2010;4:302-312. doi:
10.2174/1874192401004010302

Shimokawa H. 2014 Williams Harvey Lecture: importance of coronary vasomotion
abnormalities—from bench to bedsidet. Eur Heart J. 2014;35:3180-3193. doi:
10.1093/eurheartj/ehu427

Takaoka K, Yoshimura M, Ogawa H, Kugiyama K, Nakayama M, Shimasaki Y, Mizuno
Y, Sakamoto T, Yasue H. Comparison of the risk factors for coronary artery spasm
with those for organic stenosis in a Japanese population: role of cigarette smoking.
Int J Cardiol. 2000;72:121-126. doi: 10.1016/s0167-5273(99)00172-2

Ong P, Aziz A, Hansen HS, Prescott E, Athanasiadis A, Sechtem U. Structural and
Functional Coronary Artery Abnormalities in Patients With Vasospastic Angina
Pectoris. Circ J. 2015;79:1431-1438. doi: 10.1253/circj.CJ-15-0520

Yoo S-Y, Kim J-Y. Recent insights into the mechanisms of vasospastic angina. Korean
Circ J. 2009;39:505-511. doi: 10.4070/kcj.2009.39.12.505

Yasue H, Hirai N, Mizuno Y, Harada E, Itoh T, Yoshimura M, Kugiyama K, Ogawa H.
Low-grade inflammation, thrombogenicity, and atherogenic lipid profile in cigarette
smokers. Circ J. 2006;70:8-13. doi: 10.1253/circj.70.8

Ohyama K, Matsumoto Y, Takanami K, Ota H, Nishimiya K, Sugisawa J, Tsuchiya S,
Amamizu H, Uzuka H, Suda A, et al. Coronary Adventitial and Perivascular Adipose
Tissue Inflammation in Patients With Vasospastic Angina. J Am Coll Cardiol.
2018;71:414-425. doi: 10.1016/j.jacc.2017.11.046

Waters DD, Miller DD, Bouchard A, Bosch X, Theroux P. Circadian variation in variant
angina. Am J Cardiol. 1984;54:61-64. doi: 10.1016/0002-9149(84)90304-7
Robertson RM, Bernard Y, Robertson D. Arterial and coronary sinus catecholamines
in the course of spontaneous coronary artery spasm. Am Heart J. 1983;105:901-906.
doi: 10.1016/0002-8703(83)90387-3

King MJ, Zir LM, Kaltman AJ, Fox AC. Variant angina associated with angiographically
demonstrated coronary artery spasm and REM sleep. Am J Med Sci. 1973;265:419-
422. doi: 10.1097/00000441-197305000-00009

Pristipino C, Beltrame JF, Finocchiaro ML, Hattori R, Fujita M, Mongiardo R, Cianflone
D, Sanna T, Sasayama S, Maseri A. Major racial differences in coronary constrictor
response between Japanese and Caucasians with recent myocardial infarction.
Circulation. 2000;101:1102-1108.

Beltrame JF, Sasayama S, Maseri A. Racial heterogeneity in coronary artery
vasomotor reactivity: differences between Japanese and Caucasian patients. J Am
Coll Cardiol. 1999;33:1442-1452. doi: 10.1016/s0735-1097(99)00073-x

Sato K, Takahashi J, Odaka Y, Suda A, Sueda S, Teragawa H, Ishii K, Kiyooka T,
Hirayama A, Sumiyoshi T, et al. Clinical characteristics and long-term prognosis of
contemporary patients with vasospastic angina: Ethnic differences detected in an
international comparative study. International Journal of Cardiology. 2019;291:13-
18. doi: 10.1016/j.ijcard.2019.02.038

Park JS, Zhang SY, Jo SH, Seo JB, Li L, Park KW, Oh BH, Park YB, Kim HS. Common
adrenergic receptor polymorphisms as novel risk factors for vasospastic angina. Am
Heart J. 2006;151:864-869. doi: 10.1016/j.ahj.2005.06.009



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Oike Y, Hata A, Ogata Y, Numata Y, Shido K, Kondo K. Angiotensin converting enzyme
as a genetic risk factor for coronary artery spasm. Implication in the pathogenesis of
myocardial infarction. J Clin Invest. 1995;96:2975-2979. doi: 10.1172/jci118369
Murase Y, Yamada Y, Hirashiki A, Ichihara S, Kanda H, Watarai M, Takatsu F,
Murohara T, Yokota M. Genetic risk and gene-environment interaction in coronary
artery spasm in Japanese men and women. Eur Heart J. 2004;25:970-977. doi:
10.1016/j.ehj.2004.02.020

Ito T, Yasue H, Yoshimura M, Nakamura S, Nakayama M, Shimasaki Y, Harada E,
Mizuno Y, Kawano H, Ogawa H. Paraoxonase gene GIn192Arg (Q192R) polymorphism
is associated with coronary artery spasm. Hum Genet. 2002;110:89-94. doi:
10.1007/s00439-001-0654-6

Hikino K, Koyama S, Ito K, Koike Y, Koido M, Matsumura T, Kurosawa R, Tomizuka K,
Ito S, Liu X, et al. RNF213 Variants, Vasospastic Angina, and Risk of Fatal Myocardial
Infarction. Jama Cardiol. 2024;9:723-731. doi: 10.1001/jamacardio.2024.1483

Inoue N, Kawashima S, Kanazawa K, Yamada S, Akita H, Yokoyama M. Polymorphism
of the NADH/NADPH oxidase p22 phox gene in patients with coronary artery disease.
Circulation. 1998;97:135-137. doi: 10.1161/01.cir.97.2.135

Chen CH, Ferreira JC, Gross ER, Mochly-Rosen D. Targeting aldehyde dehydrogenase
2: new therapeutic opportunities. Physiol Rev. 2014;94:1-34. doi:
10.1152/physrev.00017.2013

Park CS, Kim I, Oh GC, Han J-K, Yang H-M, Park KW, Cho H-J, Kang H-J, Koo B-K, Chung
W-Y, et al. Diagnostic Utility and Pathogenic Role of Circulating MicroRNAs in
Vasospastic Angina. Journal of Clinical Medicine. 2020;9:1313.

Miyagi H, Yasue H, Okumura K, Ogawa H, Goto K, Oshima S. Effect of magnesium on
anginal attack induced by hyperventilation in patients with variant angina.
Circulation. 1989;79:597-602. doi: 10.1161/01.cir.79.3.597

Goto K, Yasue H, Okumura K, Matsuyama K, Kugiyama K, Miyagi H, Higashi T.
Magnesium deficiency detected by intravenous loading test in variant angina
pectoris. Am J Cardiol. 1990;65:709-712. doi: 10.1016/0002-9149(90)91375-g

Libby P, Bornfeldt KE, Tall AR. Atherosclerosis: Successes, Surprises, and Future
Challenges. Circ Res. 2016;118:531-534. doi: 10.1161/circresaha.116.308334

Yasue H, Nakagawa H, Itoh T, Harada E, Mizuno Y. Coronary artery spasm--clinical
features, diagnosis, pathogenesis, and treatment. J Cardiol. 2008;51:2-17. doi:
10.1016/j.jjcc.2008.01.001

Yasue H, Kugiyama K. Coronary spasm: clinical features and pathogenesis. Intern
Med. 1997;36:760-765. doi: 10.2169/internalmedicine.36.760

Nakagawa H, Morikawa Y, Mizuno Y, Harada E, Ito T, Matsui K, Saito Y, Yasue H.
Coronary spasm preferentially occurs at branch points: an angiographic comparison
with atherosclerotic plaque. Circ Cardiovasc Interv. 2009;2:97-104. doi:
10.1161/circinterventions.108.803767

Rapold HJ, Grimaudo V, Declerck PJ, Kruithof EK, Bachmann F. Plasma levels of
plasminogen activator inhibitor type 1, beta-thromboglobulin, and fibrinopeptide A
before, during, and after treatment of acute myocardial infarction with alteplase.
Blood. 1991;78:1490-1495.

Miyamoto S, Ogawa H, Soejima H, Takazoe K, Sakamoto T, Yoshimura M, Kugiyama
K, Yasue H. Formation of platelet aggregates after attacks of coronary spastic angina
pectoris. Am J Cardiol. 2000;85:494-497, a410. doi: 10.1016/s0002-9149(99)00779-1



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ong P, Athanasiadis A, Hill S, Vogelsberg H, Voehringer M, Sechtem U. Coronary
artery spasm as a frequent cause of acute coronary syndrome: The CASPAR
(Coronary Artery Spasm in Patients With Acute Coronary Syndrome) Study. J Am Coll
Cardiol. 2008;52:523-527. doi: 10.1016/j.jacc.2008.04.050

MORIMOTO S-I, SHIGAY, HIRAMITSU S, YAMADA K, NOMURA S, MIYAGI Y, NOMURA
M, MIZUNO Y. Plaque rupture possibly induced by coronary spasm: an autopsy case
of acute myocardial infarction. Jpn Circulation J. 1988;52:1286-1292.

Oshima S, Yasue H, Ogawa H, Okumura K, Matsuyama K. Fibrinopeptide A is released
into the coronary circulation after coronary spasm. Circulation. 1990;82:2222-2225.
Kaikita K, Ogawa H, Yasue H, Sakamoto T, Suefuji H, Sumida H, Okumura K. Soluble P-
selectin is released into the coronary circulation after coronary spasm. Circulation.
1995;92:1726-1730.

Misumi I, Ogawa H, Masuda T, Sakamoto T, Okumura K, Yasue H. Increased plasma
plasminogen activator inhibitor activity after coronary spasm. International journal
of cardiology. 1993;41:21-29.

Kobayashi N, Takano M, Hata N, Yamamoto M, Shinada T, Takahashi Y, Tomita K,
Kitamura M, Mizuno K. Optical coherence tomography findings in a case of acute
coronary syndrome caused by coronary vasospasm. International Heart Journal.
2010;51:291-292.

Vrints C, Andreotti F, Koskinas KC, Rossello X, Adamo M, Ainslie J, Banning AP, Budaj
A, Buechel RR, Chiariello GA, et al. 2024 ESC Guidelines for the management of
chronic coronary syndromes: Developed by the task force for the management of
chronic coronary syndromes of the European Society of Cardiology (ESC) Endorsed
by the European Association for Cardio-Thoracic Surgery (EACTS). Eur Heart J. 2024.
doi: 10.1093/eurheartj/ehael77

Ford TJ, Ong P, Sechtem U, Beltrame J, Camici PG, Crea F, Kaski J-C, Merz CNB,
Pepine CJ, Shimokawa H, et al. Assessment of Vascular Dysfunction in Patients
Without Obstructive Coronary Artery Disease Why, How, and When. Jacc Cardiovasc
Interventions. 2020;13:1847-1864. doi: 10.1016/].jcin.2020.05.052 PMID - 32819476
Gould KL, Johnson NP, Bateman TM, Beanlands RS, Bengel FM, Bober R, Camici PG,
Cerqueira MD, Chow BJW, Di Carli MF, et al. Anatomic versus physiologic assessment
of coronary artery disease. Role of coronary flow reserve, fractional flow reserve,
and positron emission tomography imaging in revascularization decision-making.
Journal of the American College of Cardiology. 2013;62:1639-1653. doi:
10.1016/j.jacc.2013.07.076

Demir Ozan M, Boerhout Coen KM, de Waard Guus A, van de Hoef Tim P, Patel N,
Beijk Marcel AM, Williams R, Rahman H, Everaars H, Kharbanda Rajesh K, et al.
Comparison of Doppler Flow Velocity and Thermodilution Derived Indexes of
Coronary Physiology. Jacc Cardiovasc Interventions. 2022;15:1060-1070. doi:
10.1016/j.jcin.2022.03.015

Kelshiker MA, Seligman H, Howard JP, Rahman H, Foley M, Nowbar AN, Rajkumar
CA, Shun-Shin MJ, Ahmad Y, Sen S, et al. Coronary flow reserve and cardiovascular
outcomes: a systematic review and meta-analysis. European heart journal.
2022;43:1582-1593. doi: 10.1093/eurheartj/ehab775

Melikian N, Vercauteren S, Fearon WF, Cuisset T, MacCarthy PA, Davidavicius G,
Aarnoudse W, Bartunek J, Vanderheyden M, Wyffels E, et al. Quantitative



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

assessment of coronary microvascular function in patients with and without
epicardial atherosclerosis. Eurolntervention. 2010;5:939-945.

Luo C, Long M, Hu X, Huang Z, Hu C, Gao X, Du Z. Thermodilution-derived coronary
microvascular resistance and flow reserve in patients with cardiac syndrome X. Circ
Cardiovasc Interv. 2014;7:43-48. doi: 10.1161/circinterventions.113.000953

Solberg OG, Ragnarsson A, Kvarsnes A, Endresen K, Kongsgard E, Aakhus S, Gullestad
L, Stavem K, Aaberge L. Reference interval for the index of coronary microvascular
resistance. Eurolntervention. 2014;9:1069-1075. doi: 10.4244/eijv9i9a181

Lee JM, Layland J, Jung JH, Lee HJ, Echavarria-Pinto M, Watkins S, Yong AS, Doh JH,
Nam CW, Shin ES, et al. Integrated physiologic assessment of ischemic heart disease
in real-world practice using index of microcirculatory resistance and fractional flow
reserve: insights from the International Index of Microcirculatory Resistance
Registry. Circulation Cardiovascular interventions. 2015;8:e002857. doi:
10.1161/circinterventions.115.002857

Lee JM, Jung JH, Hwang D, Park J, Fan Y, Na SH, Doh JH, Nam CW, Shin ES, Koo BK.
Coronary Flow Reserve and Microcirculatory Resistance in Patients With
Intermediate Coronary Stenosis. J Am Coll Cardiol. 2016;67:1158-1169. doi:
10.1016/j.jacc.2015.12.053

Hokimoto S, Kaikita K, Yasuda S, Tsujita K, Ishihara M, Matoba T, Matsuzawa Y,
Mitsutake Y, Mitani Y, Murohara T, et al. JCS/CVIT/JCC 2023 Guideline Focused
Update on Diagnosis and Treatment of Vasospastic Angina (Coronary Spastic Angina)
and Coronary Microvascular Dysfunction. Circ J. 2023;87:879-936. doi:
10.1253/circj.CJ-22-0779

Samuels Bruce A, Shah Samit M, Widmer RJ, Kobayashi Y, Miner Steven ES, Taqueti
Viviany R, Jeremias A, Albadri A, Blair John A, Kearney Kathleen E, et al.
Comprehensive Management of ANOCA, Part 1—Definition, Patient Population, and
Diagnosis. J Am Coll Cardiol. 2023;82:1245-1263. doi: 10.1016/j.jacc.2023.06.043
Vanhoutte PM. Endothelium and control of vascular function. State of the Art
lecture. Hypertension. 1989;13:658-667. doi: 10.1161/01.hyp.13.6.658

Takahashi T, Samuels BA, Li W, Parikh MA, Wei J, Moses JW, Fearon WF, Henry TD,
Tremmel JA, Kobayashi Y. Safety of Provocative Testing With Intracoronary
Acetylcholine and Implications for Standard Protocols. J Am Coll Cardiol.
2022;79:2367-2378. doi: doi:10.1016/j.jacc.2022.03.385

Sueda S, Kohno H, Miyoshi T, Sakaue T, Sasaki Y, Habara H. Maximal acetylcholine
dose of 200 pg into the left coronary artery as a spasm provocation test: comparison
with 100 pg of acetylcholine. Heart Vessels. 2015;30:771-778. doi: 10.1007/s00380-
014-0563-y PMID - 25179297

Sara JD, Corban MT, Prasad M, Prasad A, Gulati R, Lerman LO, Lerman A. The
prevalence of myocardial bridging associated with coronary endothelial dysfunction
in patients with chest pain and non-obstructive coronary artery disease.
Eurointervention. 2020;15:1262-1268.

Tio RA, Monnink SH, Amoroso G, Jessurun GA, Veeger N, Volkers C, Hautvast R, Tan
E, van Gilst WH, van Boven AJ. Safety evaluation of routine intracoronary
acetylcholine infusion in patients undergoing a first diagnostic coronary angiogram.
Journal of investigative medicine. 2002;50:133-139.

Wei J, Mehta PK, Johnson BD, Samuels B, Kar S, Anderson RD, Azarbal B, Petersen J,
Sharaf B, Handberg E. Safety of coronary reactivity testing in women with no



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

obstructive coronary artery disease: results from the NHLBI-sponsored WISE
(Women's Ischemia Syndrome Evaluation) study. Jacc Cardiovasc Interventions.
2012;5:646-653.

Ford TJ, Stanley B, Good R, Rocchiccioli P, McEntegart M, Watkins S, Eteiba H,
Shaukat A, Lindsay M, Robertson K, et al. Stratified Medical Therapy Using Invasive
Coronary Function Testing in Angina: The CorMicA Trial. J Am Coll Cardiol.
2018;72:2841-2855. doi: 10.1016/j.jacc.2018.09.006

Hoshino M, Yonetsu T, Mizukami A, Matsuda Y, Yoshioka K, Sudo Y, Ninomiya R,
Soeda M, Kuroda S, Ono M, et al. Moderate vasomotor response to acetylcholine
provocation test as an indicator of long-term prognosis. Heart Vessels.
2016;31:1943-1949. doi: 10.1007/s00380-016-0827-9

Saito Y, Kitahara H, Shoji T, Tokimasa S, Nakayama T, Sugimoto K, Fujimoto Y,
Kobayashi Y. Feasibility of omitting provocation test with 50 pg of acetylcholine in
left coronary artery. Heart Vessels. 2017;32:685-689. doi: 10.1007/s00380-016-0926-
7

Pargaonkar VS, Lee JH, Chow EKH, Nishi T, Ball RL, Kobayashi Y, Kimura T, Lee DP,
Stefanick ML, Fearon WF, et al. Dose-Response Relationship Between Intracoronary
Acetylcholine and Minimal Lumen Diameter in Coronary Endothelial Function Testing
of Women and Men With Angina and No Obstructive Coronary Artery Disease. Circ
Cardiovasc Interv. 2020;13:e008587. doi: 10.1161/circinterventions.119.008587
Sueda S, Kohno H. Differential incidence and type of spasm according to coronary
arterial location. Coron Artery Dis. 2016;27:273-276. doi:
10.1097/mca.0000000000000355

Kim YH, Her A-Y, Rha S-W, Choi BG, Shim M, Choi SY, Byun JK, Li H, Kim W, Kang JH,
et al. Five-year major clinical outcomes according to severity of coronary artery
spasm as assessed by intracoronary acetylcholine provocation test. Arch Cardiovasc
Dis. 2018;111:144-154. doi: https://doi.org/10.1016/j.acvd.2017.05.008

Lee EM, Choi MH, Seo HS, Kim HK, Kim N-H, Choi CU, Kim JW, Lim HE, Kim EJ, Rha S-
W. Impact of vasomotion type on prognosis of coronary artery spasm induced by
acetylcholine provocation test of left coronary artery. Atherosclerosis. 2017;257:195-
200.

Konst RE, Elias-Smale SE, Pellegrini D, Hartzema-Meijer M, van Uden BJC, Jansen TPJ,
Vart P, Gehlmann H, Maas AHEM, van Royen N, et al. Absolute Coronary Blood Flow
Measured by Continuous Thermodilution in Patients With Ischemia and
Nonobstructive Disease. J Am Coll Cardiol. 2021;77:728-741. doi:
https://doi.org/10.1016/j.jacc.2020.12.019

Okumura K, Yasue H, Matsuyama K, Goto K, Miyagi H, Ogawa H, Matsuyama K.
Sensitivity and specificity of intracoronary injection of acetylcholine for the induction
of coronary artery spasm. J Am Coll Cardiol. 1988;12:883-888. doi: 10.1016/0735-
1097(88)90449-4

Bil J, MoZeNska O, Segiet-SwiEcicka A, Gil RJ. Revisiting the use of the provocative
acetylcholine test in patients with chest pain and nonobstructive coronary arteries: A
five-year follow-up of the AChPOL registry, with special focus on patients with
MINOCA. Translational Research. 2021;231:64-75. doi:
https://doi.org/10.1016/].trsl.2020.11.009

Montone RA, Gurgoglione FL, Del Buono MG, Rinaldi R, Meucci MC, lannaccone G, La
Vecchia G, Camilli M, D’amario D, Leone AM. Interplay Between Myocardial Bridging



https://doi.org/10.1016/j.acvd.2017.05.008
https://doi.org/10.1016/j.jacc.2020.12.019
https://doi.org/10.1016/j.trsl.2020.11.009

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

and Coronary Spasm in Patients With Myocardial Ischemia and Non-Obstructive
Coronary Arteries: Pathogenic and Prognostic Implications. Journal of the American
Heart Association. 2021;10:e020535.

Ong P, Athanasiadis A, Borgulya G, Vokshi I, Bastiaenen R, Kubik S, Hill S, Schaufele T,
Mahrholdt H, Kaski JC, et al. Clinical Usefulness, Angiographic Characteristics, and
Safety Evaluation of Intracoronary Acetylcholine Provocation Testing Among 921
Consecutive White Patients With Unobstructed Coronary Arteries. Circulation.
2014;129:1723-1730. doi: 10.1161/circulationaha.113.004096 PMID - 24573349
Probst S, Seitz A, Martinez Pereyra V, Hubert A, Becker A, Storm K, Bekeredjian R,
Sechtem U, Ong P. Safety assessment and results of coronary spasm provocation
testing in patients with myocardial infarction with unobstructed coronary arteries
compared to patients with stable angina and unobstructed coronary arteries.
European Heart Journal Acute Cardiovascular Care. 2021;10:380-387.

Choi WG, Kim SH, Rha SW, Chen KY, Li YJ, Choi BG, Choi SY, Kim JW, Kim EJ, Park CG,
et al. Impact of old age on clinical and angiographic characteristics of coronary artery
spasm as assessed by acetylcholine provocation test. J Geriatr Cardiol. 2016;13:824-
829. doi: 10.11909/j.issn.1671-5411.2016.10.005

Kim DW, Her SH, Ahn 'Y, Shin DI, Han SH, Kim DS, Choi DJ, Kwon HM, Gwon HC, Jo SH,
et al. Clinical outcome according to spasm type of single coronary artery provoked by
intracoronary ergonovine tests in patients without significant organic stenosis. Int J
Cardiol. 2018;252:6-12. doi: 10.1016/j.ijcard.2017.08.052

Sueda S, Kohno H. The acetylcholine administration time plays the key role for
provoked spasm in the spasm provocation test. J Cardiol. 2017;70:141-146. doi:
https://doi.org/10.1016/].jjcc.2016.11.003

Deyama J, Nakamura T, Saito Y, Obata J-e, Fujioka D, Nakamura K, Watanabe K,
Kugiyama K. Effect of coronary artery spasm on long-term outcomes in survivors of
acute myocardial infarction. International journal of cardiology. 2018;257:7-11.

Sato K, Kaikita K, Nakayama N, Horio E, Yoshimura H, Ono T, Ohba K, Tsujita K,
Kojima S, Tayama S. Coronary vasomotor response to intracoronary acetylcholine
injection, clinical features, and long-term prognosis in 873 consecutive patients with
coronary spasm: analysis of a single-center study over 20 years. Journal of the
American Heart Association. 2013;2:e000227.

Sueda S. Pharmacological spasm provocation testing in 2500 patients: provoked
spasm incidence, complications and cardiac events. Heart Vessels. 2020;35:1368-
1377. doi: 10.1007/s00380-020-01616-x PMID - 32350639

Takagi Y, Yasuda S, Takahashi J, Tsunoda R, Ogata Y, Seki A, Sumiyoshi T, Matsui M,
Goto T, Tanabe Y, et al. Clinical implications of provocation tests for coronary artery
spasm: safety, arrhythmic complications, and prognostic impact: Multicentre
Registry Study of the Japanese Coronary Spasm Association. Eur Heart J.
2013;34:258-267. doi: 10.1093/eurheartj/ehs199 PMID - 22782943

Tateishi K, Saito Y, Kitahara H, Shoji T, Kadohira T, Nakayama T, Fujimoto Y,
Kobayashi Y. Safety and usefulness of acetylcholine provocation test in patients with
no culprit lesions on emergency coronary angiography. International Journal of
Cardiology. 2018;269:27-30.

Sueda S, Kohno H. Transitional changes of acetylcholine spasm provocation test
procedures. Cardiovasc Interv Ther. 2020;35:321-326. doi: 10.1007/s12928-019-
00624-7



https://doi.org/10.1016/j.jjcc.2016.11.003

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Mason PJ, Shah B, Tamis-Holland JE, Bittl JA, Cohen MG, Safirstein J, Drachman DE,
Valle JA, Rhodes D, Gilchrist IC. An Update on Radial Artery Access and Best Practices
for Transradial Coronary Angiography and Intervention in Acute Coronary Syndrome:
A Scientific Statement From the American Heart Association. Circulation Cardiovasc
Interventions. 2018;11:e000035. doi: doi:10.1161/HCV.0000000000000035

Boyer N, Beyer A, Gupta V, Dehghani H, Hindnavis V, Shunk K, Zimmet J,
Yeghiazarians Y, Ports T, Boyle A. The effects of intra-arterial vasodilators on radial
artery size and spasm: implications for contemporary use of trans-radial access for
coronary angiography and percutaneous coronary intervention. Cardiovasc Revasc
Med. 2013;14:321-324. doi: 10.1016/j.carrev.2013.08.009

McNiff EF, Yacobi A, Young-Chang FM, Golden LH, Goldfarb A, Fung HL. Nitroglycerin
pharmacokinetics after intravenous infusion in normal subjects. J Pharm Sci.
1981;70:1054-1058. doi: 10.1002/jps.2600700923

Di Fiore DP, Zeitz CJ, Arstall MA, Rajendran S, Sheikh AR, Beltrame JF. Clinical
determinants of acetylcholine-induced coronary artery spasm in Australian patients.
Int J Cardiol. 2015;193:59-61. doi: 10.1016/j.ijcard.2015.05.058

Vegsundvag J, Holte E, Wiseth R, Hegbom K, Hole T. Coronary flow velocity reserve in
the three main coronary arteries assessed with transthoracic Doppler: a comparative
study with quantitative coronary angiography. Journal of the American Society of
Echocardiography. 2011;24:758-767.

Vogel R, Indermiihle A, Reinhardt J, Meier P, Siegrist PT, Namdar M, Kaufmann PA,
Seiler C. The quantification of absolute myocardial perfusion in humans by contrast
echocardiography: algorithm and validation. J Am Coll Cardiol. 2005;45:754-762. doi:
10.1016/j.jacc.2004.11.044

Schindler TH, Schelbert HR, Quercioli A, Dilsizian V. Cardiac PET imaging for the
detection and monitoring of coronary artery disease and microvascular health. Jacc
Cardiovasc Imaging. 2010;3:623-640. doi: 10.1016/j.jcmg.2010.04.007

Morton G, Chiribiri A, Ishida M, Hussain ST, Schuster A, Indermuehle A, Perera D,
Knuuti J, Baker S, Hedstrom E, et al. Quantification of absolute myocardial perfusion
in patients with coronary artery disease: comparison between cardiovascular
magnetic resonance and positron emission tomography. J Am Coll Cardiol.
2012;60:1546-1555. doi: 10.1016/j.jacc.2012.05.052

Beltrame JF, Crea F, Kaski JC, Ogawa H, Ong P, Sechtem U, Shimokawa H, Bairey
Merz CN. International standardization of diagnostic criteria for vasospastic angina.
Eur Heart J. 2017;38:2565-2568. doi: 10.1093/eurheartj/ehv351

Om SY, Yoo SY, Cho GY, Kim M, Woo Y, Lee S, Kim DH, Song JM, Kang DH, Cheong SS,
et al. Diagnostic and Prognostic Value of Ergonovine Echocardiography for
Noninvasive Diagnosis of Coronary Vasospasm. Jacc Cardiovasc Imaging.
2020;13:1875-1887. doi: 10.1016/j.jcmg.2020.03.008

Pijls NH, Bruyne BD. Fractional Flow Reserve, Coronary Pressure Wires, and Drift. Circ
J. 2016;80:1704-1706. doi: 10.1253/circj.CJ-16-0623

Ihdayhid AR, Yong A, Harper R, Rankin J, Wong C, Brown AJ, Leung M, Ko B. A
Practical Guide for Fractional Flow Reserve Guided Revascularisation. Heart Lung
Circ. 2018;27:406-419. doi: 10.1016/j.hlc.2017.09.017

Pijls NH, De Bruyne B, Smith L, Aarnoudse W, Barbato E, Bartunek J, Bech GJ, Van De
Vosse F. Coronary thermodilution to assess flow reserve: validation in humans.
Circulation. 2002;105:2482-2486. doi: 10.1161/01.cir.0000017199.09457.3d



115.

116.

117.

118.

.2022.

119.

120.

121.

122.

123.

124.

125.

Wakasa N, Kuramochi T, Mihashi N, Terada N, Kanaji Y, Murai T, Lee T, Yonetsu T,
Kobashi K, Miyamoto K, et al. Impact of Pressure Signal Drift on Fractional Flow
Reserve-Based Decision-Making for Patients With Intermediate Coronary Artery
Stenosis. Circ J. 2016;80:1812-1819. doi: 10.1253/circj.CJ-15-1195

Escaned J, Cortés J, Flores A, Goicolea J, Alfonso F, Herndndez R, Fernandez-Ortiz A,
Sabaté M, Bainuelos C, Macaya C. Importance of diastolic fractional flow reserve and
dobutamine challenge in physiologic assessment of myocardial bridging. J Am Coll
Cardiol. 2003;42:226-233. doi: 10.1016/s0735-1097(03)00588-6

Aleksandric SB, Djordjevic-Dikic AD, Dobric MR, Giga VL, Soldatovic IA, Vukcevic V,
Tomasevic MV, Stojkovic SM, Orlic DN, Saponjski JD, et al. Functional Assessment of
Myocardial Bridging With Conventional and Diastolic Fractional Flow Reserve:
Vasodilator Versus Inotropic Provocation. J Am Heart Assoc. 2021;10:e020597. doi:
10.1161/jaha.120.020597

Welfare AloHa. Coronary Heart Disease. https://www.aihw.gov.au/reports/heart-
stroke-vascular-diseases/hsvd-facts/contents/all-heart-stroke-and-vascular-
disease/coronary-heart-disease

Konst RE, Damman P, Pellegrini D, Hartzema-Meijer MJ, van Uden BJC, Jansen TPJ,
Brandsma J, Vart P, Gehlmann H, Maas A, et al. Vasomotor dysfunction in patients
with angina and nonobstructive coronary artery disease is dominated by vasospasm.
Int J Cardiol. 2021;333:14-20. doi: 10.1016/j.ijcard.2021.02.079

Suda A, Takahashi J, Hao K, Kikuchi Y, Shindo T, lkeda S, Sato K, Sugisawa J,
Matsumoto Y, Miyata S, et al. Coronary Functional Abnormalities in Patients With
Angina and Nonobstructive Coronary Artery Disease. J Am Coll Cardiol.
2019;74:2350-2360. doi: 10.1016/j.jacc.2019.08.1056 PMID - 31699275

Ford TJ, Yii E, Sidik N, Good R, Rocchiccioli P, McEntegart M, Watkins S, Eteiba H,
Shaukat A, Lindsay M, et al. Ischemia and No Obstructive Coronary Artery Disease.
Circulation Cardiovasc Interventions. 2019;12:e008126. doi:
doi:10.1161/CIRCINTERVENTIONS.119.008126

Gulati M, Levy PD, Mukherjee D, Amsterdam E, Bhatt DL, Birtcher KK, Blankstein R,
Boyd J, Bullock-Palmer RP, Conejo T, et al. 2021
AHA/ACC/ASE/CHEST/SAEM/SCCT/SCMR Guideline for the Evaluation and Diagnosis
of Chest Pain: A Report of the American College of Cardiology/American Heart
Association Joint Committee on Clinical Practice Guidelines. J Am Coll Cardiol.
2021;78:e187-e285. doi: https://doi.org/10.1016/j.jacc.2021.07.053

Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, Prescott E,
Storey RF, Deaton C, Cuisset T, et al. 2019 ESC Guidelines for the diagnosis and
management of chronic coronary syndromes. Eur Heart J. 2020;41:407-477. doi:
10.1093/eurheartj/ehz425

Kumar G, Desai R, Gore A, Rahim H, Maehara A, Matsumura M, Kirtane A, Jeremias
A, Ali Z. Real world validation of the nonhyperemic index of coronary artery stenosis
severity-Resting full-cycle ratio-RE-VALIDATE. Catheter Cardiovasc Interv.
2020;96:E53-e58. doi: 10.1002/ccd.28523

Yong AS, Ng AC, Brieger D, Lowe HC, Ng MK, Kritharides L. Three-dimensional and
two-dimensional quantitative coronary angiography, and their prediction of reduced
fractional flow reserve. Eur Heart J. 2011;32:345-353. doi:
10.1093/eurheartj/ehg259



https://www.aihw.gov.au/reports/heart-stroke-vascular-diseases/hsvd-facts/contents/all-heart-stroke-and-vascular-disease/coronary-heart-disease
https://www.aihw.gov.au/reports/heart-stroke-vascular-diseases/hsvd-facts/contents/all-heart-stroke-and-vascular-disease/coronary-heart-disease
https://www.aihw.gov.au/reports/heart-stroke-vascular-diseases/hsvd-facts/contents/all-heart-stroke-and-vascular-disease/coronary-heart-disease
https://doi.org/10.1016/j.jacc.2021.07.053

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Namdar M, Schepis T, Koepfli P, Gaemperli O, Siegrist PT, Grathwohl R, Valenta |,
Delaloye R, Klainguti M, Wyss CA, et al. Caffeine impairs myocardial blood flow
response to physical exercise in patients with coronary artery disease as well as in
age-matched controls. Plos One. 2009;4:e5665-e5665. doi:
10.1371/journal.pone.0005665

Title RALaEfSCatP. 4.2.2. Vienna, Austria: R Foundation for Statistical Computing.
Sueda S, Ochi N, Kawada H, Matsuda S, Hayashi Y, Tsuruoka T, Uraoka T. Frequency
of provoked coronary vasospasm in patients undergoing coronary arteriography with
spasm provocation test of acetylcholine. Am J Cardiol. 1999;83:1186-1190. doi:
10.1016/s0002-9149(99)00057-0

Rehan R, Beltrame J, Yong A. Insights into the invasive diagnostic challenges of
coronary artery vasospasm - A systematic review. J Cardiol. 2024,;83:8-16. doi:
10.1016/j.jjcc.2023.07.020

Kenkre TS, Malhotra P, Johnson BD, Handberg EM, Thompson DV, Marroquin OC,
Rogers WJ, Pepine CJ, Merz CNB, Kelsey SF. Ten-Year Mortality in the WISE Study
(Women’s Ischemia Syndrome Evaluation). Circulation: Cardiovascular Quality and
Outcomes. 2017;10:e003863. doi: doi:10.1161/CIRCOUTCOMES.116.003863

Aziz A, Hansen HS, Sechtem U, Prescott E, Ong P. Sex-Related Differences in
Vasomotor Function in Patients With Angina and Unobstructed Coronary Arteries. J
Am Coll Cardiol. 2017;70:2349-2358. doi: 10.1016/j.jacc.2017.09.016

Feenstra GTR, Seitz A, Boerhout KMC, Bukkems HL, Stegehuis EV, Teeuwisse JIP, de
Winter JR, Sechtem U, Piek JJ, van de Hoef Tim P, et al. Principles and pitfalls in
coronary vasomotor function testing. Eurointervention. 2022;17:1271-1280.

Ong P, Athanasiadis A, Borgulya G, Vokshi I, Bastiaenen R, Kubik S, Hill S, Schaufele T,
Mahrholdt H, Kaski JC. Clinical usefulness, angiographic characteristics, and safety
evaluation of intracoronary acetylcholine provocation testing among 921
consecutive white patients with unobstructed coronary arteries. Circulation.
2014;129:1723-1730.

Rehan R, Wong C, Weaver J, Ng M, Yong A. Multi-vessel Coronary Function Testing
increases diagnostic yield in INOCA. Eur Heart J. 2023;44. doi:
10.1093/eurheartj/ehad655.1280

Rehan R, Wong CCY, Cooke C, Weaver J, Jain P, Adams M, Ng MKC, Yong ASC.
Prevalence of Coronary Vasomotor Disorders in Patients With Angina and
Nonobstructive Coronary Arteries: A Sydney Experience. Heart Lung Circ. 2024. doi:
10.1016/j.hlc.2024.02.020

Pellegrini D, Konst R, van den Oord S, Dimitriu-Leen A, Mol J-Q, Jansen T, Maas A,
Gehlmann H, van Geuns R-JM, Elias-Smale S, et al. Features of atherosclerosis in
patients with angina and no obstructive coronary artery disease. Eurointervention.
2022;18:e397-e404. doi: 10.4244/eij-d-21-00875

Hubert A, Seitz A, Pereyra VM, Bekeredjian R, Sechtem U, Ong P. Coronary Artery
Spasm: The Interplay Between Endothelial Dysfunction and Vascular Smooth Muscle
Cell Hyperreactivity. European Cardiology Review 2020;15:e12. 2020. doi:
10.15420/ecr.2019.20

Lee BK, Lim HS, Fearon WF, Yong AS, Yamada R, Tanaka S, Lee DP, Yeung AC,
Tremmel JA. Invasive evaluation of patients with angina in the absence of
obstructive coronary artery disease. Circulation. 2015;131:1054-1060. doi:
10.1161/circulationaha.114.012636



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Kumar S, Mehta PK, Eshtehardi P, Hung OY, Koh JS, Kumar A, Al-Badri A, Rabah R,
D'Souza M, Gupta S, et al. Functional coronary angiography in symptomatic patients
with no obstructive coronary artery disease. Catheter Cardiovasc Interv.
2021;98:827-835. doi: 10.1002/ccd.29237

Rehan R, Wong CCY, Weaver J, Chan W, Tremmel JA, Fearon WF, Ng MKC, Yong ASC.
Multivessel Coronary Function Testing Increases Diagnostic Yield in Patients With
Angina and Nonobstructive Coronary Arteries. JACC Cardiovasc Interv. 2024;17:1091-
1102. doi: 10.1016/j.jcin.2024.03.007

Ford TJ, Berry C. How to Diagnose and Manage Angina Without Obstructive Coronary
Artery Disease: Lessons from the British Heart Foundation CorMicA Trial. Interv
Cardiol. 2019;14:76-82. doi: 10.15420/icr.2019.04.R1

Yamazaki T, Saito Y, Yamashita D, Kitahara H, Kobayashi Y. Impact of preceding
acetylcholine provocation testing on following coronary physiological assessment
during an interventional diagnostic procedure. J Cardiol. 2023;82:215-219. doi:
10.1016/j.jjcc.2023.06.010

Beck S, Pereyra VM, Seitz A, McChord J, Hubert A, Bekeredjian R, Sechtem U, Ong P.
Invasive Diagnosis of Coronary Functional Disorders Causing Angina Pectoris. Eur
Cardiol. 2021;16:e27. doi: 10.15420/ecr.2021.06

Gulati M, Levy PD, Mukherjee D, Amsterdam E, Bhatt DL, Birtcher KK, Blankstein R,
Boyd J, Bullock-Palmer RP, Conejo T, et al. 2021
AHA/ACC/ASE/CHEST/SAEM/SCCT/SCMR Guideline for the Evaluation and Diagnosis
of Chest Pain: Executive Summary: A Report of the American College of
Cardiology/American Heart Association Joint Committee on Clinical Practice
Guidelines. Circulation. 2021;144:e368-e454. doi: 10.1161/cir.0000000000001030
Saito Y, Nishi T, Kato K, Kitahara H, Kobayashi Y. Resistive reserve ratio and
microvascular resistance reserve in patients with coronary vasospastic angina. Heart
Vessels. 2022;37:1489-1495. doi: 10.1007/s00380-022-02051-w

Takagi A, Arai K, Hosaka M, Komatsu Y, Gunnji K, Tanimoto K, Ishizuka N, Tsurumi Y,
Hagiwara N. Noninvasive prediction of angiographic spasm provocation using trans-
thoracic Doppler echocardiography in patients with coronary spastic angina. Circ J.
2008;72:1640-1644. doi: 10.1253/circj.cj-08-0393

Yamanaga K, Tsujita K, Komura N, Kaikita K, Sakamoto K, Miyazaki T, Saito M, Ishii M,
Tabata N, Akasaka T, et al. Single-wire pressure and flow velocity measurement for
quantifying microvascular dysfunction in patients with coronary vasospastic angina.
Am J Physiol Heart Circ Physiol. 2015;308:H478-484. doi:
10.1152/ajpheart.00593.2014

Shimokawa H, Godo S. Nitric oxide and endothelium-dependent hyperpolarization
mediated by hydrogen peroxide in health and disease. Basic Clin Pharmacol Toxicol.
2020;127:92-101. doi: 10.1111/bcpt.13377

Seitz A, Feenstra Rutger GT, Konst Regina E, Martinez Pereyra V, Beck S, Beijk Marcel
AM, van de Hoef Tim P, van Royen N, Bekeredjian R, Sechtem U, et al. Acetylcholine
Rechallenge. Jacc Cardiovasc Interventions. 2022;15:65-75. doi:
10.1016/j.jcin.2021.10.003

Sellke FW, Myers PR, Bates JN, Harrison DG. Influence of vessel size on the sensitivity
of porcine coronary microvessels to nitroglycerin. Am J Physiol. 1990;258:H515-520.
doi: 10.1152/ajpheart.1990.258.2.H515



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Bairey Merz CN, Pepine CJ, Shimokawa H, Berry C. Treatment of coronary
microvascular dysfunction. Cardiovasc Res. 2020;116:856-870. doi:
10.1093/cvr/cvaa006

Seitz A, Gardezy J, Pirozzolo G, Probst S, Athanasiadis A, Hill S, Mahrholdt H,
Bekeredjian R, Sechtem U, Ong P. Long-Term Follow-Up in Patients With Stable
Angina and Unobstructed Coronary Arteries Undergoing Intracoronary Acetylcholine
Testing. JACC Cardiovasc Interv. 2020;13:1865-1876. doi: 10.1016/j.jcin.2020.05.009
Vikse J, Henry BM, Roy J, Ramakrishnan PK, Hsieh WC, Walocha JA, Tomaszewski KA.
Anatomical Variations in the Sinoatrial Nodal Artery: A Meta-Analysis and Clinical
Considerations. Plos One. 2016;11:€0148331. doi: 10.1371/journal.pone.0148331
Suda A, Takahashi J, Hao K, Kikuchi Y, Shindo T, lkeda S, Sato K, Sugisawa J,
Matsumoto Y, Miyata S, et al. Coronary Functional Abnormalities in Patients With
Angina and Nonobstructive Coronary Artery Disease. J Am Coll Cardiol.
2019;74:2350-2360. doi: 10.1016/j.jacc.2019.08.1056

Forman J, Aizer A, Young CR. Myocardial infarction resulting from caffeine overdose
in an anorectic woman. Ann Emerg Med. 1997;29:178-180. doi: 10.1016/s0196-
0644(97)70326-3

Feenstra RGT, Boerhout CKM, Woudstra J, Vink CEM, Wittekoek ME, Waard GAd,
Appelman'Y, Eringa EC, Marques KMJ, Winter Rld, et al. Presence of Coronary
Endothelial Dysfunction, Coronary Vasospasm, and Adenosine-Mediated
Vasodilatory Disorders in Patients With Ischemia and Nonobstructive Coronary
Arteries. Circulation Cardiovasc Interventions. 2022;15:e012017. doi:
doi:10.1161/CIRCINTERVENTIONS.122.012017

Elbadawi A, Elgendy 1Y, Naqvi SY, Mohamed AH, Ogunbayo GO, Omer MA, Mentias
A, Saad M, Abbott ID, Jneid H, et al. Temporal Trends and Outcomes of
Hospitalizations With Prinzmetal Angina: Perspectives From a National Database. Am
J Med. 2019;132:1053-1061.e1051. doi: 10.1016/j.amjmed.2019.04.005

AlBadri A, Merz CNB, Johnson BD, Wei J, Mehta PK, Cook-Wiens G, Reis SE, Kelsey SF,
Bittner V, Sopko G, et al. Impact of Abnormal Coronary Reactivity on Long-Term
Clinical Outcomes in Women. J Am Coll Cardiol. 2019;73:684-693. doi:
10.1016/j.jacc.2018.11.040 PMID - 30765035

Kobayashi Y, Lee JM, Fearon WF, Lee JH, Nishi T, Choi D-H, Zimmermann FM, Jung J-
H, Lee H-J, Doh J-H, et al. Three-Vessel Assessment of Coronary Microvascular
Dysfunction in Patients With Clinical Suspicion of Ischemia. Circulation Cardiovasc
Interventions. 2018;10:e005445. doi: 10.1161/circinterventions.117.005445 PMID -
29146670

Shaw LJ, Merz CN, Pepine CJ, Reis SE, Bittner V, Kip KE, Kelsey SF, Olson M, Johnson
BD, Mankad S, et al. The economic burden of angina in women with suspected
ischemic heart disease: results from the National Institutes of Health--National
Heart, Lung, and Blood Institute--sponsored Women's Ischemia Syndrome
Evaluation. Circulation. 2006;114:894-904. doi: 10.1161/circulationaha.105.609990
Chahine RA, Feldman RL, Giles TD, Nicod P, Raizner AE, Weiss RJ, Vanov SK, Group
AS. Randomized placebo-controlled trial of amlodipine in vasospastic angina. J Am
Coll Cardiol. 1993;21:1365-1370. doi: 10.1016/0735-1097(93)90310-w PMID -
8166777



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Hill JA, Feldman RL, Pepine CJ, Conti CR. Randomized double-blind comparison of
nifedipine and isosorbide dinitrate in patients with coronary arterial spasm. Am J
Cardiol. 1982;49:431-438. doi: 10.1016/0002-9149(82)90521-5

Prida XE, Gelman JS, Feldman RL, Hill JA, Pepine CJ, Scott E. Comparison of diltiazem
and nifedipine alone and in combination in patients with coronary artery spasm. J
Am Coll Cardiol. 1987;9:412-419. doi: 10.1016/s0735-1097(87)80397-2

Leonardo F, Fragasso G, Rossetti E, Dabrowski P, Pagnotta P, Rosano GM, Chierchia
SL. Comparison of trimetazidine with atenolol in patients with syndrome X: effects
on diastolic function and exercise tolerance. Cardiologia. 1999;44:1065-1069.

Lanza GA, Colonna G, Pasceri V, Maseri A. Atenolol versus amlodipine versus
isosorbide-5-mononitrate on anginal symptoms in syndrome X. Am J Cardiol.
1999;84:854-856, a858. doi: 10.1016/s0002-9149(99)00450-6

Pizzi C, Manfrini O, Fontana F, Bugiardini R. Angiotensin-converting enzyme
inhibitors and 3-hydroxy-3-methylglutaryl coenzyme A reductase in cardiac
Syndrome X: role of superoxide dismutase activity. Circulation. 2004;109:53-58. doi:
10.1161/01.Cir.0000100722.34034.E4

Kaski JC, Rosano G, Gavrielides S, Chen L. Effects of angiotensin-converting enzyme
inhibition on exercise-induced angina and ST segment depression in patients with
microvascular angina. J Am Coll Cardiol. 1994;23:652-657. doi: 10.1016/0735-
1097(94)90750-1

Chen JW, Hsu NW, Wu TC, Lin SJ, Chang MS. 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. 2002;90:974-982. doi: 10.1016/s0002-
9149(02)02664-4

Neglia D, Fommei E, Varela-Carver A, Mancini M, Ghione S, Lombardi M, Pisani P,
Parker H, D'Amati G, Donato L, et al. Perindopril and indapamide reverse coronary
microvascular remodelling and improve flow in arterial hypertension. J Hypertens.
2011;29:364-372. doi: 10.1097/HJH.0b013e328340a08e

Everaars H, de Waard GA, Driessen RS, Danad |, van de Ven PM, Raijmakers PG,
Lammertsma AA, van Rossum AC, Knaapen P, van Royen N. Doppler Flow Velocity
and Thermodilution to Assess Coronary Flow Reserve: A Head-to-Head Comparison
With [(15)O]H(2)O PET. JACC Cardiovasc Interv. 2018;11:2044-2054. doi:
10.1016/j.jcin.2018.07.011

Seitz A, Feenstra R, Konst RE, Martinez Pereyra V, Beck S, Beijk M, van de Hoef T, van
Royen N, Bekeredjian R, Sechtem U, et al. Acetylcholine Rechallenge: A First Step
Toward Tailored Treatment in Patients With Coronary Artery Spasm. JACC Cardiovasc
Interv. 2022;15:65-75. doi: 10.1016/j.jcin.2021.10.003

Bairey Merz CN, Pepine CJ, Walsh MN, Fleg JL. Ischemia and No Obstructive Coronary
Artery Disease (INOCA): Developing Evidence-Based Therapies and Research Agenda
for the Next Decade. Circulation. 2017;135:1075-1092. doi:
10.1161/CIRCULATIONAHA.116.024534

Ford TJ, Corcoran D, Berry C. Stable coronary syndromes: pathophysiology,
diagnostic advances and therapeutic need. Heart. 2018;104:284-292. doi:
10.1136/heartjnl-2017-311446

Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, Prescott E,
Storey RF, Deaton C, Cuisset T, et al. 2019 ESC Guidelines for the diagnosis and



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

management of chronic coronary syndromes: The Task Force for the diagnosis and
management of chronic coronary syndromes of the European Society of Cardiology
(ESC). Eur Heart J. 2019;41:407-477. doi: 10.1093/eurheartj/ehz425

Spertus JA, Winder JA, Dewhurst TA, Deyo RA, Prodzinski J, McDonnell M, Fihn SD.
Development and evaluation of the Seattle Angina questionnaire: A new functional
status measure for coronary artery disease. J Am Coll Cardiol. 1995;25:333-341. doi:
https://doi.org/10.1016/0735-1097(94)00397-9

Herdman M, Gudex C, Lloyd A, Janssen M, Kind P, Parkin D, Bonsel G, Badia X.
Development and preliminary testing of the new five-level version of EQ-5D (EQ-5D-
5L). Qual Life Res. 2011;20:1727-1736. doi: 10.1007/s11136-011-9903-x

Broadbent E, Petrie KJ, Main J, Weinman J. The brief iliness perception
guestionnaire. J Psychosom Res. 2006;60:631-637. doi:
10.1016/j.jpsychores.2005.10.020

Kroenke K, Spitzer RL, Williams JBW, Lowe B. An Ultra-Brief Screening Scale for
Anxiety and Depression: The PHQ—4. Psychosomatics. 2009;50:613-621. doi:
https://doi.org/10.1016/S0033-3182(09)70864-3

Bharmal M, Payne K, Atkinson MJ, Desrosiers MP, Morisky DE, Gemmen E. Validation
of an abbreviated Treatment Satisfaction Questionnaire for Medication (TSQM-9)
among patients on antihypertensive medications. Health Qual Life Outcomes.
2009;7:36. doi: 10.1186/1477-7525-7-36

Ong P, Camici PG, Beltrame JF, Crea F, Shimokawa H, Sechtem U, Kaski JC, Bairey
Merz CN. International standardization of diagnostic criteria for microvascular
angina. Int J Cardiol. 2018;250:16-20. doi: 10.1016/j.ijcard.2017.08.068

Smilowitz Nathaniel R, Prasad M, Widmer RJ, Toleva O, Quesada O, Sutton Nadia R,
Lerman A, Reynolds Harmony R, Kesarwani M, Savage Michael P, et al.
Comprehensive Management of ANOCA, Part 2—Program Development, Treatment,
and Research Initiatives. J Am Coll Cardiol. 2023;82:1264-1279. doi:
10.1016/j.jacc.2023.06.044

Jansen TPJ, Konst RE, de Vos A, Paradies V, Teerenstra S, van den Oord SCH, Dimitriu-
Leen A, Maas AHEM, Smits PC, Damman P, et al. Efficacy of Diltiazem to Improve
Coronary Vasomotor Dysfunction in ANOCA: The EDIT-CMD Randomized Clinical
Trial. Jacc Cardiovasc Imaging. 2022;15:1473-1484. doi:
https://doi.org/10.1016/j.jcmg.2022.03.012

Mehta PK, Goykhman P, Thomson LEJ, Shufelt C, Wei J, Yang Y, Gill E, Minissian M,
Shaw LJ, Slomka PJ, et al. Ranolazine Improves Angina in Women With Evidence of
Myocardial Ischemia But No Obstructive Coronary Artery Disease. Jacc Cardiovasc
Imaging. 2011;4:514-522. doi: https://doi.org/10.1016/j.jcmg.2011.03.007

Sinha A, Rahman H, Douiri A, Demir OM, Silva KD, Clapp B, Webb I, Gulati A, Pinho P,
Dutta U, et al. ChaMP-CMD: A Phenotype-Blinded, Randomized Controlled, Cross-
Over Trial. Circulation. 2024;149:36-47. doi:
doi:10.1161/CIRCULATIONAHA.123.066680

Luu JM, Wei J, Shufelt CL, Asif A, Tjoe B, Theriot P, Bairey Merz CN. Clinical Practice
Variations in the Management of Ischemia With No Obstructive Coronary Artery
Disease. J Am Heart Assoc. 2022;11:e022573. doi: 10.1161/jaha.121.022573
Rambarat CA, Elgendy Y, Handberg EM, Bairey Merz CN, Wei J, Minissian MB,
Nelson MD, Thomson LEJ, Berman DS, Shaw LJ, et al. Late sodium channel blockade
improves angina and myocardial perfusion in patients with severe coronary



https://doi.org/10.1016/0735-1097(94)00397-9
https://doi.org/10.1016/S0033-3182(09)70864-3
https://doi.org/10.1016/j.jcmg.2022.03.012
https://doi.org/10.1016/j.jcmg.2011.03.007

187.

188.

189.

microvascular dysfunction: Women's Ischemia Syndrome Evaluation—Coronary
Vascular Dysfunction ancillary study. International Journal of Cardiology. 2019;276:8-
13. doi: https://doi.org/10.1016/j.ijcard.2018.09.081

Yoo S-Y, Song S-G, Lee J-H, Shin E-S, Kim J-S, Park Y-H, Kim J, Chun K-J, Kim J-H.
Efficacy of Cilostazol on Uncontrolled Coronary Vasospastic Angina: A Pilot Study.
Cardiovascular Therapeutics. 2013;31:179-185. doi: https://doi.org/10.1111/j.1755-
5922.2012.00312.x

Eun-Seok S, Jae-Hwan L, Sang-Yong Y, Yongwhi P, Young Joon H, Moo Hyun K, Jong-
Young L, Chang-Wook N, Seung-Jea T, Jeong-Su K, et al. A randomised, multicentre,
double blind, placebo controlled trial to evaluate the efficacy and safety of cilostazol
in patients with vasospastic angina. Heart. 2014;100:1531. doi: 10.1136/heartjnl-
2014-305986

Refractory Prinzmetal Angina Treated with Cyproheptadine. Annals of Internal
Medicine. 1994;121:113-114. doi: 10.7326/0003-4819-121-2-199407150-00006 %m
8017723



https://doi.org/10.1016/j.ijcard.2018.09.081
https://doi.org/10.1111/j.1755-5922.2012.00312.x
https://doi.org/10.1111/j.1755-5922.2012.00312.x

