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Abstract 

Background: Up to half of all patients presenting to the catheter laboratory with angina have 

nonobstructive coronary arteries (ANOCA). ANOCA is an umbrella term comprising several 

distinct pathophysiological entities, including coronary microvascular disease (CMD) and 

myocardial bridging (MB). CMD is defined as an inability of the coronary vasculature to 

adequately augment coronary blood flow (CBF) in response to adenosine, i.e., an impaired 

coronary flow reserve (CFR). An impaired CFR identifies a substrate for ischaemia and is a 

sensitive marker that identifies perturbations early in the ischaemic cascade. We have 

previously demonstrated that patients with an impaired CFR have abnormal exercise 

physiology and high prevalence of inducible ischaemia on noninvasive imaging. We have also 

reported that CMD may itself be a heterogenous condition comprising two distinct endotypes, 

structural and functional CMD, which are phenotypically similar but have distinct underlying 

pathobiology. However, whether physiology-stratification according to CFR and more 

granular endotyping leads to improved patient-centric outcomes, such as exercise time on a 

treadmill and quality of life on angina questionnaires, is not known. Finally, there is now 

increasing recognition that certain myocardial bridges can cause myocardial ischaemia. 

However, the mechanisms underpinning this are not well understood. Coronary wave intensity 

analysis (WIA) has previously been used to identify the mechanisms of ischaemia in different 

pathophysiological states and represents a powerful tool to study the mechanisms of ischaemia 

in patients with MB. 

 

Methods: Patients with typical and limiting angina underwent coronary angiography with 

invasive physiology assessment using a Combowire to measure coronary flow and pressure 

simultaneously in response to adenosine and acetylcholine (clinical protocol) but also supine 

bicycle exercise and dobutamine (in-lab study protocol). CFR (measure of endothelium-
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independent microvascular function) and acetylcholine flow reserve (AChFR; measure of 

endothelium-dependent microvascular function) were calculated as the ratio of CBF in 

response to the vasoactive agent and the resting CBF. Patients and researchers were blinded to 

the coronary physiology measurements. All eligible patients were enrolled into the exercise 

electrocardiogram treadmill test (ETT) study. The accuracy of ischaemic ECG changes during 

ETT in identifying an underlying ischaemic substrate was compared against the reference 

standard of coronary endothelium-independent and -dependent microvascular function. The 

apparent false positive rates with different reference standards were also compared. 

 

Eligible patients were then randomised to a phenotype-blinded crossover therapy trial, which 

was designed to assess the utility of coronary physiology measurements in predicting response 

to anti-ischaemic therapy (amlodipine and ranolazine) in patients with ANOCA.  The primary 

outcome was the difference in change in exercise time in response to anti-ischaemic therapy 

between those with an impaired CFR (coronary microvascular disease group; CMD) and those 

with a normal CFR (reference). The incremental value of measuring minimal microvascular 

resistance and acetylcholine flow reserve, in predicting response to anti-ischaemic therapy, was 

also assessed. 

 

Finally, for our mechanistic in-lab study, coronary perfusion efficiency in response to supine 

bicycle exercise was calculated as the ratio of accelerating wave energies and the total energy 

flux. The change in perfusion efficiency during exercise was compared between patients with 

MB and no MB (the latter being further dichotomised into CMD and reference groups). We 

also explored the prevalence of endothelial dysfunction in the MB, CMD and reference groups. 
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Results: One hundred and two patients (65% females; 60±8 years old) were enrolled into the 

ETT study. Thirty-two patients developed ischaemic ECG changes during their ETT 

(ischaemic group), whilst 70 patients did not (non-ischaemic group); both groups were 

phenotypically similar. Ischaemic ECG changes during ETT were 100% specific for 

underlying endothelium-independent and/or -dependent microvascular dysfunction. AChFR 

was the strongest predictor of ischaemic ECG changes during exercise. Using endothelium-

independent and/or -dependent microvascular dysfunction as the reference standard, the false 

positive rate of ETTs dropped to 0%. 

Eighty-seven patients (62% females, 61±8 years old) underwent randomisation as part of the 

phenotype-blinded crossover therapy trial (57 impaired CFR (CMD group) and 30 normal 

CFR (reference group)). Baseline exercise time and Seattle Angina Questionnaire (SAQ) 

summary scores were similar between the groups. Patients with CMD had a greater increment 

in exercise time compared to the reference group with both amlodipine (mean difference in 

change 82 seconds, 95% CI 37 to 126 seconds, p<0.001) and ranolazine (mean difference in 

change 68 seconds, 95% CI 21 to 115 seconds, p=0.005). The change in SAQ summary score 

in response to amlodipine was similar between the CMD and reference groups (mean difference 

in change 2, 95% CI -5 to 8, p=0.549). There was a greater increment in SAQ summary score 

with ranolazine in the CMD group compared to the reference group (mean difference in change 

7, 95% CI 0 to 15, p=0.048). CFR was independently associated with change in exercise time 

and CFR≤2.5 was the optimal threshold to predict response to therapy. Patients with functional 

CMD responded equally well to both anti-ischaemic agents, whereas those with structural 

CMD had a numerically greater response to amlodipine than ranolazine (mean difference in 

change 46s, 95% CI -2 to 93s, p=0.056). Patients with sole coronary endothelial dysfunction 

demonstrated a numerical increment in exercise time in response to anti-ischaemic therapy, 

whereas no such effect was seen in the reference group. These findings support the incremental 
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value of measuring minimal microvascular resistance and AChFR, in addition to CFR, in 

patients with typical limiting ANOCA. 

Ninety-two patients were enrolled into the in-lab mechanistic study (30 MB, 33 CMD and 29 

reference). FFR in these 3 groups was 0.860.05, 0.920.04 and 0.940.05; CFR was 2.50.5, 

2.00.3 and 3.20.6. Perfusion efficiency improved numerically during exercise in the 

reference group (65±9% to 69±13%, p=0.063), but decreased in patients with CMD (68±10% 

to 50±10%, p<0.001) and MB (66±9% to 55±9%, p<0.001). The reduction in perfusion 

efficiency had distinct causes: in CMD, this was driven predominantly by microcirculation 

derived energy in early diastole, whereas in MB, this was driven by diminished accelerating 

energy arising from the upstream epicardial vessel in early systole. 54% of patients with MB, 

versus 29% reference and 38% CMD, had epicardial endothelial dysfunction. Overall, 93% of 

patients with a MB had an identifiable ischemic substrate. 

 

Conclusions: Our findings have several important implications for both future research and 

clinical practice. First, in patients with ANOCA, ischaemic ECG changes on an ETT were 

always attributable to an underlying ischaemic substrate secondary to abnormalities in the 

coronary microcirculation. Therefore, a positive ETT (defined as ischaemic ECG changes 

during exercise) may be an excellent tool to rule-in CMD in patients with typical and limiting 

angina who have nonobstructive coronary arteries. Second, amongst a phenotypically similar 

group of patients with ANOCA, only those with an impaired CFR responded to anti-ischaemic 

therapy. Our data also suggests that measuring minimal microvascular resistance and 

acetylcholine flow reserve, in addition to CFR, may add incremental value in predicting 

response to therapy. Third, patients with MB and CMD demonstrated impaired coronary 

perfusion efficiency during exercise, whereas those with a normal CFR had a numerical 
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increase. The mechanisms driving the attenuated perfusion efficiency during exercise were 

disparate between patients with MB and CMD, with diminution of accelerating wave energies 

arising from the epicardial artery during early systole being the predominant mechanism in 

patients with MB and perturbation of the microcirculation derived wave energies being the 

predominant mechanism in patients with CMD. Patients with MB also had a high prevalence 

of epicardial and microvascular endothelial dysfunction. Both mechanisms may lead to 

ischaemia in patients with MB and represent therapeutic targets. 
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Up to half of all patients presenting to the catheter laboratory with angina have nonobstructive 

coronary arteries (ANOCA)1. ANOCA is an umbrella term that comprises several distinct 

pathophysiological processes2 (Error! Reference source not found.), a mechanistic exploration o

f which is the overriding aim of this thesis. 

 

Figure 1. Angina with nonobstructive coronary arteries comprises several distinct 

pathophysiological processes (courtesy of Marinescu et al2). 
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1.1. Coronary vasculature and autoregulation 

The coronary vasculature comprises epicardial arteries (>400 μm), pre-arterioles (100–400 

μm), arterioles (<100 μm) and capillaries (<10 μm). The epicardial arteries function as 

capacitance vessels and respond to shear forces by endothelium-mediated dilatation. Epicardial 

arteries represent only 5–10% of the coronary vasculature. The pre-arterioles, arterioles and 

capillaries form the coronary microvasculature; pre-arterioles are characterised by a 

measurable pressure drop along their length, arterioles have a high resting tone and are 

responsible for most of the coronary vascular resistance, and capillaries deliver oxygen and 

substrates to the myocytes3 (Figure 2).  

 

Figure 2. Coronary artery compartmentalisation and function (courtesy of De Bruyne et al3). 

Large arterioles and endothelial control: these translate flow-related stimuli (shear stress) into 

vasomotor responses through endothelium-dependent mechanisms, most notably through the 
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generation of nitric oxide (NO). Medium-sized arterioles and myogenic control: these alter 

vascular smooth muscle tone to changes in intraluminal pressures detected via stretch 

receptors, with vasoconstriction following an increase in intraluminal pressure and 

vasodilatation following decrease in intraluminal pressure. Small arterioles and metabolic 

control: these are subject to regulation by local metabolic activity. Increased myocardial 

metabolism results in the release of metabolites like adenosine and carbon dioxide, which cross 

the interstitial space and interact directly with arteriolar smooth muscle cell. The small 

arterioles have a high resting tone and their dilatation reduces resistance in the overall 

network and pressure in the distal pre-arterioles. This induces dilatation of the myogenically 

sensitive vessels, with subsequent shear stress triggered flow-dependent dilatation in larger 

pre-arterioles and epicardial vessels. Each microvascular compartment is governed by distinct 

regulatory control enabling compensatory mechanisms when there is disruption at any one 

level; myocardial perfusion is dependent upon the interplay between these intimately linked 

compartments. 

 

The coronary circulation matches myocardial oxygen demand with supply via a complex 

interplay between myogenic tone, metabolic signals and circulating hormones4. The 

endothelium plays an important role in the modulation of vascular tone by synthesising and 

releasing several vasodilator substances, such as nitric oxide (NO). Increased endothelial wall 

shear stress is the determinant of coronary blood flow (CBF) in health and leads to the 

biosynthesis of NO, which acts on the neighbouring smooth muscle cells to induce vasodilation 

via the NO pathway. Acetylcholine, when bound to the M3 muscarinic receptors on the surface 

of endothelial cells, also promotes the biosynthesis of NO and is used to interrogate the 

endothelium-dependent microvascular function, in a dose-dependent manner, in clinical 

practice5 (Figure 3). 
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Figure 3. The endothelial and vascular smooth muscle cellular pathways (courtesy of Sinha et 

al5). 

Acetylcholine (ACh) has dual effects on coronary microvasculature. It binds to the muscarinic 

3 (M3) receptor on endothelial cells and leads to an influx of intracellular calcium (Ca2+) via 

the L-type calcium channels. Intracellular Ca2+ binds to the protein calmodulin, and the 

calcium-calmodulin complex activates the endothelial nitric oxide synthase (eNOS) enzyme, 

which catalyses the conversion of L-Arginine into nitric oxide (NO). NO then diffuses into the 

neighbouring vascular smooth muscle cell (VSMC) and activates soluble Guanylate Cyclase 

(sGC) enzyme to catalyse the conversion of Guanosine Triphosphate (GTP) into cyclic 

Guanosine Monophosphate (cGMP). cGMP activates the protein kinase G (PKG), which, via 

a series of intracellular events, inactivates the calcium channels on the VSMC. This reduces 

the intracellular influx of Ca2+ into the VSMC, therefore leading to vasodilation. ACh also 

binds to the M3 receptor on the surface of VSMCs and, in the presence of endothelial 

dysfunction, leads to unopposed vasoconstriction.  

Calcium enters VSMCs via the L-type calcium channels and binds to the protein calmodulin. 

The calcium-calmodulin complex activates myosin light chain kinase (MLCK), which 
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phosphorylates myosin light chains (MLCs). MLCs are found on the myosin heads and MLC 

phosphorylation leads to cross-bridge formation between the myosin heads and the actin 

filaments, leading to VSM contraction. MLC phosphatase (MLCP) dephosphorylates MLC and 

promotes unbinding of the myosin-actin filaments, therefore leading to vasodilatation. cGMP 

promotes MLCP activity. The myosin head detaches from the actin binding site after adenosine 

triphosphate (ATP) attaches to the myosin head. This ATP is then hydrolysed to adenosine 

disphosphate (ADP) and inorganic phosphate (Pi) by the myosin head; the ADP and Pi is then 

released by the myosin head after the power stroke. At this point, the myosin head is ready for 

the next ATP to allow detachment from the myosin head. 

 

The use of acetylcholine has become standard practice for the assessment of endothelium-

dependent function in clinical practice, owing to the wealth of data correlating intracoronary 

response to acetylcholine to non-invasive assessment of ischaemia, as well as cardiovascular 

outcomes. However, other agents, such as substance P, can also interrogate the endothelium-

dependent pathway. Substance P acts solely on the endothelial cells6; the lack of a direct effect 

on the vascular smooth muscle cells renders it incapable of causing vasoconstriction. However, 

despite this advantage, a threshold that distinguishes abnormal responses has not been 

established. Furthermore, it is unknown whether an abnormal response to intracoronary 

substance P predicts ischaemia on non-invasive assessment or adverse cardiovascular 

outcomes. In view of these factors, we elected to use acetylcholine as the agent of choice to 

assess endothelium-dependent function in our studies. 

 

Energy production in the normally functioning heart is primarily dependent upon oxidative 

phosphorylation, with increased cardiac activity relying on parallel increases in oxygen 

availability. At rest, oxygen consumption of the heart is 20-fold higher than skeletal muscle 
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(when normalised per gram of tissue). As an adaptation to the high oxygen demands, the heart 

maintains a high level of oxygen extraction, with 70-80% of arterial oxygen extracted 

(compared to 30-40% in skeletal muscle)4. This high level of oxygen extraction is facilitated 

by a high capillary density of 3,000–4,000/mm2 7, which is substantially higher than the 500–

2,000 capillaries/mm2 found in skeletal muscle8. Oxygen consumption by the heart is 

principally required for contraction, with requirements for maintaining basal metabolism 

comprising only 10–20% of total oxygen consumption. The oxygen requirement for 

myocardial contraction is governed by the heart rate, ventricular contractility, and ventricular 

work, which all are increased during exercise; the increase in heart rate contributes to 50-70% 

of the heightened myocardial oxygen demand. Exercise leads to an increase in contractility, 

which is a result of β-adrenergic activation9. Left ventricular work increases during exercise in 

proportion to the increased systolic arterial pressure and secondary to a modest increase of left 

ventricular end-diastolic volume10. Stroke volume, and therefore external work, is augmented 

as the increased contractility during exercise causes the ventricle to eject to a smaller end-

systolic volume10 so that total ventricular work increases. The effects of pacing and inotropic 

agents on cardiovascular haemodynamic response have been studied and compared with 

physical exercise and important differences exist between these. Pacing, for example, decreases 

end-diastolic volume and stroke volume, thereby reducing ventricular work and resulting in a 

lower myocardial oxygen demand11. Because of the high level of oxygen extraction by the 

myocardium during resting conditions, increases in oxygen demand during physical exercise 

are met principally by augmenting coronary blood flow (CBF). The increase in CBF results 

from a combination of attenuated coronary vascular resistance and an increase in effective 

perfusion pressure12. 
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The effective perfusion pressure is determined by the pressure drop across the coronary 

vascular bed, with the entrance pressure being aortic pressure. During exercise, the increase in 

aortic pressure only slightly exceeds the increase in effective back pressure (sum of right atrial 

pressure and compressive extravascular forces) so that the effective perfusion pressure 

increases by 20–30% only13. Consequently, the exercise-induced four- to sixfold increase in 

CBF is mediated principally by a decrease in coronary vascular resistance, whereupon maximal 

exercise is associated with decreases in calculated coronary vascular resistance to 20–30% of 

basal resting values14. Total coronary resistance is the sum of passive (structural) and active 

(smooth muscle tone) components. In the completely vasodilated bed, flow to the different 

regions of the heart is determined by the cross-sectional area of the vessels, the length of the 

vasculature, and the number of parallel vessels that supply a defined perfusion territory. The 

total length of the vessels supplying the subendocardium is longer than those supplying the 

subepicardium. In addition, cardiac contraction compresses the intramural vasculature during 

systole, impeding blood flow especially to the subendocardium. To facilitate augmented flow 

during diastole to compensate for systolic underperfusion, the subendocardium has a 10% 

higher arteriolar and capillary density15 so that during maximal pharmacological vasodilation, 

flow to the subendocardium is similar to flow to the subepicardium16. These structural and 

functional adaptations aid in maintaining blood flow to the subendocardial layers. When 

coronary driving pressure remains between 45 and 120 mmHg, coronary autoregulation 

ensures that capillary driving pressure and blood volume remain unaltered17 (Figure 4). 

 

  



36 
 

Figure 4. Coronary-pressure flow relationship at rest, during exercise and with hyperaemia 

(courtesy of van de Hoef et al17). 

 

 

 

 

 

 

 

 

 

At a constant myocardial oxygen consumption level, coronary flow is autoregulated: coronary 

blood flow is constant within a physiological range of perfusion pressures (resting conditions). 

An increase in myocardial oxygen demand results in an increase in the autoregulatory plateau, 

termed metabolic adaptation (exercise). During hyperaemia, the relationship between 

coronary pressure and flow tends towards a linear relationship, which allows a change in 

pressure to become an adequate surrogate of change in flow. This latter concept is harnessed 

during coronary physiology assessment using adenosine. 
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1.2. Angina with nonobstructive coronary arteries: pathophysiology 

ANOCA is an umbrella term comprising several distinct underlying pathophysiological 

entities; these include endothelium-independent microvascular dysfunction, endothelium-

dependent microvascular dysfunction, coronary artery spasm and myocardial bridging (MB); 

the former two are usually combined into coronary microvascular disease (CMD). 

 

1.2.1. Endothelium-independent microvascular dysfunction 

The ability of the coronary vasculature to augment CBF in response to a stressor is known as 

flow reserve; when in response to adenosine this is referred to as the coronary flow reserve 

(CFR), which is a measure of endothelium-independent microvascular function. Coronary flow 

reserve represents the maximal theoretical flow that is possible through the interrogated vessel 

and, therefore, informs about the presence/absence of an ischaemic substrate rather than 

myocardial ischaemia itself. Therefore, this metric has a high sensitivity, but low specificity, 

to identify patients who are likely to develop myocardial ischaemia during exercise. 

Myocardial ischaemia requires a combination of an ischaemic substrate, i.e., an impaired CFR, 

and heightened myocardial oxygen demand that exceeds the supply; the latter is not accounted 

for by measurements made in the catheter laboratory. In the context of ANOCA, a diminished 

CFR is associated with inducible ischaemia, impaired quality of life, and increased risk of 

adverse cardiovascular outcomes18–21. The diagnostic threshold of CFR has historically varied 

between <2.0 and <2.522, with a so-called “grey zone” existing in the CFR range of 2.0-2.5. 

However, our group has previously demonstrated that patients with CFR 2.0-2.5 exhibit similar 

degrees of maladaptive exercise physiology and inducible ischaemia as patients with CFR<2.0, 

therefore dispelling the concept of a CFR grey-zone. The CFR<2.5 threshold provides a higher 

sensitivity, whereas CFR<2.0 provides a higher specificity, in the diagnosis of CMD; with the 

CFR<2.5 providing a greater overall diagnostic accuracy. For these reasons, I have used 
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CFR<2.5 as diagnostic of endothelium-independent microvascular dysfunction in my PhD 

studies. 

 

Traditionally, endothelium-independent microvascular dysfunction has been attributed to 

microvascular architectural changes (such as microvascular obstruction and rarefaction) 

impairing the ability of the microvasculature to reduce microvascular resistance, and 

consequently augment CBF, in response to stress23. However, recent animal models and clinical 

physiology evaluations suggest that endothelium-independent microvascular dysfunction may 

be a heterogeneous condition comprising distinct entities that form part of a disease spectrum. 

Based on physiology assessment in the catheter laboratory, we have described the presence of 

two distinct endotypes, termed ‘structural coronary microvascular disease (structural CMD)’ 

and ‘functional coronary microvascular disease (functional CMD)’24,25. Both endotypes display 

impaired augmentation of CBF in response to intravenous adenosine (CFR < 2.5). However, 

whilst patients with structural CMD have an elevated minimal microvascular resistance (MR) 

(which translates to reduced maximal CBF), patients with functional CMD have a normal 

minimal MR but an attenuated vasodilatory reserve as they have reduced tone at rest. The 

endotypes have a similar core phenotype, with both groups demonstrating high prevalence of 

inducible ischaemia and inefficient cardiac–coronary coupling during physical exercise, but 

their pathogenesis differs at the microvascular level24,25. 

 

Patients with functional CMD have heightened resting CBF, reflecting a near-maximal 

vasodilatory state at rest leading to an attenuated vasodilatory capacity in response to 

physiological stress24. Neuronal nitric oxide synthase (nNOS) regulates resting tone and 

CBF6,26. The elevated resting CBF in patients with functional CMD is likely due to up-
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regulation of nNOS either as an appropriate response to an increased myocardial oxygen 

demand at rest or due to disordered autoregulation. Conversely, patients with structural CMD 

have normal resting CBF but an impaired ability to augment CBF in response to physiological 

stress and diminished peripheral endothelium-dependent dilatation, precipitating exercise-

induced hypertension24,25. The attenuated reduction in afterload with exercise interrupts the 

usual synergistic response of the coronary and peripheral circulations and predisposes to 

ischaemia in patients with structural CMD25. However, it remains unclear whether patients with 

structural CMD have an impaired ability to augment their CBF as a result of irreversible 

architectural changes, such as microvascular hypertrophy and fibrosis, limiting their ability to 

vasodilate, or whether this reflects a reversible disequilibrium of the pathways that mediate 

vasomotor tone during stress, such as endothelial nitric oxide synthase (eNOS) dysfunction. 

 

Similar pathobiological endotypes have been described by other groups. A bimodal distribution 

of impaired CFR has been reported in patients with type 2 diabetes mellitus (T2DM) depending 

on the duration of diabetes27. In the early stages of diabetes (<10-year duration), CFR was 

diminished due to elevated resting CBF whereas in the latter stages of the disease (>10-year 

duration), this was mainly due to a reduction in maximal CBF (secondary to heightened 

minimal MR). The elevated resting flow in the early stages of T2DM may represent impaired 

coronary microvascular autoregulation or an appropriate adaptive response to altered 

myocardial energy metabolism. Furthermore, it is conceivable that the increased resting CBF 

in the early stages of T2DM may lead to shear stress-induced architectural changes in the 

coronary microvasculature, contributing to heightened minimal MR, leading to an attenuated 

maximal CBF in the later stages of the disease. 
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Finally, whilst the NO pathway is central to the development of microvascular dysfunction, 

perturbations of the endothelin-1 (ET-1) pathway have also been implicated28,29. ET-1 is a 

highly potent coronary arteriolar vasoconstrictor; this effect is mediated by activation of the G-

protein coupled endothelin A receptors on vascular smooth muscle (VSM) cells. A specific 

genetic allele, which is associated with higher serum ET-1 levels, impaired myocardial 

perfusion on cardiac magnetic resonance imaging and reduced exercise tolerance, has been 

identified in patients with angina and microvascular dysfunction30. This supports the role of 

ET-1 dysregulation in the pathogenesis of microvascular dysfunction. 

 

1.2.2. Endothelium-dependent microvascular dysfunction 

In the presence of functional endothelium, the balance of shear stress-induced vasodilation and 

vasoconstriction tips towards the former; however, in the presence of endothelial dysfunction, 

the balance tips towards the latter31. Under normal physiological circumstances, shear stress, 

by activating mechanoreceptors on endothelial cells, triggers eNOS in the presence of its 

cofactor tetrahydrobiopterin to convert L-arginine into NO31. This NO then diffuses into the 

neighbouring VSM cell and promotes vasodilatation via the cyclic guanosine monophosphate-

protein kinase G pathway (Figure 3). However, certain conditions, such as a systemic 

inflammatory state, impair the ability of eNOS to produce NO; this is known as ‘eNOS 

uncoupling’31. This is characteristic of coronary endothelial dysfunction (CED) and is 

characterised by an inability to augment CBF by ≥50% in response to acetylcholine infusion in 

clinical practice (i.e., acetylcholine flow reserve ≤1.5). Acetylcholine flow reserve 

(AChFR)≤1.5 is associated with myocardial ischaemia on noninvasive imaging32, high 

symptom burden33 and adverse cardiovascular outcomes34,35. 
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1.2.3. Myocardial bridge 

Coronary arteries may dip into the myocardium for varying lengths, and then reappear on the 

surface. The muscle overlying the intramyocardial segment of the epicardial coronary artery is 

termed a myocardial bridge (MB), and the arterial segment running within the myocardium is 

referred to as the tunnelled segment. Most MBs are located in the left anterior descending 

artery36. The rates of MB detection vary according to the imaging modality used, varying from 

2-6% during coronary angiography to 20% when using intravascular ultrasound imaging and 

30% when using computed tomography coronary angiography (CTCA)37. 

 

Myocardial bridges were previously considered a benign phenomenon, as 85% of myocardial 

perfusion occurs during diastole and compression of the tunnelled segment was thought to 

occur only in systole (“systolic milking”). However, seminal studies from the 1990s reported 

delayed decompression of the tunnelled segment during early diastole, resulting in persistent 

luminal narrowing, during times of a high sympathetic tone38. This delay impedes rapid early 

diastolic hyperaemia most significantly in the subendocardium, which is more prone to 

ischaemia39. Furthermore, the heightened sympathetic tone during exercise leads to increased 

heart rate and, consequently, reduced diastolic perfusion time; the combination of delayed 

vessel decompression and reduced diastolic perfusion time is thought to lead to ischaemia 

during physical exercise in certain MBs. However, the effects of physical exercise on coronary 

flow, pressure and perfusion efficiency have never been examined before and, therefore, our 

understanding of the mechanisms leading to ischaemia in patients with MBs remains 

incomplete.  
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1.2.4. Coronary vasospasm 

Vasospastic angina (VSA) refers to a dysfunctional state of coronary vasomotion where there 

is sudden coronary flow attenuation as a result of either epicardial or microvascular spasm, 

leading to downstream myocardial ischaemia and angina. VSA has been associated with poor 

quality of life and increased risk of adverse cardiovascular outcomes40. However, its 

underlying pathophysiology remains incompletely defined, and the factors contributing to the 

development of VSA are poorly understood. It is likely that VSA occurs secondary to a 

combination of coronary endothelial dysfunction and/or vascular smooth muscle (VSM) 

hyperreractivity. In the setting of coronary artery spasm, several clinical studies have 

demonstrated reduced NO41 and heightened endothelin-1 (ET-1)42 activity. Ford et al reported 

an attenuated vasorelaxation in response to ACh and augmented vasoconstrictive response to 

ET-1 in gluteal biopsy samples of patients with VSA compared with control subjects, 

indicating a state of systemic endothelial dysfunction in these patients43. On the other hand, 

whilst the mechanisms leading to VSM hyperreactivity are not fully understood, it is thought 

to be a manifestation of an alteration of the signal transduction pathway somewhere between, 

but not including, the cellular receptors and the contractile proteins in the VSM cell. Porcine 

models of coronary spasm have demonstrated that the calcium handling mechanism of 

contractile proteins remains unaltered, as does the expression of cellular receptors involved in 

promoting vasoconstriction44. Animal studies have also implicated the protein kinase C-

mediated pathway in the pathogenesis of coronary artery spasm45. These results suggest that 

calcium (Ca2+) entry through L-type Ca2+ channels into VSM cells is the initial trigger for 

coronary artery spasm and that Ca2+ entry might be augmented via protein kinase C-dependent 

mechanisms. Indeed, it has been demonstrated that L-type Ca2+ channels are functionally 

upregulated at the spastic site in a porcine model of coronary artery spasm46. Animal studies 

have also reported that rho kinase is upregulated at the spastic site and plays a key role in 
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inducing VSM hypercontraction by inhibiting myosin light chain phosphatase47. It has been 

hypothesised that coronary endothelial dysfunction plays a greater role in the development of 

diffuse multi-vessel spasm, whereas VSM hyperreactivity plays a greater role in focal spasm. 

 

 

1.3. Angina with nonobstructive coronary arteries: clinical implications 

1.3.1. Endothelium-independent and endothelium-dependent microvascular dysfunction 

(coronary microvascular disease; CMD) 

Recent studies have consistently reported adverse outcomes in patients with CMD. Of note, 

AlBadri et al have reported that CFR < 2.3 independently predicted a higher risk of composite 

endpoint of death, myocardial infarction (MI), stroke and hospitalisation for heart failure in 

women with ANOCA at a median follow-up of 9.7 years21. They also reported a trend towards 

higher rates of the composite endpoint in women with endothelium-dependent microvascular 

dysfunction21. Pepine et al, similarly, showed an increase in the composite outcome of death, 

nonfatal MI, nonfatal stroke, or hospitalisation for heart failure in women with ANOCA and 

CFR < 2.3248. Murthy et al reported an increased incidence of major adverse cardiac events 

(MACE), defined as cardiac death, nonfatal MI, late revascularisation and hospitalisation for 

heart failure, in patients with ANOCA and CFR < 2.0 on positron emission tomography (PET) 

imaging after a median follow-up of 1.3 years49. Suwaidi et al assessed endothelium-dependent 

microvascular function in 157 patients with ANOCA34. Over a 28-month follow-up, none of 

their patients with normal coronary endothelial function suffered from adverse events. 

However, 14% of patients with endothelium-dependent microvascular dysfunction suffered 

from MACE, which included MI, revascularisation, or cardiac death34. These findings are 

summarised in Figure 550. 
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Figure 5. The spectrum of coronary microvascular disease (courtesy of Rahman et al50). 

The figure summarises the relationship between coronary flow reserve thresholds and the 

prognostic spectrum of cardiovascular outcomes, based on event rates from previously 

published studies. 3T CMR: 3-Tesla perfusion cardiac magnetic resonance imaging; IC: 

intracoronary; PET: position emission tomography; TTDE: transthoracic dipyridamole 

echocardiography. 

 

More recently, it has been reported that patients with structural and functional CMD have a 

similar prognosis (5-year incidence of MACE; composite of revascularisation, myocardial 

infarction, death and target vessel failure)51. Abnormal CFR was associated with an increased 

risk for 5-year MACE and target vessel failure in this patient cohort. In contrast, microvascular 

resistance parameters alone were not associated with outcomes51. 
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1.3.2. Myocardial bridges 

The majority of MBs are superficial and incidental findings on CTCA or invasive coronary 

angiography; however, certain MBs, such as those with longer and deeper tunnelled segments, 

are purported to be linked with an ischaemic substrate. These characteristics are thought to lead 

to a greater delay in decompression of the tunnelled segment during diastole, whereas 

atherosclerotic disease is thought to occur due to perturbed wall shear stress 10-20mm proximal 

to the mouth of the MB and increases the risk of plaque rupture in patients with otherwise no 

traditional vascular risk factors52. Acute coronary syndrome presentations in patients with MB 

can also be due to prolonged coronary spasm or coronary dissection within the tunnelled 

segment. 

 

1.3.3. Coronary vasospasm 

Vasospastic angina should be suspected in patients with anginal symptoms occurring 

predominantly at rest, especially if the resting symptoms follow a diurnal pattern (being worse 

at night and in the early morning). Although Prinzmetal’s reports had linked episodes of 

coronary vasospasm predominantly with ST-segment elevation, there is now a greater 

appreciation that an episode of coronary artery spasm can present with disparate ischaemic 

ECG changes commensurate with the degree of coronary flow attenuation. Prolonged and 

more occlusive episodes of coronary artery spasm have a greater propensity to lead to 

ventricular arrhythmias; this is thought to be due to an increased inhomogeneity of ventricular 

depolarisation and repolarisation due to acute, severe and transient myocardial ischaemia53. 

These factors increase ventricular vulnerability and heighten the risk of sudden cardiac 

death54. The major adverse cardiac events rate, a composite of death, non-fatal myocardial 

infarction (MI), unstable angina and heart failure, has been reported to be around 5–6% over 

a median follow-up period of 3–4 years in patients with VSA55,56. Two endotypes of coronary 
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artery spasm are recognised: epicardial spasm (defined as ≥90% epicardial artery 

vasoconstriction in response to ACh stimulation, ischaemic ECG changes and characteristic 

chest pain) and microvascular spasm (a diagnosis of exclusion, namely <90% epicardial artery 

vasoconstriction in response to ACh stimulation, ischaemic ECG changes and characteristic 

chest pain)57. A recent study reported a 7.5% incidence of all-cause mortality, 1.4% MI and 

2.2% stroke over a median 7-year follow-up in patients with invasively characterised coronary 

artery spasm40. Recurrent symptoms were reported in 64% of patients and 12% of patients 

underwent a repeat coronary angiography. Multivariate analysis revealed epicardial spasm as 

a predictor of non-fatal MI and repeat angiography, whereas patients with microvascular 

spasm more often had recurrent angina at follow-up40. Whilst the overall prognosis of patients 

with ANOCA and coronary artery spasm is generally favourable, patients with obstructive 

coronary artery disease (CAD) who are predisposed to spasm have a worse 

outlook58. Furthermore, patients with obstructive CAD who develop spasm within the stenotic 

segment are more likely to suffer from adverse cardiovascular outcomes compared with those 

who develop spasm in non-stenotic coronary segments or those who do not develop spasm at 

all59. The mechanisms underlying this are unclear; however, animal studies have demonstrated 

that intimal injury is prevalent in stenotic segments that develop spasm with pharmacological 

stimulation60. Therefore, it is conceivable that spasm within a stenotic segment can cause 

plaque disruption and, therefore, predispose to acute coronary syndrome. Finally, patients with 

myocardial infarction with non-obstructed coronary arteries secondary to coronary vasospasm 

have a heightened risk of all-cause mortality, cardiac death and readmission with acute 

coronary syndrome61. 
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1.4. Angina with nonobstructive coronary arteries: diagnostic testing 

1.4.1. Invasive assessment 

1.4.1.1. Endothelium-independent microvascular function 

In the absence of physiologically flow-limiting epicardial disease (fractional flow reserve 

>0.80), microvascular function testing elucidates an ischaemic substrate in patients with 

ANOCA. Endothelium-independent microvascular function is determined through calculating 

CFR following administration of the vasodilator adenosine, which acts on the A2A receptors 

on vascular smooth muscle cells and leads to vasodilatation (hyperaemia). CFR is defined as 

the ratio of maximal blood flow during hyperaemia to resting blood flow and is the clinical 

reference standard for quantitative assessment of microvascular vasodilatory reserve; CFR<2.5 

is associated with exercise perfusion inefficiency and inducible ischaemia on noninvasive 

imaging25. CBF is difficult to assess in vivo; therefore, surrogates are measured in clinical 

practice. Doppler based techniques measure coronary flow velocity and CFR is calculated as 

the ratio of hyperaemic flow velocity to resting flow velocity. Doppler based techniques are 

considered the gold standard invasive diagnostic modality and have excellent concordance with 

PET-based CFR measurements62. Thermodilution techniques can also be used and as flow is 

inversely proportional to the transit time of a cold bolus of saline, CFR can be defined as the 

ratio of mean transit time at baseline and hyperaemia. Along with CFR,  microvascular 

resistance (MR) can be measured as the ratio between myocardial perfusion pressure (which 

approximates to distal coronary pressure (Pd) and flow; when flow is estimated by Doppler, 

the resulting index is called hyperaemic microvascular resistance (hMR= Pd/APV, where APV 

is Average Peak Velocity) and when flow is estimated by thermodilution, the resulting index 

is called the Index of Microvascular Resistance (IMR= Pd x hyperaemic Tmn, where Tmn is 

the mean transit time). In patients with an impaired CFR, minimal microvascular resistance 

provides further insight into the endotype of microvascular disease; those with elevated 
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minimal microvascular resistance (≥2.5mmHg.cm-1.s-1) termed structural CMD and those with 

normal minimal microvascular resistance (<2.5mmHg.cm-1.s-1) termed functional CMD24,25. 

 

1.4.1.2. Endothelium-dependent microvascular function 

Coronary endothelium-dependent microvascular dysfunction is characterised by an inability of 

the endothelial cells to produce adequate nitric oxide in response to physiological stress. This 

ultimately culminates in impaired augmentation of CBF due to a dampened cyclic guanosine 

monophosphate mediated pathway. Acetylcholine is the most frequently used endothelium-

dependent vasodilating agent in clinical practice and its effects on cellular function is 

summarised in Figure 3. In coronary arteries with normal endothelium, a graded infusion of 

intracoronary acetylcholine should augment the CBF by ≥50% of the resting CBF32; this ratio 

is referred to as the acetylcholine flow reserve (AChFR) and AChFR≤1.5 is diagnostic of 

endothelium-dependent microvascular dysfunction50. The estimation of volumetric CBF from 

Doppler flow velocity incorporates vessel diameter. Given that acetylcholine can cause either 

epicardial vasodilatation or vasoconstriction, volumetric CBF is calculated using quantitative 

coronary angiography (QCA) to estimate epicardial diameter. It is calculated as: 

 

0.5 ×  𝐴𝑃𝑉 ×  𝜋 (
𝑣𝑒𝑠𝑠𝑒𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
)2 

 

 

1.4.1.3. Myocardial bridges 

Coronary physiology assessment is purported to identify MBs that may be capable of causing 

myocardial ischaemia. However, the cyclic changes in luminal dimensions reduce the 

sensitivity and specificity of pancylic physiological indices; furthermore, because the dynamic 

vessel calibre reduction is dependent on the degree of extravascular compression and 

intramyocardial tension, an accurate assessment of these vessels requires an agent that 
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increases both chronotropy and inotropy (i.e., one that emulates physical exertion). 

Accordingly, although the use of adenosine-mediated vasodilatation, and the resultant 

fractional flow reserve (FFR), is the gold standard for assessment of fixed coronary stenoses, 

these are thought to be inappropriate for the assessment of haemodynamic significance of 

MBs63. MBs can cause significant diastolic pressure gradients and negative systolic pressure 

gradients (where the distal pressure is greater than proximal pressure during systole as a result 

of systolic pressure overshooting)63. This phenomenon may produce an artificial elevation in 

the mean pressure used by conventional FFR, resulting in an underestimation of haemodynamic 

significance of the MB63. Furthermore, adenosine does not lead to inotropic changes, which is 

precisely when the physiological haemodynamics underpinning MB are borne out. Based on 

these assumptions, Escaned et al have demonstrated that measuring the diastolic Pd/Pa during 

dobutamine infusion (termed dobutamine dFFR) identified a significant proportion of 

potentially haemodynamically relevant MBs that conventional FFR did not64. Figure 6 

demonstrates an example of the physiological changes observed during the assessment of MBs 

with dobutamine and adenosine64. Other groups have since reported similar findings with 

dobutamine-induced wave-free pressure ratio (termed hyperaemic wave-free pressure ratio; 

HWPR)65. Finally, Aleksandric et al have recently identified dobutamine dFFR≤0.76 as being 

the optimal threshold that predicts inducible ischaemia on exercise stress echocardiography in 

patients with MBs66. 
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Figure 6. Physiological changes observed during the assessment of myocardial bridges with 

intravenous dobutamine (courtesy of Escaned et al64). 

 

Intracoronary hyperaemic pressure measurements at baseline and during dobutamine 

infusion. The graph shows the recorded electrocardiogram (EKG), aortic pressure (Pa), 

intracoronary pressure distal to the myocardial bridge (Pd), as well as the 

instantaneous pressure gradient resulting from the difference between the two pressures. The 

overshooting of Pd over Pa noted during dobutamine infusion contributes to the characteristic 

negative systolic pressure gradient. 

 

 

1.4.1.4. Coronary artery spasm  

Coronary vascular assessment with ACh stimulation can be performed readily and safely in 

patients with suspected VSA67. There is variation in the doses and delivery rates of ACh used 

during spasm assessment, although the underlying scientific rationale remains the same. The 
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consensus is to deliver a 100mcg bolus of ACh down the left anterior descending artery over 

20 seconds; this dose needs to be halved (i.e., 50mcg over 20 seconds) if being delivered into 

the right coronary artery due to the higher risk of bradyarrhythmias68. A diagnosis of epicardial 

artery spasm is made when ACh bolus leads to ≥90% coronary vasoconstriction, ischaemic 

ECG changes and chest pain; this protocol and diagnostic threshold is associated with a high 

degree of sensitivity and specificity for the detection of coronary spasm in patients with 

symptoms of VSA69. The diagnosis of microvascular spasm is made when ACh bolus leads to 

ischaemic ECG changes and chest pain in the absence of ≥90% coronary vasoconstriction; in 

the absence of significant epicardial spasm, an AChFR <1.0 with ACh bolus is also suggestive 

of microvascular spasm as it demonstrates flow attenuation68. 

Whilst the aforementioned ACh protocol is the most commonly used one, other derivations 

exist and are associated with varying degrees of sensitivity and specificity. These include the 

incremental infusion of ACh at 0.86, 8.63, 86.3, 863 mcg/mL over 3 minutes or incremental 

boluses of ACh at 100–200mcg over 20 seconds70,71. These derivations have important clinical 

implications; for example, a 200mcg bolus is more likely to lead to multivessel spasm than a 

100mcg bolus, and a 20-second bolus is more likely to lead to vasospasm than a 3-minute 

infusion of the same dose72,73. Furthermore, it is not known what dose and infusion rate of 

ACh correlates with physiological degrees of spasm; the caveat being that beyond a certain 

threshold of dose and infusion rate ACh may provoke spasm in any individual74. This 

phenomenon was observed in a study investigating the effects of varying concentrations of 

ACh in patients with normal epicardial arteries75. The authors reported an increase in 

epicardial vessel diameter and CBF with ACh concentrations of up to 10-4 mol/L; however, 

significant vasoconstriction, accompanied by chest pain, was observed with concentrations of 

10-3 mol/L. This led the authors to conclude that the local ACh concentration and the coronary 

vascular segment under question may play a significant role in the observed response to ACh. 
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Finally, the diagnostic threshold for the degree of epicardial vasoconstriction in response to 

ACh can also vary between centres. The majority of centres use the 90% threshold; however, 

some centres use different arbitrarily chosen thresholds, such as 75% 

vasoconstriction67,68. Using different diagnostic thresholds will, of course, alter the diagnostic 

sensitivity and specificity. 

 

1.4.2. Noninvasive assessment (exercise electrocardiogram treadmill testing) 

CFR measures the theoretical maximal ability of the vessel to augment CBF. An abnormal 

CFR, therefore, identifies a substrate for ischaemia that may or may not manifest itself during 

physical exertion. On the other hand, electrocardiographic changes, such as ST segment 

depression, identify the presence of actual ischaemia (although, technically, the true gold 

standard marker of ischaemia would be delta coronary sinus lactate levels). Therefore, CFR 

interrogates the early part of the ischaemic cascade and is a sensitive diagnostic test, whereas 

an exercise ECG treadmill test interrogates the latter part of the ischaemic cascade and is a 

specific diagnostic test76 (Figure 7). 
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Figure 7. The ischaemic cascade and diagnostic tools used to interrogate it (courtesy of 

Reynolds et al76). 

 

 

 

 

 

 

 

 

 

 

 

CFR: coronary flow reserve; MPI: myocardial perfusion imaging; SE: stress 

echocardiography; ETT: exercise ECG treadmill test 

 

Exercise electrocardiogram treadmill testing (ETT) is a low-cost and widely available non-

invasive stress test, with long-standing use in clinical cardiology to study the cardiovascular 

response to physical stress. Historically, ETT has received a class I indication for initial 

evaluation of suspected or known coronary artery disease (CAD)77,78; however, in current 

practice it is primarily indicated for assessment of exercise tolerance, symptoms, arrhythmias 

and blood pressure response in select patients79. The use of ETT to assess for ischaemia in 

patients with new onset angina has been downgraded to a IIb C indication79; this is due to its 

Angina 
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perceived high false positive rate. However, historically ETTs were validated against the 

reference standard of the presence of obstructive coronary artery disease (CAD) on coronary 

angiography. We now know that myocardial ischaemia can, and indeed in nearly half of all 

cases does, occur secondary to coronary microvascular disease in the absence of obstructive 

CAD. Therefore, it is conceivable that the historical high false positive rates of ETTs may have 

been due to the fallacy of using obstructive CAD as the reference standard of ischaemia. 

Reappraising the diagnostic accuracy of ETTs against a contemporary gold standard of 

comprehensive coronary physiology assessment is an important unmet clinical need.   

 

1.5. Exercise versus pharmacological stress 

Pharmacologically induced hyperaemia is aimed at creating conditions of minimal 

microvascular resistance, where the flow and pressure relationship become linear and, 

therefore, pressure becomes a surrogate for flow (Figure 4)17. However, there are several 

physiological differences between exercise and hyperaemia, with the former being 

accompanied by heightened inotropy, chronotropy and myocardial work, none of which occur 

in response to adenosine. Furthermore, the mechanism leading to augmentation of CBF is 

disparate between exercise and adenosine. Whilst the latter acts on A2A receptors to mediate 

vasodilatation, the former leads to shear stress induced NO production via endothelial cells. 

Therefore, a functioning endothelial and vascular smooth muscle compartment is imperative 

for the flow responses to exercise, whereas adenosine acts directly on the vascular smooth 

muscle cells and, therefore, does not interrogate the endothelial layer. Finally, as CBF is 

determined by both perfusion pressure and microvascular resistance, and both change 

throughout the cardiac cycle due to phasic effects of the beating heart on the microvasculature, 

the effects of exercise on CBF are different to those of hyperaemia. Our unit has developed a 

clinical model that allows invasive coronary physiological evaluation during exercise in the 
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cardiac catheter laboratory25,80. This technique involves supine bicycle ergometer exercise 

during cardiac catheterisation (Figure 8). 

 

Figure 8. Setup of coronary physiology assessment during in-lab supine bicycle exercise. 

 

 

1.6. Phasic versus Pan-Cyclic Assessment: Wave Intensity Analysis 

Myocardial perfusion depends on aortic pressure, epicardial artery patency and microvascular 

resistance (broadly characterised by CFR) but it is also dependent on the dynamic interaction 

between myocardium and microvasculature. As a result of phasic compression and 

decompression of intramyocardial vessels by surrounding myocytes, coronary flow is 

intimately linked to myocardial relaxation and contraction; this process is called cardiac–

coronary coupling81. The energy fluxes accelerating and impeding myocardial perfusion can 

be quantified by wave intensity analysis (WIA). WIA was introduced over 20 years ago for the 

study of cardiovascular dynamics; wave intensity can be calculated as the product of the rate 

of change of pressure and rate of change of flow. It also separates waveforms into their forward 
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and backward components, which is particularly valuable in the coronary circulation as this 

differs from systemic circulatory beds in that pressure is generated from both the proximal and 

distal ends of the coronary artery. In a coronary artery, forward-traveling waves arise from the 

epicardial artery or aorta and are associated with congruent changes in flow and pressure; when 

pressure rises, flow increases and vice versa. Backward-traveling waves originate from the 

intramyocardial microvasculature and are associated with opposite changes in flow and 

pressure; when pressure falls, flow increases and vice versa.  Each wave is a product of changes 

in pressure and flow velocity at any individual time point in the cardiac cycle (equations 1-3). 

It is, therefore, imperative that high quality pressure and flow velocity envelopes are obtained 

when measurements are taken to ensure the subsequent derivation of wave-intensity is an 

accurate reflection of the underlying phasic coronary haemodynamics. The main assumption 

in the derivation of wave intensity itself lies with the use of the single point measure of local 

wave-speed82. 

Equation 1 (forward travelling wave energy): 

WI+ = 
1

4 ρ 𝑐
 x (

𝑑𝑃

𝑑𝑡
 + ρc

𝑑𝑈

𝑑𝑡
)2 

Equation 2 (backward travelling wave energy): 

WI- = - 
1

4 ρ 𝑐
 x (

𝑑𝑃

𝑑𝑡
 + ρc

𝑑𝑈

𝑑𝑡
)2 

Equation 3 (net wave energy): 

WInet = WI+ + WI- = (
𝑑𝑃

𝑑𝑡
)(

𝑑𝑈

𝑑𝑡
) 
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Locally induced changes in pressure and flow are not transmitted instantaneously through the 

arterial wall, but propagate as waves at a certain speed, inversely proportional to vessel wall 

dispensability (D) and known as the wavespeed (c): 

 

c = 
1

√ρD
 

ρ is the density of blood, c wave-speed, dU change in flow velocity and dP change in pressure. 

 

These waves can be further classified according to their effect on coronary flow (accelerating 

or decelerating) and pressure (compression or expansion). The backward compression wave 

(BCW) is a distally originating wave that arises during isovolumetric contraction (at the onset 

of systole) and decelerates coronary flow. The forward compression wave (FCW) is a 

proximally originating accelerating wave that reflects transmission of rising aortic pressure in 

early systole. The forward expansion wave (FEW) arises proximally, decelerates flow, and 

reflects the slight fall of aortic pressure in late systole. The backward expansion wave (BEW), 

the main driver of flow and myocardial perfusion in the normal coronary circulation, originates 

distally due to decompression of the microvasculature in early diastole. The late FCW 

originates from the epicardial artery, coinciding with closure of the aortic valve when aortic 

pressure is briefly augmented. This proximal originating wave accelerates flow, augmenting 

the actions of the BEW81,83. The relative balance of accelerating and decelerating waves has 

been termed coronary perfusion efficiency. Perfusion efficiency increases with exercise and 

pharmacologically induced microvascular dilatation in the healthy heart80. Coronary wave 

intensity analysis has been used by our group and others to study several different human 

disease processes including coronary microvascular disease25 (Figure 9), aortic stenosis80, 
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warm-up angina84, response to intra-aortic counterpulsation balloon pump85 and cardiac 

resynchronisation therapy86. 

 

 

Figure 9. Comparison of wave intensity analyses between patients with normal CFR (left hand 

side panel) and impaired CFR (right hand side panel). 

Ensemble averaged aortic pressure (top, light blue), coronary pressure (top, dark blue), flow 

velocity (top, red) and wave intensity analysis (bottom). BCW: backward compression wave; 

FCW: forward compression wave; FEW: forward expansion wave; BEW: backward expansion 

wave; late FCW: late forward compression wave. 

 

1.7. Current management strategy in patients with coronary microvascular disease 

Currently, there is a limited evidence base to guide therapeutic options in patients with CMD. 

For the most part, therapies used for angina due to obstructive CAD do not distinguish the 

underlying pathophysiological process. Management of CMD should encompass controlling 
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cardiovascular risk factors, improving endothelium-dependent and endothelium-independent 

function (disease-modifying therapy), and achieving symptomatic relief. Appropriate 

management of hypertension, diabetes mellitus and hyperlipidaemia, as well as smoking 

cessation advice, is imperative as these contribute towards impaired microvascular function87,88. 

The current European Society of Cardiology (ESC) guidelines recommend treatment with 

aspirin and statins (class I indication), and consideration of angiotensin-converting enzyme 

(ACE) inhibitors for patients with ANOCA79. Aspirin is recommended by extrapolation of 

obstructive CAD data. Statin therapy improves vascular inflammation and endothelial function. 

Angiotensin II is a potent vasoconstrictor and may modulate coronary microvascular tone 

directly, therefore blocking it using an ACE inhibitor may prove beneficial in patients with 

CMD. These two agents may lead to improved coronary microvascular function over time but 

may have no immediate effect on symptom relief. A handful of studies have investigated the 

role of anti-ischaemic therapy in symptom control in patients with ANOCA. 

 

Bairey-Merz et al carried out a double-blinded, placebo-controlled, therapeutic study with 2 

weeks of ranolazine and 2 weeks of placebo in 128 patients with ANOCA89. The diagnosis of 

CMD was made either invasively (CFR<2.5 or <0% coronary vasodilatation in response to 

intracoronary acetylcholine) or non-invasively (myocardial perfusion reserve index 

(MPRI)<2.0 on stress perfusion cardiac magnetic resonance imaging). Their patient cohort 

included 35 patients with CFR<2.5, 36 patients met the acetylcholine criteria for CMD, and 67 

patients had MPRI<2.0. Ranolazine did not improve symptoms, MPRI or diastolic filling in 

the overall patient cohort; however, the inclusion criteria inevitably led to a highly 

heterogenous cohort of patients, many of whom possibly did not have CMD. Interestingly, 

MPRI improved in the subgroup of patients with lower baseline CFR. This suggests that 

patients with invasively diagnosed CMD, using the robust dichotomous threshold of CFR<2.5, 
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were most likely to benefit from the anti-ischaemic effects of ranolazine; however, these were 

posthoc analyses, and the study was not powered for this treatment effect.  

 

Koh et al have carried out a pilot therapeutic study in patients with ANOCA90. In their 

randomised, double-blinded, placebo-controlled trial, 22 patients with angina, an abnormal 

stress test and nonobstructive coronary arteries were randomised to ranolazine or placebo for 

12 weeks. The primary end point was change in Seattle Angina Questionnaire (SAQ) angina 

frequency score. SAQ angina frequency score, Duke Activity Status Index score, FFR, CFR, 

hMR, and cardiopulmonary exercise testing were performed at baseline and at 12 weeks’ 

follow up. There were no significant differences in SAQ angina frequency scores between 

ranolazine and placebo groups at 12 weeks. The change in coronary physiology indices at 12 

weeks was not significantly different between groups. Thirteen of the 22 patients had CFR<2.0 

at baseline; these patients had a greater increase in CFR, in response to ranolazine, when 

compared with patients with CFR≥ 2.0 at baseline. This increase in CFR was not observed in 

patients treated with placebo. There were no differences in response to ranolazine in delta SAQ 

angina frequency, Duke Activity Status Index and CPET parameters between patients with 

CFR<2.0 and CFR≥2.0. 

 

Jansen et al have reported that 6 weeks of diltiazem did not lead to improvement in CFR or 

angina-specific quality of life in patients with ANOCA91. However, only 25% of their patient 

cohort had an impaired CFR at baseline; the rest having a mixture of epicardial spasm, 

microvascular spasm, and elevated index of microvascular resistance. 
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Corban et al have recently investigated the effects of autologous intracoronary CD34+ infusion 

in patients with ANOCA92. CD34+ cells are involved in normal vascular repair with 

microcirculatory regenerative potential and paracrine anti-inflammatory effects; these have 

been reported to be attenuated in patients with coronary endothelium-dependent microvascular 

dysfunction. Invasive coronary physiology assessment and ETT were repeated 6 months after 

cell infusion. Intracoronary CD34+ cell infusion improved endothelium-dependent 

microvascular function, decreased Canadian Cardiovascular Society angina class and improved 

SAQ scores with no significant change in exercise time at 6 months of follow-up. The same 

group of investigators also reported an improvement in CFR, in response to a single dose of 

intracoronary CD34+ cells, after 6 months93. 

 

Finally, perhaps the most influential therapeutic study in patients with ANOCA till date has 

been the Coronary Microvascular Angina (CorMicA) study, which demonstrated the 

superiority of physiology-guided management above empirical therapy in patients with 

ANOCA in relation to SAQ scores at 6- and 12-months in 151 patients randomised to either 

physiology-stratified therapy or empirical therapy94,95. This study also demonstrated an 

improvement in resource utilisation in the physiology-stratified group96. However, the 

definition of vasomotor abnormalities was broad in CorMicA (diminished CFR and/or elevated 

minimal microvascular resistance and/or epicardial/microvascular spasm with bolus 

acetylcholine provocation) and hence it was not possible to link the specific pathophysiological 

diagnosis with outcome. Furthermore, in CorMicA, the recommended therapies included a 

range of pharmacological and non-pharmacological measures (including referral to cardiac 

rehabilitation)96, and, therefore, the mechanistic link between physiological findings, therapies 

instituted and improvement in outcomes remain incompletely understood. 
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Therefore, whilst there has been some advancement in our understanding of the therapeutics in 

patients with ANOCA, many questions remain unanswered. First, and foremost, is there a 

mechanistic link between impaired CFR and response to therapy using patient-centric outcome 

measures? Second, do measurements of minimal microvascular resistance and acetylcholine 

flow reserve, in addition to CFR, add incremental value in predicting response to therapy?  

 

1.8. Aims and objectives 

The overarching aims of my PhD studies were to determine the relationship between invasive 

coronary physiological metrics in patients with undifferentiated ANOCA and their a) clinical 

phenotype and b) response to physiology-stratified therapy. Three parallel clinical studies were 

performed in patients with ANOCA, classified according to endothelium-independent and -

dependent vascular function and the dynamic response to exercise to address the following key 

aims: 

 

1. To determine the specificity of a positive exercise ECG treadmill test in identifying an 

ischaemic substrate in patients with angina and nonobstructive coronary arteries, using 

coronary endothelium-independent and endothelium-dependent microvascular function 

as the reference standard. We will also compare the apparent false positive rates of the 

different reference standards. The findings of this study are presented in Chapter 3. 

 

2. To determine whether coronary flow reserve predicts change in exercise time and 

quality of life in response to anti-ischaemic therapy in patients with ANOCA. We will 

carry out a randomised, controlled, phenotype-blinded, crossover trial using amlodipine 

and ranolazine as exemplar anti-ischaemic therapies. The differences in change in 
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exercise time and SAQ summary score from baseline will be compared between the 

two groups (impaired CFR (CMD) versus normal CFR (reference)). The findings of 

this study are presented in Chapter 4. 

 

 

3. To determine whether measuring minimal microvascular resistance and acetylcholine 

flow reserve, in addition to CFR, adds incremental value in predicting response to anti-

ischaemic therapy. Functional CMD is a recently identified endotype of CMD; we will 

assess the relative prevalence of this endotype and whether their response to therapy 

differs from that of the more traditionally recognised structural CMD. The findings of 

this study are reported in Chapter 5. 

 

4. To determine the perfusion substrates for ischaemia in patients with myocardial bridges 

using supine bicycle exercise to determine coronary perfusion efficiency. We will also 

assess the prevalence of coronary endothelial dysfunction in these patients. Finally, we 

will compare these metrics against the CMD and reference groups. 

 

Chapter 2 describes the derivation of methods used to address these hypotheses and carry out 

the studies. 
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Chapter 2 

 

 

 

Study design and methods 
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2.1. Designing the study protocol 

The seminal findings from my predecessor, Dr. Haseeb Rahman, laid down the foundations for 

my PhD study. Dr. Rahman demonstrated that in a heterogenous group of patients with angina 

and nonobstructive coronary arteries (ANOCA), those with an impaired coronary flow reserve 

(CFR) in response to adenosine have an impaired exercise perfusion efficiency during exercise 

and high prevalence of inducible ischaemia on noninvasive stress imaging25. Other groups have 

demonstrated that, in patients with ANOCA, an impaired CFR results in poor quality of life on 

the account of a high angina burden35. However, whether measuring CFR can predict change 

in exercise capacity and quality of life has never been reported before. We felt that this was the 

key gap in our knowledge that would complete the link between the mechanisms leading to 

ischaemia and adverse outcomes in patients with ANOCA. This was the premise for our 

randomised, controlled, phenotype-blinded, crossover trial titled ‘Characterising Mechanisms 

in Patients with Coronary Microvascular Disease to stratify therapy (ChaMP-CMD)’. 

Importantly, unlike previous therapeutic studies in patients with ANOCA, all our patients had 

typical limiting angina and were invasively characterised in the catheter laboratory with the 

gold standard Doppler technique providing simultaneous intracoronary flow and pressure 

measurements. Meticulous blinded acquisition and, at the end of the study, offline processing 

of the coronary physiology data was fundamental to my PhD, with the former being the entry 

point into all my separate studies (Figure 10).  

 

  



66 
 

Figure 10. How patient and researcher blinding was maintained. 

 

 

With guidance from my supervisors Professor Divaka Perera and Dr. Andrew Webb, and my 

colleague Dr. Haseeb Rahman, I designed the study protocol and secured funding via the 

Medical Research Council Clinical Research Training Fellowship (MR/T029390/1). I then 

obtained ethical approval to commence the study after review by the Bromley Research Ethics 

Committee (20/LO/1294). I was the main point of call for referrals pertaining to further 

assessment in patients with ANOCA. These referrals came from the rapid access chest pain 

clinic, other consultants at our institute, primary healthcare clinicians and tertiary referrals from 

other hospitals. Only those patients with typical limiting angina and a high pretest probability 

of coronary vasomotor dysfunction were offered coronary angiography with comprehensive 

physiology assessment. I also screened and consented suitable patients from elective 

angiography lists who were being investigated for exertional chest pain. At the end of the 

clinical protocol, we optimised patients’ medications and I followed up every patient in clinic 

thereafter to evaluate their symptom control and clinical progress. 
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Inclusion criteria for the clinical protocol, and entry into any of the studies pertaining to my 

PhD, were typical limiting angina, preserved left ventricular systolic function (ejection fraction 

>50%) and nonobstructive coronary arteries (FFR > 0.80). Exclusion criteria were intolerance 

to adenosine, chronic kidney disease (estimated glomerular filtration rate < 30 mL/min/m2), 

concomitant valve disease (greater than moderate on echocardiography), previous acute 

coronary syndrome or revascularisation (including percutaneous coronary intervention), and 

cardiomyopathy (including left ventricular hypertrophy). The three study components (catheter 

laboratory study, exercise electrocardiogram treadmill study and randomised controlled trial) 

are described in the following section and Figures 11 and 12 depict the overall study flowchart 

and my role respectively. 

 

Figure 11. Study flow chart. 
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ChaMP-CMD: Characteristing Mechanisms in Patients with Coronary Microvascular 

Disease; CFR: coronary flow reserve; hMR: hyperaemic microvascular resistance; AChFR: 

acetylcholine flow reserve; CMD: coronary microvascular disease 

 

Figure 12. Patient pathway and my role. 
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ANOCA: angina with nonobstructive coronary arteries; MMI: myocardial bridge muscle mass 

index; CTCA: computed tomography coronary angiography; ETT: exercise treadmill test; 

QCA: quantitative coronary angiography 

 

2.2. Clinical protocol and catheter laboratory study 

Our clinical catheter laboratory protocol is a systematic and standardised approach to coronary 

physiology assessment in patients with angina and nonobstructive coronary arteries (ANOCA). 

Our protocol has been published as part of the Coronary Microvascular Dysfunction Working 

Group in BMJ Heart68 and has been adopted by centres across the country (Figure 13).  
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Figure 13. Standardised clinical protocol in patients with angina and nonobstructive coronary 

arteries (courtesy of Perera et al68). 
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FFR: fractional flow reserve; CFR: coronary flow reserve; hMR: hyperaemic microvascular 

resistance; IMR: index of microvascular resistance; AChFR: acetylcholine flow reserve 

 

All patients with ANOCA undergo comprehensive physiology assessment with simultaneous 

measurement of intracoronary pressure and flow in response to adenosine and acetylcholine. 

This is the entry point to all the studies in my PhD. Acquiring high-quality measurements of 

coronary pressure and flow velocity was key to performing wave intensity analysis and 

accurately dichotomising patients into study groups.  

 

Professor Divaka Perera, one of the most experienced Combowire operators in the country, 

manipulated the Combowire to acquire this data and several seconds of recordings were made 

across each condition to ensure adequate traces were obtained for offline analysis. The 

Combomap receives analogue signals and produces digitalised traces, however the data are 

refined between these steps to ensure that reliable traces can be analysed offline. I ensured 

veracity of the data being collected by optimising settings on the Combomap pertaining to flow 

velocity, instantaneous peak velocity (IPV) threshold and display threshold. I was also involved 

with the preparation and delivery of acetylcholine infusion.  

 

2.2.1 Cardiac catheter laboratory study protocol overview 

Coronary angiography was performed via the right radial artery in all patients who performed 

supine bicycle exercise (Figure 8 and Figure 14).  
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Figure 14. Catheter laboratory setup during in-lab supine bicycle exercise protocol. 

 

All patients received 1mg intravenous midazolam before local anaesthetic was administered 

and arterial puncture took place. This was both to minimise the risk of radial artery spasm and 

to ensure that patients were calm ahead of any physiological measurements. Patients received 

1mg of isosorbide dinitrate into the radial artery before advancement of the diagnostic 

catheters. Intracoronary acetylcholine measurements were made at least 15 minutes after 

administration of nitrates. This was to mitigate for the latter impacting on the pharmacological 

effects of the former. Prior to the acquisition of any research measurements, diagnostic views 

were taken and patients’ FFR, CFR and hMR were measured. After delivery of intracoronary 

nitrates,140mcg/kg/min adenosine was administered through a venous cannula until 

hyperaemia was achieved; the latter was confirmed by maximal augmentation and maintenance 

of steady state coronary blood flow and ventricularisation of distal coronary pressure. Patients 
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with FFR≤0.80 were not recruited into any of the studies and were treated as per the standard 

guidelines. We carried out acetylcholine assessment at the end of the protocol (after the 

research measurements) because of concerns regarding occurrence of vasospasm resulting in 

ischaemia and affecting subsequent measurements. All recordings were made via guide 

catheters in the left anterior descending (LAD) artery. This is the standard practice in both 

clinical and research settings, with the majority of existing data on corresponding non-invasive 

ischaemia assessment and cardiovascular outcomes being derived from invasive measurements 

made in the LAD artery. However, there is now a growing understanding that coronary 

microvascular disease may not necessarily be a panmyocardial phenomenon but may rather be 

associated with patchy areas of regional microvascular dysfunction. Marroquin et al have 

demonstrated that the mean CFR, measured during positron emission tomography (PET) scans, 

was disparate in the three epicardial vessels in 34 women with ANOCA (2.85±1.35 in the LAD, 

2.58±0.94 in the LCx and 3.24±1.42 in the RCA territories)97. Using CFR<2.5 as diagnostic of 

CMD, there was only moderate concordance between the three epicardial arteries (with strong 

Spearman’s and Intraclass correlation between LAD and RCA but weak correlation between 

LAD and LCx and LCx and RCA territories). The disparate CFR values between LAD and 

LCx were due to a lower hyperaemic flow in the LCx territory. These findings suggest that 

either CMD is a regional condition with local variations in CFR or that CFR is not agnostic of 

the vessel being interrogated (i.e., different vessels have disparate CFR thresholds). It has been 

hypothesised that as the LCx artery subtends a smaller myocardial mass compared to the LAD 

artery, a lower hyperaemic flow may, in fact, be adequate for the myocardial oxygen demand97. 

As such, we currently do not have the diagnostic thresholds for RCA and LCx arteries to 

accurately diagnose patients as having an impaired CFR in these two vessels. In view of these 

data, applying the diagnostic threshold of <2.5 may not be appropriate for non-LAD arteries. 

Therefore, until a vessel-specific diagnostic threshold is defined, a standardised approach in 
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the LAD artery is likely to remain the standard practice as this allows an inter- and intra-patient 

comparison. In the majority of cases 5F guide catheters were used, due to the preponderance 

of radial artery spasm within the study population. Once the minimum clinical dataset was 

acquired, the guide catheter was disengaged from the left coronary ostium to minimise catheter 

trauma to the vessel. Extra backup guide catheters were used in all cases to minimise accidental 

suction of the tip of the catheter into the vessel ostium during exercise, which can theoretically 

happen with the Judkins left guide catheters. Patients who could not exercise were excluded 

from this protocol. A ramped exercise protocol starting at 30W with 20W increments every 2 

minutes whilst maintaining a cadence of 60 revolutions per minute was employed. Where 

resistance limited further exercise, the workload was maintained and, therefore, tailored to the 

individual patient but continued for sufficient time for the patient to develop exhaustion. Aortic 

pressure, distal coronary pressure, coronary flow velocity and ECG were monitored 

continuously throughout. Once the exercise protocol was completed and all measurements 

returned to baseline levels, patients were infused with intravenous dobutamine at incremental 

doses of 10-, 20- and 30mcg/kg/min until 85% of the target heart rate was achieved and/or the 

patient developed significant chest tightness and/or ischaemic ECG changes. Patients were 

requested to withhold any negative inotropic and chronotropic agents 48 hours prior to the 

catheter laboratory study protocol. 

 

Once all the parameters returned to baseline, patients were infused with intracoronary 

acetylcholine (18 mcg/ml) via the guide catheter. We started the infusion at 1ml/min and 

assessed for response (change in Pd and/or APV). After this, we acquired a cine and, if no 

evidence of spasm, increased the rate of delivery to 2ml/min for up to 3 minutes; this is 

equivalent to 10-4 mol/L. The Combowire allows continuous measurement of distal coronary 

blood flow (CBF) (in the form of APV) and distal coronary pressure (Pd) even during 
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intracoronary infusions. This permits measurement of CBF in response to acetylcholine 

infusions as a measure of coronary endothelium-dependent microvascular function. At the end 

of the acetylcholine infusion, the guide catheter was aspirated, and a cine image taken to check 

for evidence of vessel calibre reduction. If >90% vessel calibre reduction was observed with 

the acetylcholine infusion (which is diagnostic of vasospastic angina), then no further 

acetylcholine boluses were infused. In the absence of >90% vessel calibre reduction with the 

infusion, 100mcg intracoronary acetylcholine (5.5.ml of the 18mcg/ml solution) was delivered 

as a bolus over 20 seconds as per the standard guidelines for vasospasm assessment68. A 

diagnosis of vasospastic angina was confirmed by the reproduction of patients’ characteristic 

chest tightness, ischaemic ECG changes and >90% reduction in vessel calibre. Using the 

Doppler wire offers an advantage over non-Doppler wires when assessing for coronary artery 

spasm. One can infer the presence of spasm, in response to acetylcholine infusion or bolus, by 

observing the change in APV and Pd and their relationship. If the Pd and APV both fall, then 

there is likely to be spasm proximal to the flow sensor; if the Pd falls but the APV rises then 

there is likely to be spasm at the site of the pressure and flow sensor; if the Pd remains static 

but the APV falls then there is likely to be spasm distal to the pressure and flow sensor. These 

changes precede the appearance of visual coronary artery diameter reduction on coronary 

angiography and are, therefore, a very sensitive marker of spasm. At the end of the protocol, 

intracoronary nitrates were infused to ameliorate any acetylcholine-induced spasm and final 

cine images taken. This concluded the clinical and catheter laboratory protocols. On average, 

a clinical catheter laboratory protocol (comprising adenosine and acetylcholine assessment) 

took 45-60 minutes, whereas the combined clinical and research catheter laboratory protocol 

(comprising the clinical protocol, in-lab supine bicycle exercise and dobutamine infusion) took 

120 minutes. There were no complications during our clinical and catheter laboratory 

protocols. A minority of patients developed transient atrioventricular block that improved 
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immediately after the cessation of acetylcholine (as the latter has a half-life of a few seconds). 

None of the patients required atropine or pacing. A very small number of patients developed 

paroxysmal atrial fibrillation with acetylcholine infusion/bolus; only one patient required 

flecainide and no patients required direct current cardioversion. All patients who developed 

rhythm abnormalities during acetylcholine infusion/bolus were followed up with a 7-day 

Holter tape and no further rhythm abnormalities were uncovered during this monitoring period. 

The prevalence of paroxysmal atrial fibrillation during acetylcholine infusion is quoted to be 

5% in the literature and is associated with left ventricular diastolic dysfunction and a history of 

known paroxysmal atrial fibrillation98. No ventricular arrhythmias were observed during 

acetylcholine infusion/bolus.  

 

The concentration of ACh infusion used for the interrogation of endothelium-dependent 

function is in line with the current international guidelines68. Newman et al, in the 1990s, 

demonstrated that a normal coronary artery should dilate and increase coronary blood flow in 

response to ACh infusion at doses of up to 10-4 mol/L and most healthy volunteers would 

vasoconstrict at concentrations of 10-3 mol/L or higher75. Subsequently, Hasdai et al 

demonstrated that patients with an inability to augment coronary blood flow by ≥50% in 

response to intracoronary acetylcholine infusion at 10-4 mol/L had a higher prevalence of 

myocardial ischaemia on myocardial perfusion imaging32. This data was complemented by the 

evidence of worse cardiovascular outcomes in patients with an AChFR<1.534. My predecessor, 

Dr. Haseeb Rahman, had carried out ACh infusion assessments at 10-6 – 10-4 mol/L as part of 

his PhD studies and had demonstrated an excellent safety profile of these ACh concentrations. 

We elected to use the 10-4 mol/L concentration and vary the rate of delivery from 1ml/min to 

2ml/min after 2 minutes. For our coronary artery spasm provocation assessment, we elected to 
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use 100mcg ACh bolus, delivered over 20s, in the LAD artery; this is in keeping with the 

international guidelines and the rationale has been discussed in detail earlier.  

 

2.2.2. Calibration and Optimisation of Pressure and Flow Velocity Signals 

Following intubation of the left coronary artery ostium, the Combowire (fitted with Doppler 

sensor at the distal tip and pressure sensor 15mm proximal to the Doppler sensor) was advanced 

until the pressure sensor was between the guide catheter and the ostium of the coronary artery. 

The introducer needle was withdrawn, the catheter flushed with saline and the ComboWire 

pressure equalized to the catheter signal. The ComboWire was manipulated into the mid-to-

distal LAD artery (at least 5cm from the ostium) and fine rotational movements applied to 

obtain optimal and stable Doppler traces using the density of the signal on the visual display 

of the console as well as the phasic auditory signal. Optimal readings occur when the Doppler 

probe is aligned co-axially with the vessel. When using a wire with offset sensors, it is desirable 

to manipulate the wire so that the tip is in a retroflex (or looped) orientation, which allows a 

more stable signal and ensures that the pressure and Doppler sensors are in the same location 

within the artery (Figure 15). Once an optimal Doppler signal was obtained, I optimised the 

signal to noise ratio by varying the IPV threshold, display threshold and the velocity scale 

(Figure 16). 
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Figure 15. Looped Combowire in the distal left anterior descending artery. 

 

 

 

 

 

 

 

 

 

 

Figure 16. Example of Combomap screen. Signal to noise ratio can be optimised by altering 

IPV threshold, display threshold and velocity scale in ‘Settings’. 

 

 

 

 

 

 

 

 

 

ECG (top panel), proximal aortic (red) and distal coronary (yellow) pressures (middle panel, 

Doppler flow velocity (bottom panel). 

Doppler Pressure 
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2.2.3 Off-line Data Processing 

I performed all the post-processing and coronary physiology analysis using dedicated software 

packages at the end of the study. Raw physiology data were exported in the form of .SDY files 

and analysed using Study Manager, which is a custom-made software. The user can view all 

the collected physiological variables, select the cardiac cycles of interest (in our case, this 

included rest #1, hyperaemia, rest #2, supine exercise, rest #3, dobutamine infusion, rest #4, 

acetylcholine infusion and bolus) and convert the .SDY file in text file format for further 

analysis. Setting markers during the coronary physiology measurements in the catheter 

laboratory aids in recognition of specific cycles in Study Manager. A minimum of 10, but 

typically 25-50 cardiac cycles, were selected for further analysis during adenosine, exercise 

and dobutamine stress, whereas 10 cardiac cycles were most appropriate during peak 

acetylcholine response given its short half-life (Figure 17 and Figure 18).  

 

Figure 17. Selection of appropriate cardiac cycle on Study Manager. 

ECG traces (top panel), proximal aortic (red) and distal coronary (dark blue) pressures 

(middle panel), coronary flow velocity (bottom panel) 
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Figure 18. Selection of appropriate cardiac cycle on Study Manager during acetylcholine 

infusion. 

ECG traces (top panel), distal coronary pressure (middle panel), coronary flow velocity 

(bottom panel). Note: the proximal aortic pressure is absent as the acetylcholine is directly 

being infused into the coronary arteries through the manifold. Distal coronary pressure, 

coronary flow velocity and ECG traces are being measured continuously. 

 

The corresponding text files were analysed on a custom-made software called Cardiac Waves, 

which has been developed between King’s College London and Academic Medical Centre, 

Amsterdam. The software allows the user to select which cardiac cycles to include, and which 

to exclude, for the final analysis. Premature ventricular contractions and poor flow signal were 

the main reasons for exclusion of certain cardiac cycles. The flow and pressure signals were 

passed through Savitzky-Golay smoothing filters, which work by fitting a polynomial of a 

chosen order to a chosen number of points about the centre point using least squares. This has 

the advantage of preserving peaks in the data during smoothing, whilst the level of filtering can 
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be directly controlled by changing the order of the polynomial and the frame width constants. 

All datasets included in the results were subjected to the same level of Savitzky-Golay filtering. 

The effectiveness of these filters is demonstrated in Figure 19. The post-processing of data 

was carried out by two independent researchers at least twice to test the veracity of the analyses 

and to ensure there was no significant inter- and intra-observer variability. 

 

Figure 19. Coronary wave intensity analysis of identical haemodynamic data, without (A) 

and with (B) Savitzky-Golay filtering. 

 

 

2.2.4 Pan-cardiac Cycle Indices 

Average peak velocity (APV) was used as a surrogate of coronary blood flow (CBF) during 

adenosine-mediated vasodilatation, as there is negligible variation in epicardial vessel diameter 

in response to adenosine99. The following measurements were made during hyperaemia: 

Fractional flow reserve (FFR), Coronary flow reserve (CFR) and hyperaemic microvascular 

resistance (hMR) 

 

As exercise, dobutamine stress and acetylcholine infusion can all lead to changes in vessel 

calibre, volumetric CBF was calculated incorporating the vessel calibre using quantitative 
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coronary angiography (as described previously). The following measurements were made 

during each of these stressors: 

Exercise Pd/Pa = Pd/Pa during peak exercise 

Exercise flow reserve = CBF during peak exercise/resting CBF 

Dobutamine Pd/Pa = Pd/Pa during peak dobutamine infusion 

Dobutamine flow reserve = CBF during peak dobutamine infusion/resting CBF 

AChFR = CBF at peak acetylcholine infusion/resting CBF 

 

2.2.5 Wave Intensity Analysis 

Net wave intensity normalised for the sampling interval represents the energy flux carried per 

cross sectional area of a vessel, determined by the product of change in distal coronary pressure 

(Pd) and velocity (U) at a single location: 

 

Wave intensity = 
𝑑𝑃

𝑑𝑡
∙

𝑑𝑈

𝑑𝑡
 

 

When dP and dU change in the same direction, wave intensity (WI) is positive, and the wave 

is classified as forward travelling; when the dP and dU change in the opposite direction then 

the WI is negative, and the wave is classified as backward travelling. Positive (forward 

travelling) waves are propagated from the proximal end of the circulation (aortic or epicardial), 

whereas negative (backward travelling) waves arise from the distal microvasculature. This 

characteristic, of flow arising from both proximal and distal ends, is unique of the coronary 

circulation100 (Figure 20). Net wave intensity is made up of the contribution of forward 

travelling (WI+) and backward travelling (WI-) waves arriving at the same measurement site: 

 

WI = WI+ + WI- 
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Using CardiacWaves, the integrals for WI (areas under the curve) were calculated for the five 

main waves described, providing a surrogate of wave energy rather than energy flux. The 

proportion of wave energies during each physiological condition was calculated, with coronary 

perfusion efficiency (PE) being the proportion of accelerating wave energy divided by total 

wave energy: 

 

PE = 
𝐵𝐸𝑊𝐴𝑈𝐶+ 𝐹𝐶𝑊𝐴𝑈𝐶+𝑙𝑎𝑡𝑒 𝐹𝐶𝑊𝐴𝑈𝐶

𝐵𝐸𝑊𝐴𝑈𝐶+ 𝐹𝐶𝑊𝐴𝑈𝐶+ 𝐵𝐶𝑊𝐴𝑈𝐶+ 𝐹𝐸𝑊𝐴𝑈𝐶+𝑙𝑎𝑡𝑒 𝐹𝐶𝑊𝐴𝑈𝐶
 

 

Coronary perfusion efficiency provides a simple metric into the efficiency of cardiac-coronary 

coupling and the energy requirement to achieve the degree of flow augmentation measured 

using conventional pan-cyclic indices of coronary blood flow. 
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Figure 20. Differences between coronary and systemic pressure-flow relationship (courtesy of 

Sen et al)100. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the systemic circulation, there is only one source of forward traveling blood flow (aortic 

pressure); however, in the coronary circulation there are two sources (aortic pressure and 

distal coronary microvasculature). 
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2.3. Exercise electrocardiogram treadmill test protocol 

Exercise electrocardiogram treadmill testing (ETT) was performed with a Marquette Case 8000 

system (GE Medical Systems, Milwaukee, WI, USA) according to American College of 

Cardiology and American Heart Association practice guidelines using the standard Bruce 

protocol77,78. The stages of the standard Bruce protocol are summarised in Table 1.  

 

Table 1. Standard Bruce exercise electrocardiogram treadmill test protocol. 

Stage Time (min) Speed (km/h) Slope 

1 0 2.74 10% 

2 3 4.02 12% 

3 6 5.47 14% 

4 9 6.76 16% 

 

 

12-lead electrocardiogram (ECG), heart rate (HR) and blood pressure (BP) were recorded at 

rest, at 3-minute intervals during exercise, as well as 2 minutes and 5 minutes after start of the 

cool-down period. The test was supervised by an exercise treadmill test physiologist who was 

blinded to the patients’ coronary physiology data as well as any medications that they were 

taking. The test was terminated upon patients’ request, with minimal prompting given to 

patients in order to minimise bias. At the end of the protocol, the 12-lead ECG traces were 

interpreted by three independent researchers who were blinded to the coronary physiology data; 

ischaemic changes were adjudicated as per the majority interpretation. Ischaemic ECG changes 

were defined as the appearance of ≥0.1mV horizontal or downsloping ST-segment depression 
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80 milliseconds from the J-point during exercise. Patients were not requested to halt any 

medications prior to the exercise ECG treadmill test, which is representative of real-world 

practice. Other recorded outcome measures were exercise time (ET), which was defined as the 

time from the start of the exercise protocol to the cessation of exercise. Patients’ reason for 

stopping the test was recorded and, where applicable, time to angina and time to ≥0.1mV ST 

depression were recorded as the time from the start of exercise protocol to the time of onset of 

angina and to the time of onset of ≥0.1mV horizontal or downsloping ST-segment depression 

respectively. The rate pressure product, which is a surrogate of myocardial work, was 

calculated as the product of heart rate and systolic blood pressure. Figure 21 illustrates the 

setup of our ETT protocol. 

 

Figure 21. Exercise electrocardiogram treadmill test setup. 
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2.4. Phenotype-blinded randomised crossover trial protocol 

To assess if physiology-stratified therapy predicts response to anti-ischaemic therapy in 

patients with angina and nonobstructive coronary arteries, we carried out a phenotype-blinded, 

randomised, crossover trial. The primary outcome was change in exercise time on treadmill 

test and the secondary outcome was change in quality of life as measured on the Seattle Angina 

Questionnaire (SAQ) summary score. Importantly, the patients, researchers and ETT 

physiologists were all blinded to the coronary physiology data. Data analysis was carried out 

once the database was locked at the end of the study. 

 

2.4.1. Outcome measures 

Change in exercise time (in seconds) compared with baseline on ETT is a meaningful outcome 

to patients and has been the gold standard measure for therapy trials in patients with stable 

angina. A within-subject improvement in exercise time of 30 seconds on the standard Bruce 

protocol is considered to be clinically relevant101. Our study was powered to identify an 

improvement in exercise time of 60 seconds or longer in response to anti-ischaemic therapy, 

which is in line with seminal anti-ischaemic therapies in patients with obstructive coronary 

artery disease102–105. 

The Seattle Angina Questionnaire (SAQ) is a validated, disease-specific questionnaire that 

quantifies limitations caused by angina, the frequency of angina, treatment satisfaction, and 

subjective perception of quality of life106. Each component score is converted and collated to 

give a total score out of 100, where a higher score indicates better function. SAQ scores are 

independently associated with mortality, hospitalisation, and resource use107
. The SAQ is a 
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sensitive instrument in patients with coronary microvascular disease94,95
, and a change in 8 

points has previously been demonstrated to represent a minimal clinically important difference. 

 

2.4.2. Randomisation  

Patients were randomised in a 1:1 manner to amlodipine or ranolazine after the first ETT. An 

automated randomisation tool was used for this purpose and was carried out by a member of 

the research team that was blinded to the coronary physiology assessment. The crossover nature 

of the trial means that each patient served as their own control and, therefore, a more complex 

means of randomisation (such as block or stratified randomisation) was not necessary. 

  

2.4.3. Blinding 

This trial was phenotype-blinded, i.e., the patients, researchers and ETT physiologists were 

blinded to patients’ coronary physiology data. Patients were informed that their epicardial 

arteries do not have significant narrowing but were not informed of the results of the 

microvascular function assessment until the end of the study. Researchers who were involved 

with the coronary physiology assessment had no further involvement with the therapeutic 

protocol. Outcome assessment (end point adjudication) was undertaken in a blinded fashion. 

 

2.4.4. Trial medication  

Adherence with trial medication was assessed at visits 3 and 4 by tablet count and patient-

reported adherence with therapy. If patients reported < 80% adherence to a medication, then 

they were not included in the per protocol analysis pertaining to that medication. Ranolazine 
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was started at 375mg twice a day regimen, and uptitrated within 1-2 weeks after a repeat ECG 

(to ensure absence of QTc prolongation). Amlodipine was started at 5mg and then uptitrated to 

the maximal tolerated dose within 1-2 weeks of commencing the drug. As ChaMP-CMD was 

a phenotype-blinded strategy trial assessing the utility of physiology-stratified therapy, rather 

than a trial assessing the efficacy of a certain medication, placebo-blinding was not employed. 

Neither the patients nor the researchers were aware of the patients’ phenotype and, therefore, 

were not able to predict the response to anti-ischaemic medications. 

The novel phenotype-blinded cross-over design of ChaMP-CMD allows for a cost-effective 

way to simultaneously compare response to therapies in different endotypes through one study 

design. The crossover design means that each patient acts as their own control; therefore, 

increasing the study power. Our study design is different to conventional double-blind placebo-

controlled trials, such as CARISA108, which were designed to assess the response to certain 

pharmacotherapy, such as ranolazine, where patients and physicians were blinded to the 

medication and not the anatomy or physiology.  

 

No serious adverse events were reported during our trial. 

 

2.5. Development of methods 

This section describes the iterative changes I have made to the study protocols, including 

methodological insights gained that have facilitated my growth as a researcher. I have 

implemented some of these into grant applications for upcoming studies. 
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2.5.1. Changes to the catheter laboratory protocol during my PhD 

My predecessor, Dr. Haseeb Rahman, had previously demonstrated that resting coronary blood 

flow was elevated in patients with functional CMD, which was likely secondary to elevated 

nitric oxide synthase levels in this cohort24. Previous studies have demonstrated that resting 

coronary blood flow is mediated by neuronal nitric oxide synthase (nNOS)6,26; therefore, we 

wanted to test the hypothesis that nNOS activity was upregulated in patients with functional 

CMD. This could be an appropriate upregulation secondary to heightened resting myocardial 

oxygen demand or disordered autoregulation. The use of S-methyl-L-thiocitrulline (SMTC), 

an nNOS inhibitor, has allowed researchers to determine whether nNOS plays a role in 

coronary vascular tone regulation6. Therefore, SMTC is an ideal vasoactive agent to study 

whether the elevated resting coronary blood flow in patients with functional CMD is mediated 

by heightened nNOS activity.  

 

We carried out the in-lab SMTC protocol between March 2021 and August 2021. SMTC was 

obtained from Merck Millipore (Massachusetts, USA) at a purity of >99% and formulated for 

human injection to good manufacturing practices by the Pharmacy Aseptics department at 

Guy’s Hospital, London, UK. It was formulated as an aqueous solution with an appropriate pH 

for injectables. After bioburden testing, SMTC was processed as a sterile injection and tested 

at an external pharmaceutical testing laboratory. Each batch was tested for absence of 

endotoxin according to British Pharmacopoeia standards. SMTC was stored at -80 degrees 

Celsius and was thawed on the day of the procedure. 

 

The planned study dose of intracoronary SMTC (0.625 μmol/min) was chosen based on 

previous coronary studies to achieve a local coronary artery concentration of 5 μmol/L and to 

be devoid of eNOS-inhibitory effects6,26. After patients had undergone adenosine and 
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acetylcholine infusion as part of the clinical protocol, and where there was no evidence of 

coronary vasospasm, SMTC was infused into the LAD artery for 7 minutes at 2ml/min with 

close monitoring of coronary physiology and systemic haemodynamics. The 7-minute timer 

for SMTC was only turned on after the dead space, within the catheter, had been overcome. 

SMTC infusion was tolerated safely in all patients and there was no evidence of ischaemic 

ECG changes or chest pain. 

 

However, due to unforeseen circumstances, our ability to recruit patients for the in-lab SMTC 

study was abruptly impacted in August 2021. Firstly, from September 2021-March 2022, there 

was a halt in the production of this substance. On further introspection, it became obvious that 

the logistics around the SMTC protocol were proving too difficult to make it a tenable study. 

SMTC has a short window period from production to expiry date (two weeks), which led to 

high levels of wastage due to the inability to list large number of research cases on catheter 

laboratory lists; this was further compounded by the COVID pandemic. If our patients had 

demonstrated coronary vasospasm with acetylcholine infusion and/or bolus, requiring nitrates 

to ameliorate the spasm, then we are unable to use SMTC, which led to a sizeable drop-out 

rate. SMTC needs to be infused for at least 7 minutes to observe an effect. It has previously 

been demonstrated that, with time, there is a natural drop off in APV values even in the absence 

of vasoactive substances. Therefore, unless we allowed for a 7-minute period of monitoring 

followed by a 7-minute period of SMTC infusion, it would have been difficult to distinguish 

whether attenuation of APV values, in response to SMTC, was due to the nNOS inhibitory 

effects of SMTC or whether it represented the natural drop off in Doppler signal that is expected 

over time. This limitation was further compounded by the fact that basal coronary blood flow 

attenuation in response to SMTC was modest at best during our interim analysis; this made 

distinguishing between the real nNOS inhibitory effects and the natural drop off in APV even 
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more difficult. As a result of these limiting factors, we discussed the logistics of the SMTC 

study at my upgrade viva presentation and we decided to disinvest in this study. I had had an 

interest in assessing the ischaemic mechanisms of patients with myocardial bridges from an 

early stage in my PhD and this was the perfect opportunity to replace the in-lab SMTC study 

with an in-lab bicycle exercise study. I was able to get the required ethics amendment and 

started recruiting for the in-lab bicycle exercise study in due time. This was an excellent 

learning process for me and taught me how to handle a study/experiment that has had 

unforeseen logistic complications. I feel that we acted decisively and avoided loss of resources 

and momentum; these are skills that will no doubt be very useful in my future academic 

ventures. 

 

2.5.2. Intracoronary nitrate administration and pre-medication 

With regards to pre-medication, this was a cohort with a high proportion of female patients 

with smaller radial artery diameters. The need to perform bicycle exercise via the right radial 

route meant that preventing spasm was vital to data acquisition. All patients received 1mg of 

intravenous midazolam and 1mg of isosorbide dinitrate through the radial artery as standard. 

We started a timer from the onset of nitrate delivery and ensured that any intracoronary 

acetylcholine assessment was carried out at least 15 minutes after the nitrate was delivered. 

This was to prevent any interaction between nitrates and acetylcholine. 

 

Excessive sedation could not be achieved due to the need to undergo bicycle exercise. Our 

group has described the phenomenon of coronary flow variability prior to the start of each 

condition by simple catheter laboratory commands109; therefore, we carried out repeat rest 

measurements at the end of each stage to facilitate paired comparisons between stressors and 

their corresponding resting measurements. 
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2.5.3. Order of pharmacological and exertional stressors 

The order of pharmacological agents and exercise was carefully chosen. We elected to use 

adenosine as the first pharmacological agent given that all our catheter laboratory studies had 

a clinical indication (to identify an ischaemic substrate in patients with limiting angina and 

nonobstructive coronary arteries) and answering this was of utmost importance. Only after 

robust FFR and CFR measurements were made did we move on to our research protocol. Once 

the physiology had returned to the baseline, we commenced the supine bicycle exercise 

protocol. Patients were requested to trial the mounted bicycle before laying supine on the 

catheter laboratory table; this was to ensure the bicycle was placed in an optimal position. The 

extra backup guide catheter was backed out of the left main coronary artery ostium under x-

ray guidance. Intracoronary flow and pressure were simultaneously monitored throughout the 

bicycle exercise. In case of deterioration of the Doppler signal, the looped Combowire was 

gently manipulated until optimal signals were regained. A researcher was constantly 

communicating with the patient to ensure patient comfort and to inform them of upcoming 

increases in resistance, as well as ensuring optimal cadence. The supine bicycle exercise 

protocol was completed after acquisition of peak exercise data and/or after patient prompting 

(one patient reported angina during the in-lab bicycle protocol).  

 

The concentrations of intravenous dobutamine infusion (10-, 20-, and 30mcg/kg/min) were 

decided upon after consulting with our imaging specialists, as well as contemporary literature. 

Most patients demonstrate peak response with 20-30mcg/kg/min, with no incremental gain 

from 40mcg/kg/min; furthermore, many patients, especially if hypovolaemic, develop 

presyncope/syncope with the 40mcg/kg/min dose due to a hypercontractile left ventricle and 

reduced preload. The intracoronary physiology assessment was complete once the patient 
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reached 85% of their target heart rate or requested to stop the assessment due to symptoms. 

Intracoronary acetylcholine infusion was reserved to the end due to the possibility of spasm, 

and therefore ischaemia and resultant catecholamine response to pain, which may have affected 

the responses to exercise and dobutamine. Furthermore, reserving the acetylcholine assessment 

to the end ensured that at least 15 minutes had transpired between the intracoronary nitrate and 

acetylcholine testing. 

 

2.6. Statistical analyses 

Normality of data was assessed using the Kolmogorov-Smirnov test. Normally-distributed 

continuous data are presented as mean ± standard deviation (SD) and compared using the 

independent sample’s Student t-test. Continuous data without normal distribution are presented 

as median (interquartile range) and compared using the Mann-Whitney test (unpaired analyses) 

or the Wilcoxon matched-pairs signed rank test (paired analyses). Categorical variables are 

presented as n (%) and compared using the chi-squared test. Binary logistic regression was 

performed using univariate and multivariate analysis and reported as standard coefficients 

(95% CI). Biologically plausible variables were assessed in the univariate model, and those 

that correlated were included in the multivariate model. Specific statistical analyses are 

described in detail in each chapter. All analyses were performed using SPSS Statistics 27 (IBM, 

NY, USA) and GraphPad Prism software version 9.0 for Windows (GraphPad software, San 

Diego, CA, USA). We deemed a p value less than 0.05 to be significant. 
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3.1. Abstract 

Background 

Exercise electrocardiogram treadmill testing (ETT) has historically been validated against the 

demonstration of obstructive coronary artery disease (CAD). However, myocardial ischaemia 

can occur due to coronary microvascular disease (CMD) in the absence of obstructive CAD. 

This study aimed to assess the specificity of ETT to detect an ischaemic substrate against the 

reference standard of coronary endothelium-independent and endothelium-dependent 

microvascular function in patients with angina and nonobstructive coronary arteries (ANOCA). 

 

Methods  

Patients with ANOCA underwent invasive coronary physiology assessment using adenosine 

and acetylcholine. CMD was defined as impaired endothelium-independent and/or 

endothelium-dependent function. ETT was performed using a standard Bruce treadmill 

protocol, with ischaemia defined as the appearance of ≥0.1mV ST-segment depression 80 

milliseconds from the J-point on electrocardiography. The study was powered to detect a 

specificity of ≥91%. 

 

Results 

One hundred and two patients were enrolled (65% females, 60±8 years old). Thirty-two 

patients developed ischaemic ECG changes (ischaemic group) during their ETT, whilst 70 

patients did not (non-ischaemic group); both groups were phenotypically similar. Ischaemic 

ECG changes during ETT were 100% specific for underlying coronary microvascular disease. 

Acetylcholine flow reserve was the strongest predictor of ischaemic ECG changes during 

exercise. Using endothelium-independent and endothelium-dependent microvascular 

dysfunction as the reference standard, the false positive rate of ETTs dropped to 0%. 
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Conclusion 

In patients with ANOCA, ischaemic ECG changes on ETT were always attributable to an 

underlying ischaemic substrate. These findings challenge the traditional belief that ETT has a 

high false positive rate. 
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3.2. Introduction 

Exercise electrocardiogram treadmill testing (ETT) represents a ubiquitous, non-invasive, and 

low-cost functional test for the evaluation of patients with new onset angina. However, its use 

has declined over the past decade due to the higher sensitivity of other non-invasive stress 

imaging modalities and the perceived high false positive rate of ETT. In view of this, ETT has 

been downgraded to a class IIb recommendation in the latest European Society of Cardiology 

(ESC) guidelines79.  It is important to remember that the accuracy of ETT has historically been 

assessed and validated against its ability to detect the presence of obstructive coronary artery 

disease (CAD) with the reference standard being visual diameter stenosis on coronary 

angiography. However, we now know that myocardial ischaemia can occur in the absence of 

obstructive CAD due to coronary microvascular disease (CMD)110. Therefore, it is conceivable 

that the historical false positive ETTs were not due to the poor specificity of ETT as a 

diagnostic test, but rather due to the limitations of obstructive CAD as a reference standard for 

myocardial ischaemia. The aim of this study was to examine the specificity of ETT in detecting 

an ischaemic substrate when compared against the robust reference standard of coronary 

endothelium-independent and endothelium-dependent microvascular function in patients with 

angina and nonobstructive coronary arteries (ANOCA). 

 

3.3. Methods 

3.3.1. Study population 

We prospectively enrolled consecutive patients presenting with angina who were referred for 

further assessment. Inclusion criteria were angina with nonobstructive coronary arteries 

(ANOCA; fractional flow reserve>0.80) and preserved left ventricular ejection fraction 

(>50%). Exclusion criteria were inability to undergo adenosine and acetylcholine assessment, 

chronic kidney disease (estimated glomerular filtration rate < 30 mL/min/m2), significant 
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valvular disease, history of acute coronary syndrome, previous revascularisation, 

cardiomyopathy (including left ventricular hypertrophy), limitation by non-anginal symptoms, 

existing bundle branch block, poor ECG traces during exercise or paced rhythm hindering ECG 

interpretation. All patients provided written informed consent in accordance with the protocol 

approved by the UK National Research Ethics Service (20/LO/1294). 

 

3.3.2. Intracoronary physiology assessment 

Our protocol for systematic evaluation of ANOCA has been described in full in Chapter 2. 

Briefly, all coronary physiology measurements were made in the left anterior descending 

artery. A 0.014-inch dual sensor-tipped intracoronary guidewire was used for measurement of 

distal coronary pressure (Pd) and average peak velocity (APV). Aortic pressure (Pa) was 

measured via the fluid-filled guide catheter. Patients were asked to withhold any vasodilating 

agents for at least 24 hours prior to the invasive coronary physiology assessment. All patients 

received 1 mg intravenous midazolam, 200 mcg intracoronary glyceryl trinitrate and 70 U/kg 

unfractionated heparin prior to angiography and physiology assessment. We first assessed 

endothelium-independent microvascular function using intravenous adenosine (140 

mcg/kg/min), followed by endothelium-dependent microvascular function using graded 

intracoronary infusions of acetylcholine (18mcg/ml of acetylcholine solution delivered at 

1ml/min followed by 2ml/min) via the guide catheter. All intracoronary acetylcholine 

measurements were made at least 15 minutes after the intracoronary nitrate injection. Patients, 

researchers, and ETT physiologists were blinded to the results of the coronary physiology 

assessment. 
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3.3.3. Physiology data analysis 

Signals were sampled at 200 Hz, with data exported into a custom-made study manager 

program (Academic Medical Centre, University of Amsterdam, Netherlands) and analysed on 

custom-made software: Cardiac Waves (Kings College London, UK). Coronary flow reserve 

(CFR) was derived as hyperaemic APV/basal APV; endothelium-independent microvascular 

dysfunction was defined as CFR<2.525,68. Hyperaemic microvascular resistance (hMR) was 

calculated as Pd/APV during hyperaemia. Elevated hMR was defined as hMR≥2.5mmHg.cm-

1.s-1. Acetylcholine flow reserve (AChFR) was calculated as the ratio of coronary blood flow 

(CBF) in response to acetylcholine infusion compared to basal CBF; endothelium-dependent 

microvascular dysfunction was defined as AChFR≤1.550,68. The estimation of volumetric flow 

from Doppler flow velocity also incorporates vessel diameter. Given that acetylcholine can 

cause either epicardial vasodilation or vasoconstriction, volumetric CBF was calculated as 

quantitative coronary angiography (QCA)-derived cross-sectional area × APV × 0.5, with QCA 

performed 5mm distal to the tip of the guidewire. Coronary microvascular disease (CMD) was 

defined as endothelium-independent and/or endothelium-dependent microvascular dysfunction 

(i.e., CFR<2.5 and/or AChFR≤1.5)68.  

 

3.3.4. Exercise electrocardiogram treadmill test protocol 

Exercise electrocardiogram treadmill testing (ETT) was performed after coronary angiography 

with physiology assessment. ETT was performed with a Marquette Case 8000 system (GE 

Medical Systems, Milwaukee, WI, USA) according to the American College of Cardiology 

and American Heart Association practice guidelines using a standard Bruce protocol77,78. 12-

lead electrocardiogram (ECG), heart rate and blood pressure were recorded at regular intervals 

before, during and after the ETT. All ETTs were supervised by cardiac physiologists who were 



101 
 

blinded to the coronary physiology measurements. The only criterion for termination of the test 

was patient request.  

 

Exercise time was defined as the time from the start of the exercise protocol to exercise 

cessation. Exercise-induced angina was documented where the patient reported chest tightness 

during exercise. Ischaemic ECG changes were defined as the appearance of ≥0.1mV horizontal 

or downsloping ST-segment depression 80 milliseconds from the J-point during exercise. All 

ECG tracings were reviewed by three independent observers blinded to the coronary 

physiology data; ischaemic changes were adjudicated as per the majority interpretation. 

Patients who developed ischaemic ECG changes were classified as the ‘ischaemic’ group and 

those who did not as the ‘non-ischaemic’ group. Patients were not requested to halt any 

medications prior to the ETT, which is representative of real-world practice. 

 

3.3.5. Statistical analyses 

Normality of data was assessed using the Kolmogorov-Smirnov test. Normally-distributed 

continuous data are presented as mean ± standard deviation (SD) and compared using the 

independent sample’s Student t-test. Continuous data without normal distribution are presented 

as median (interquartile range) and compared using the Mann-Whitney test. Categorical 

variables are presented as n (%) and compared using the chi-squared test. A positive ETT was 

defined as development of ischaemic ECG changes during the ETT. Sensitivity, specificity, 

positive predictive value (PPV) and negative predictive value (NPV) were determined for the 

development of ischaemic ECG changes and exercise-induced angina against different 

reference standards of ANOCA with i) endothelium-independent microvascular dysfunction 

(CFR<2.5), ii) endothelium-dependent microvascular dysfunction (AChFR≤1.5) and iii) CMD 

(CFR<2.5 and/or AChFR≤1.5). Values are presented as percentages. An apparent false positive 
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rate was calculated as apparent false positives divided by the sum of apparent false positives 

and true negatives for the above reference standards. Apparent false positive rates, with the 

different reference standards, were compared using the McNemar’s test. Binary logistic 

regression was performed using univariate analysis and all statistically significant variables 

were entered into a multivariate model; data are presented as standardised coefficient (95% 

CI). Inter-observer reliability in interpreting the exercise ECGs for presence or absence of 

ischaemic changes was assessed using the intraclass correlation coefficient. All analyses were 

performed using SPSS Statistics 27 (IBM, NY, USA) and GraphPad Prism software version 

9.0 for Windows (GraphPad software, San Diego, CA, USA). 

 

3.3.6. Sample size calculation 

In a previous study, ischaemic ECG changes on ETT had 80% specificity in detecting coronary 

vasomotor dysfunction111. Assuming a 30% rate of ischaemic ECG changes on ETT, we 

calculated that a sample size of 100 patients would give an absolute precision of 0.1 (95% CI) 

for a specificity of 91%112. 

 

3.4. Results 

Between March 2021 and July 2023, 262 patients with stable angina were assessed for 

eligibility. Out of these, 160 underwent coronary angiography with physiology assessment. 

One hundred and twenty-two patients with ANOCA underwent both adenosine and 

acetylcholine assessment in the catheter laboratory and were deemed suitable to enrol into the 

study, of which 102 patients were included in the final analysis (Figure 22).  
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Figure 22. Consort diagram demonstrating the ETT study flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACh: acetylcholine; CAD: coronary artery disease; BBB: bundle branch block 

 

Twelve patients (12%) did not have any prior coronary-based investigations, 50 (52%) had 

prior computed tomography coronary angiography scan, 8 (8%) had previous stress imaging 

(stress echocardiography or cardiac magnetic resonance imaging) and 27 (28%) had previous 

coronary angiography. Exercise ECG treadmill testing took place 29 (20, 139) days after the 

coronary angiography with physiology assessment. Thirty-two patients developed ischaemic 

ECG changes during their ETT (ischaemic group), whilst 70 did not (non-ischaemic group). 
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There were no differences in gender, age, body mass index, cardiovascular risk factors, 

Canadian Cardiovascular Society angina grade and New York Heart Association class between 

the two groups (Table 2). Patients in the ischaemic group had a higher percentage of typical 

angina (91% vs 73%, p=0.043) and lower haemoglobin levels (130±12 vs 137±14 g/L, 

p=0.008) than those in the non-ischaemic group (Table 2).  

 

Table 2. Baseline characteristics of patients in the ETT study. 

 
 Ischaemic group 

(n=32) 

Non-ischaemic 

group (n=70) 

P value 

Patient demographics 

Female sex, n (%) 18 (56) 48 (69) 0.227 

Age, years 62±6 59±9 0.131 

BMI, kg/m2 30 (25, 32) 29 (25, 34) 0.600 

Hypertension, n (%) 20 (63) 31 (44) 0.088 

Diabetes mellitus, n (%) 8 (25) 15 (21) 0.689 

Hyperlipidaemia, n (%) 18 (56) 41 (59) 0.826 

Smoking history, n (%) 7 (22) 12 (17) 0.569 

Symptomology 

Typicality score 

     Non-anginal, n (%) 

     Atypical, n (%) 

     Typical, n (%) 

 

0 

3 (9) 

29 (91) 

 

0 

19 (27) 

51 (73) 

0.043 

CCS grade 

     I, n (%) 

     II, n (%) 

     III, n (%) 

     IV, n (%) 

 

3 (9) 

8 (25) 

20 (63) 

1 (3) 

 

6 (9) 

31 (44) 

30 (43) 

3 (4) 

0.266 
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NYHA class 

     I, n (%) 

     II, n (%) 

     III, n (%) 

     IV, n (%) 

 

17 (53) 

14 (44) 

1 (3) 

0 

 

34 (48) 

30 (43) 

6 (9) 

0 

0.593 

SAQ Summary score 50±19 53±19 0.619 

Lab results 

Haemoglobin (g/L) 130±12 137±14 0.008 

eGFR (ml/min/1.72 m2) 79±23 82±18 0.555 

NT-proBNP (pg/mL) 74 (50, 119) 65 (50, 108) 0.540 

HbA1c (mmol/mol) 38 (36, 43) 40 (38, 42) 0.230 

Total cholesterol 

(mmol/L) 

4.3±1.2 4.2±1.0 0.724 

Medications 

Antiplatelet agents 18 (56) 33 (47) 0.393 

Statins 23 (72) 48 (69) 0.736 

ACE inhibitors or ARBs 14 (44) 21 (30) 0.175 

Beta blockers 4 (13) 7 (10) 0.960 

CCBs 1 (3) 6 (9) 0.231 

 

BMI: Body mass index; CCS: Canadian Cardiovascular score; NYHA: New York Heart 

Association; eGFR: estimated glomerular filtration rate, NT-proBNP: N-

terminal pro-brain natriuretic peptide; HbA1c: glycated haemoglobin; ACE 

inhibitor: angiotensin converting enzyme inhibitor; ARB: angiotensin receptor 

blocker; CCB: calcium channel blocker  

 

Typicality score: 1: non-anginal chest pain; 2: atypical angina; 3: typical angina 

 

There were no differences in the epicardial coronary physiology metrics (mean FFR > 0.90 in 

both groups) or exercise time (348±164 vs 342±164 seconds, p=0.860) during ETT between 

the ischaemic and non-ischaemic groups (Table 3). There was a trend towards greater 
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prevalence of exercise-induced angina in the ischaemic group (78% vs 60%, p=0.074). The 

time to ≥0.1mV ST depression in patients in the ischaemic group was 268±135 seconds, whilst 

the time to resolution of ischaemic ECG changes was 156±112 seconds. 

 

Table 3. Coronary physiology and exercise ECG treadmill test parameters. 

 

 Ischaemic group 

(n=32) 

Non-ischaemic group 

(n=70) 

P value 

Coronary physiology  

Pd/Pa 0.95±0.03 0.95±0.03 0.807 

FFR 0.90±0.06 0.90±0.04 0.971 

CFR 2.3 (2.0, 2.9) 2.6 (2.0, 2.9) 0.507 

hMR, mmHg.cm-1.s-1 2.0±0.8 2.1±0.7 0.372 

AChFR 1.2±0.3 1.5±0.6 <0.001 

hMR≥2.5mmHg.cm-1.s-1 9 (28) 15 (21) 0.459 

Endothelium-independent 

microvascular 

dysfunction (CFR<2.5), n 

(%) 

20 (63) 30 (43) 0.066 

Endothelium-dependent 

microvascular 

dysfunction 

(AChFR≤1.5), n (%) 

31 (97) 39 (56) <0.001 

CMD, n (%) 32 (100) 46 (66)  <0.001 

Exercise ECG treadmill testing 

Exercise time, seconds 348±164 342±164 0.860 
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FFR: Fractional Flow Reserve; CFR: Coronary Flow Reserve; hMR: hyperaemic 

microvascular resistance; AChFR: acetylcholine flow reserve; CMD: coronary microvascular 

disease 

 

Presence of angina during 

ETT, n (%) 

25 (78) 42 (60) 0.074 

Time to angina, seconds 204±118 185±119 0.550 

Resting heart rate, bpm 84±19 87±15 0.398 

Resting systolic blood 

pressure, mmHg 

146±25 134±19 0.006 

Resting rate pressure 

product, mmHg.bpm 

12101±3098 11651±3019 0.508 

Peak heart rate, bpm 145±15 136±23 0.035 

Peak systolic blood 

pressure, mmHg 

191±26 180±34 0.137 

Peak rate pressure 

product, mmHg.bpm 

27662±4846 24678±7130 0.039 

Achieved ≥85% target 

heart rate, n (%) 

27 (84) 58 (83) 0.849 

Reasons for stopping 

exercise, n (%) 

Angina 

Dyspnoea 

Fatigue 

Dizziness 

Leg pain 

 

 

13 (40) 

7 (22) 

8 (25) 

2 (6) 

2 (6) 

 

 

26 (37) 

15 (21) 

22 (31) 

3 (4) 

4 (6) 

0.967 
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All patients in the ischaemic group had coronary microvascular disease, compared to 66% of 

patients in the non-ischaemic group (p<0.001). There were no differences in the coronary flow 

reserve or hyperaemic (minimal) microvascular resistance between the two groups; however, 

patients in the ischaemic group had lower acetylcholine flow reserve (1.2±0.3 vs 1.5±0.6, 

p<0.001), as well as higher peak heart rate (145±15 vs 136±23 bpm, p=0.015) and rate pressure 

product (27662±4846 vs 24678±7130 mmHg.bpm, p=0.039) during exercise (Table 3).  

 

Using linear regression analysis, acetylcholine flow reserve, peak heart rate and haemoglobin 

levels were associated with ischaemic ECG changes during exercise (Table 4). Coronary 

endothelium-dependent microvascular dysfunction, but not coronary endothelium-independent 

microvascular dysfunction (both CFR<2.5 and CFR<2.0 thresholds), was associated with 

ischaemic ECG changes during exercise (Table 5). Elevated hyperaemic (minimal) 

microvascular resistance alone was not associated with ischaemic ECG changes during 

exercise (Table 5). 

 

Table 4. Linear regression analysis to test the association between biologically plausible 

variables and ischaemic ECG changes on ETT (continuous variables). 

 Odds ratio (95% CI) P value 

Univariate 

Age 1.045 (0.991, 1.101) 0.103 

Gender 0.589 (0.249, 1.395) 0.229 

Hypertension 2.097 (0.890, 4.941) 0.090 

Haemoglobin 0.956 (0.923, 0.990) 0.012 
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Peak heart rate 1.025 (1.001, 1.049) 0.039 

Peak systolic blood 

pressure 

1.010 (0.997, 1.024) 0.138 

CFR 0.979 (0.920, 1.042) 0.506 

AChFR 0.854 (0.776, 0.939) 0.001 

hMR 0.980 (0.924, 1.039) 0.498 

Multivariate (R2 0.228) 

AChFR 0.817 (0.720, 0.928) 0.002 

Haemoglobin 0.935 (0.894, 0.979) 0.004 

Peak heart rate 1.035 (1.006, 1.064) 0.018 

CFR: coronary flow reserve; AChFR: acetylcholine flow reserve; hMR: hyperaemic 

microvascular resistance 

 

Table 5. Linear regression analysis to test the association between biologically plausible 

variables and ischaemic ECG changes on ETT (binary variables). 

 Odds ratio (95% CI) P value 

Univariate 

CFR<2.5 2.222 (0.942, 5.241) 0.068 

CFR<2.0 0.963 (0.368, 2.523) 0.939 

AChFR≤1.5 24.641 (3.184, 190.723) 0.002 

hMR≥2.5 1.357 (0.519, 3.547) 0.534 

Multivariate (R2=0.184) 

CFR<2.5 1.305 (0.507, 3.358) 0.581 

AChFR≤1.5 22.570 (2.854, 178.463) 0.003 
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CFR: coronary flow reserve; AChFR: acetylcholine flow reserve; hMR: hyperaemic 

microvascular resistance 

 

Ischaemic ECG changes during ETT had poor sensitivity and moderate specificity to detect 

endothelium-independent microvascular dysfunction, and poor sensitivity but excellent 

specificity to detect endothelium-dependent microvascular dysfunction (Table 6).  

 

Table 6. Diagnostic accuracy of ischaemic ECG changes on ETT to detect an abnormality in 

coronary microvascular function. 

CFR: coronary flow reserve; AChFR: acetylcholine flow reserve; PPV: positive predictive 

value; NPV: negative predictive value 

 

If obstructive coronary artery disease were to be used as the reference standard, then the 

assumed false positive rate of ETT would be 31% (as all 102 patients had nonobstructive 

coronary arteries but 32 patients had a positive ETT). With the addition of endothelium-

independent microvascular dysfunction (i.e., CFR<2.5) to the reference standard, the apparent 

false positive rate remained high at 23%.  With the further addition of endothelium-dependent 

microvascular dysfunction (i.e., AChFR≤1.5) to the reference standard, the apparent false 

  Endothelium-independent 

microvascular dysfunction 

 

(CFR < 2.5) 

Endothelium-dependent 

microvascular dysfunction  

 

(AChFR < 1.5) 

CMD 

 

(CFR<2.5 and/or 

AChFR≤1.5) 

Sensitivity 40% 44% 41% 

Specificity 77% 97% 100% 

PPV 63% 97% 100% 

NPV 57% 44% 34% 
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positive rate came down to 0% (p=0.002 for comparison of apparent false positive rate with 

endothelium-independent vs endothelium-dependent microvascular dysfunction as the 

reference standard). 

 

 Ischaemic ECG changes during ETT had poor sensitivity and moderate specificity to detect 

CFR<2.0 or hMR≥2.5mmHg.cm-1.s-1. (Table 7). Exercise-induced angina during ETT had an 

excellent positive predictive value but poor negative predictive value to detect an abnormality 

in the coronary microvascular function (Table 8). The composite of ischaemic ECG changes 

and/or exercise-induced angina during ETT had an excellent sensitivity and positive predictive 

value, but poor specificity and negative predictive value to detect an abnormality in the  

coronary microvascular function (Table 9). 

 

 Table 7. Diagnostic accuracy of ischaemic ECG changes on ETT to detect coronary flow 

reserve <2.0 or hyperaemic microvascular resistance≥2.5mmHg.cm-1.s-1. 

 CFR: coronary flow reserve; hMR: hyperaemic microvascular resistance; PPV: positive 

predictive value; NPV: negative predictive value 

 

  

  CFR<2.0 hMR≥2.5mmHg.cm-1.s-1 

Sensitivity 31% 38% 

Specificity 68% 69% 

PPV 25% 28% 

NPV 74% 78% 
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Table 8. Diagnostic accuracy of exercise-induced angina during ETT to detect an abnormality 

in the coronary microvascular function. 

CFR: coronary flow reserve; AChFR: acetylcholine flow reserve; PPV: positive predictive 

value; NPV: negative predictive value 

 

Table 9. Diagnostic accuracy of a composite of ischaemic ECG changes and/or exercise-

induced angina on ETT to detect an abnormality in the coronary microvascular function. 

CFR: coronary flow reserve; AChFR: acetylcholine flow reserve; PPV: positive predictive 

value; NPV: negative predictive value 

There was a strong degree of inter-observer reliability when interpreting exercise ECGs for the 

presence or absence of ischaemic changes (intraclass correlation coefficient=0.843, 95% CI 

0.778 to 0.891). 

 

  

Endothelium-independent 

microvascular dysfunction  

 

(CFR < 2.5) 

Endothelium-dependent 

microvascular dysfunction  

 

(AChFR < 1.5) 

CMD 

 

(CFR<2.5 and/or 

AChFR≤1.5) 

Sensitivity 74% 76% 73% 

Specificity 42% 58% 58% 

PPV 55% 81% 85% 

NPV 63% 51% 40% 

  Endothelium-independent 

microvascular dysfunction  

 

(CFR < 2.5) 

Endothelium-dependent 

microvascular dysfunction  

 

(AChFR < 1.5) 

CMD 

 

(CFR<2.5 and/or 

AChFR≤1.5) 

Sensitivity 84% 86% 82% 

Specificity 38% 58% 58% 

PPV 57% 82% 86% 

NPV 71% 64% 50% 
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3.5. Discussion 

The main findings of our study are: i) ischaemic ECG changes during ETT had 100% 

specificity in detecting an abnormality in the coronary microvascular function, ii) patients who 

developed ischaemic ECG changes during exercise had a lower acetylcholine flow reserve and 

iii) acetylcholine flow reserve (and endothelium-dependent microvascular dysfunction) was 

the strongest predictor of ischaemic ECG changes during exercise. 

 

In recent years, there has been a paradigm shift in our understanding of ischaemic heart disease, 

with the emphasis moving away from detecting obstructive coronary artery disease (CAD) to 

confirming a physiological substrate for myocardial ischaemia in the setting of chronic 

coronary syndrome. However, the diagnostic accuracy of traditional non-invasive tests has not 

been systematically re-evaluated against contemporary standards of assessing ischaemia. Our 

study found that the specificity and positive predictive value of ETT is much higher when 

assessed against comprehensive physiological evaluation of the coronary circulation, in 

contrast to validation against the frequency of obstructive epicardial CAD. Intriguingly, these 

concepts were first introduced more than three decades ago and described as cardiac syndrome 

X at the time113. 

 

3.5.1. Specificity of exercise ECG treadmill testing to detect an abnormality in coronary 

microvascular function 

Previous studies that have examined the diagnostic accuracy of ETT to detect abnormalities in 

coronary microvascular function in patients with ANOCA (largely defined by an impaired 

CFR) have reported sensitivity values between 38-54% (Table 10)111,114–117. Our study also 
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found that ETT has poor sensitivity, but in contrast to previous studies114–117, we found it to 

have excellent specificity to detect abnormalities in coronary microvascular function (i.e., an 

ischaemic substrate). The reasons for this are likely two-fold. First, previous studies have 

included angina (in the absence of ischaemic ECG changes) as a criterion for a positive ETT. 

Our study demonstrates that angina revealed during ETT is in fact poorly specific to detect 

abnormalities in coronary microvascular function. Therefore, the use of angina as a criterion 

for a positive ETT may have led to under-reporting of specificity in previous studies. Second, 

several studies have employed reference standards that do not interrogate the endothelium-

dependent compartment of microvascular function, such as elevated index of microvascular 

resistance (IMR>25)114,117, CFR<2.0 on positron emission tomography116, and angiographic 

vasoconstriction in response to acetylcholine115. Cassar et al used similar reference standards 

to our study and reported a specificity of 80% of ETT to detect abnormalities in coronary 

microvascular function111. However, it is noteworthy that the symptomology of their patient 

cohort was unknown, along with delays of up to 6 months between ETT and invasive 

physiology assessment.  

 

Table 10. Summary of previous studies investigating the accuracy of exercise ECG treadmill 

testing to detect an abnormality in coronary microvascular function in patients with ANOCA. 

Definition of CMD Sensitivity (%) Specificity (%) Reference 

CFR < 2.5 

(IC Doppler) 

16 75 (Cassar et al., 2009)111 

AChFR < 1.5 

(IC Doppler) 

18 78 (Cassar et al., 2009)111 

IMR > 25 38 63 (Pargaonkar et al., 2019)115 
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(IC Thermo) 

Reduction in diameter 

> 20% after IC ACh 

(QCA) 

43 73 (Pargaonkar et al., 2019)115 

CFR < 2 / IMR > 25 / 

microvascular spasm 

(IC Thermo) 

54 76 (Ford et al., 2019)117 

CFR < 2 (PET) 35 65 (Lopez et al., 2022)84 

CFR: coronary flow reserve; AChFR: acetylcholine flow reserve; IC: intracoronary; IMR: 

index of microvascular resistance; QCA: quantitative coronary angiography; PET: positron 

emission tomography 

 

3.5.2. Physiological relevance of acetylcholine 

Only AChFR, haemoglobin levels and peak heart rate were associated with ischaemic ECG 

changes during exercise, with AChFR and haemoglobin being lower and peak heart rate being 

higher in the ischaemic group. This is suggestive that a combination of attenuated coronary 

blood flow and heightened myocardial oxygen demand was the underlying pathophysiology 

leading to ischaemic ECG changes during exercise. There were no baseline demographic 

differences between the ischaemic and non-ischaemic groups to account for the difference in 

peak heart rate between the two groups; it is noteworthy that although haemoglobin levels were 

associated with ischaemic ECG changes during exercise, the mean haemoglobin levels were 

well within the normal limits in both ischaemic and non-ischaemic groups.  Finally, whilst peak 

heart rate and haemoglobin levels can be expected to be associated with ischaemic ECG 

changes during exercise, we identified AChFR (and endothelium-dependent microvascular 
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dysfunction) as the strongest predictor of ischaemic ECG changes during exercise. This 

reiterates the physiological relevance of acetylcholine testing in the evaluation of patients with 

ANOCA. Whilst adenosine acts on the A2A receptors on vascular smooth muscle cells to 

promote cyclic adenosine monophosphate-mediated vasodilatation, acetylcholine acts on 

endothelial muscarinic receptors leading to cyclic guanosine monophosphate (cGMP)-

mediated vasodilatation (Figure 3). Therefore, by assessing the response to adenosine, CFR 

reflects the theoretical (supra)maximal vasodilatory capacity of the vessel and may not be as 

physiologically relevant as AChFR. The latter is likely to be a better surrogate of the 

physiological flow-mediated vasodilatation that occurs during exercise as it assesses the 

functionality of both the endothelial and vascular smooth muscle pathways (nitric oxide-

cGMP-protein kinase G pathway). It is, therefore, unsurprising that AChFR, rather than CFR, 

was associated with ischaemic ECG changes during ETT. We have previously demonstrated a 

close link between coronary and peripheral endothelial function as assessed using venous 

occlusion plethysmography25. Therefore, it would be enticing to assess whether measures of 

peripheral endothelial function can be used as a surrogate for coronary endothelial function 

testing in the future, obviating the need for instrumenting the coronary arteries for this purpose. 

 

Previous studies have demonstrated the safety and low complication rate of acetylcholine 

testing in the catheter laboratory118,119, whilst others have demonstrated the prognostic 

significance of endothelium-dependent microvascular dysfunction34,35. These findings may not 

only strengthen recommendations for intracoronary acetylcholine testing in future guidelines, 

but also have implications from a therapeutic viewpoint, given the pleiotropic effects of statins 

and angiotensin converting enzyme inhibitors on endothelium-dependent function and their 

prognostic benefit in patients with CMD120. 
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3.5.3. Clinical implications 

Coronary physiology assessment detects the substrate for myocardial ischaemia (CFR<2.5 

and/or AChFR≤1.5), which are sensitive markers as they detect perturbations early in the 

ischaemic cascade. ETT, on the other hand, detects electrocardiographic manifestations of 

actual myocardial ischaemia and is a specific marker. It is, therefore, unsurprising that all 

patients who developed ischaemic ECG changes during the ETT had an identifiable ischaemic 

substrate in the catheter laboratory, but not vice versa. ETT has the advantage of detecting 

ischaemia with very high specificity and has the potential of being used as a readily available 

and cost-effective diagnostic test for patients with ANOCA to identify underlying CMD. Our 

results show that a positive result on ETT is highly specific for (and suggestive of) the presence 

of an ischaemic substrate, but as this does not distinguish the relative contributions of the 

epicardial and microvascular compartments, ETT will always have to be combined with a test 

that specifically evaluates the epicardial coronary arteries, namely, invasive or noninvasive 

coronary angiography. The pathway that is being increasingly adopted worldwide is to use 

computed tomographic coronary angiography as the first line investigation for patients 

presenting with chest pain that might be consistent with inducible ischaemia. In this setting, 

patients who are found to have unobstructed epicardial arteries are managed in 1 of 3 ways: 

discharge without further investigation (a common strategy), consideration for a noninvasive 

functional test (adopted by networks in which there is good awareness of microvascular 

dysfunction), or referral for invasive testing (usually reserved for patients with a high burden 

of symptoms despite several antianginal medications). In this context, ETT may have a role as 

a second-line test with good rule-in utility. This is likely to expedite the diagnosis of CMD in 

a large proportion of patients and streamline the use of (less widely available and more costly) 

tests, such as invasive physiology and/or stress perfusion cardiac magnetic resonance imaging. 

The efficacy of this proposed strategy (Figure 23) would need to be tested in a future diagnostic 
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trial. The more historical pathway (and one that is decreasingly recommended in international 

guidelines because of the perceived false positive rate) is to use ETT as a first-line 

investigation. In this scenario, patients with positive results on ETT would often go on to 

undergo invasive angiography to exclude epicardial disease. The findings of our study suggest 

that invasive microvascular physiological assessment may not be required if no obstructive 

coronary disease is found in these cases, as the positive ETT result makes a diagnosis of CMD 

highly likely. Finally, longitudinal ETT assessment may play an important role in monitoring 

response to therapy in patients who have been diagnosed with CMD based on a positive ETT. 

 

Figure 23. Proposed novel diagnostic pathway in patients with new onset angina. 

 

This figure denotes our suggested novel diagnostic pathway in patients with new onset angina. 

Patients should first undergo a computed tomography coronary angiography (CTCA) as per 

international guidelines. Those with obstructive coronary artery disease should be managed 

as per standard of care. Those with nonobstructive coronary arteries (diameter stenosis <50% 

and/or CT-FFR>0.80) with typical and limiting symptoms should undergo exercise ECG stress 
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testing (EST). If patients develop ischemic ECG changes on their ETT, then a diagnosis of 

CMD is confirmed and they can be managed as per current guidelines. If the ETT is normal, 

then patients should again be re-evaluated for symptom burden. Only those with persistent 

limiting symptoms and a high pretest probability of coronary vasomotor dysfunction should 

undergo invasive coronary physiology assessment to confirm/exclude a substrate for ischemia. 

This novel pathway needs to be tested in future clinical trials for its efficacy and cost-

effectiveness. 

 

3.5.4. Study limitations 

Our study has some limitations that should be considered when interpreting the findings. 

Firstly, this was a single centre study with its inherent limitations of generalisability. Secondly, 

all patients in this study had angina as their main symptom that necessitated further 

investigations. Therefore, these results may not necessarily apply to patients without angina 

(such as those with breathlessness as their predominant symptom). Thirdly, long-term outcome 

data are currently unavailable for these patients, precluding us from identifying features on 

ETT that enable risk stratification of patients; however, this will form the basis for future 

studies.  

 

3.6. Conclusions 

Using comprehensive coronary physiology assessment, we have demonstrated that ischaemic 

ECG changes during ETT in patients with ANOCA are always indicative of abnormalities in 

coronary microvascular function. This is an important finding that highlights the limitations of 

using obstructive coronary artery disease as a reference standard to assess the accuracy of non-

invasive imaging modalities. Figure 24 summarises the findings of our study. 
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Figure 24. Summary of findings from the ETT study. 
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4.1 Abstract 

Background: Angina with nonobstructive coronary arteries (ANOCA) is a common condition 

for which no effective treatment has been established. We hypothesised that measurement of 

coronary flow reserve (CFR) allows identification of patients with ANOCA who would benefit 

from anti-ischaemic therapy. 

Methods: Patients with ANOCA underwent blinded invasive CFR measurement and were 

randomly assigned to receive four weeks of amlodipine or ranolazine. After a one-week 

washout, they crossed over to the other drug for four weeks; final assessment was after 

cessation of study medication for another four weeks. The primary outcome was change in 

treadmill exercise time, and the secondary outcome was change in Seattle Angina 

Questionnaire (SAQ) summary score, in response to anti-ischaemic therapy. Analysis was on 

a per protocol basis according to the following classification: coronary microvascular disease 

(CMD group) if CFR<2.5 and reference group if CFR≥2.5. The study protocol was registered 

before the first patient was enrolled (International Standard Randomised Controlled Trial 

Number: ISRCTN94728379). 

Results: Eighty-seven patients (61±8 years, 62% females) underwent randomisation (57 CMD 

group and 30 reference group). Baseline exercise time and SAQ summary scores were similar 

between groups. The CMD group had a greater change in exercise time compared to the 

reference group, in response to both amlodipine (difference in change 82 seconds, 95% CI 37 

to 126 seconds, p<0.001) and ranolazine (difference in change 68 seconds, 95% CI 21 to 115 

seconds, p=0.005). The CMD group reported a greater change in SAQ summary score 

compared to the reference group in response to ranolazine (difference in change 7, 95% CI 0 

to 15, p=0.048), but not to amlodipine (difference in change 2, 95% CI -5 to 8, p=0.549). 
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Conclusions: Amongst phenotypically similar patients with ANOCA, only those with an 

impaired CFR derive benefit from anti-ischaemic therapy. These findings support routine 

measurement of CFR to diagnose and guide management of this otherwise heterogenous 

patient group.  
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4.2. Introduction 

Angina with non-obstructive coronary arteries (ANOCA) is a common clinical condition, 

although this umbrella term comprises several distinct pathophysiological entities2, which 

include endothelium-independent microvascular dysfunction. For the purposes of this chapter, 

we will be using the term ‘endothelium-independent microvascular dysfunction’ 

interchangeably with the term ‘coronary microvascular disease (CMD)’. CMD is defined as an 

inability of the coronary vasculature to augment coronary blood flow in response to heightened 

myocardial oxygen demand despite the absence of epicardial coronary artery disease25. CMD 

leads to impaired quality of life121 and a heightened risk of adverse cardiovascular outcomes35. 

A diagnosis of CMD is traditionally made by invasive assessment in the cardiac catheter 

laboratory to delineate the hallmark of CMD, a diminished coronary flow reserve (CFR) in 

response to adenosine, representing the ratio of maximal achievable flow to resting flow68. 

CFR<2.5 is associated with impaired coronary perfusion efficiency during exercise and 

myocardial ischaemia on non-invasive assessment25. 

 

Whilst the Coronary Microvascular Angina (CorMicA) study has previously demonstrated the 

value of coronary physiology-stratified therapy in enhancing angina-specific quality of life in 

patients with ANOCA (including patients with CMD, vasospastic angina and noncardiac chest 

pain)94,95, uptake by physicians has been low; this is partly because of scepticism about the 

mechanistic link between coronary physiology parameters and response to therapy. 

Furthermore, it is not known if physiology-stratified therapy leads to an improvement in 

exercise capacity, which is the reference standard for efficacy of anti-ischaemic therapies. 
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The Characterising Mechanisms in Patients with Coronary Microvascular Disease to stratify 

therapy (ChaMP-CMD) trial aims to assess whether a diminished CFR relates to the effects of 

anti-ischaemic therapy on exercise time in patients with ANOCA. 

 

4.3. Methods 

4.3.1. Study design and participants 

ChaMP-CMD is a phenotype-blinded randomised crossover trial carried out at a tertiary 

referral cardiac centre in London, UK. This study was approved by the National Health Service 

Research Ethics Committee (reference 20/LO/1294), funded by the UK Medical Research 

Council and overseen by a trial steering committee. Written informed consent was obtained 

from all patients prior to their enrolment. The study protocol was registered before the first 

patient was enrolled (International Standard Randomised Controlled Trial Number: 

ISRCTN94728379). 

 

We recruited patients with typical angina, preserved left ventricular ejection fraction (>50%) 

and nonobstructive coronary arteries (fractional flow reserve (FFR)>0.80). Exclusion criteria 

were intolerance to adenosine, advanced chronic kidney disease (estimated glomerular 

filtration rate < 30 mL/min/m2), significant valvular heart disease, history of acute coronary 

syndrome, previous revascularisation, cardiomyopathy, atypical/non-cardiac chest pain, low 

symptom burden, confirmed vasospastic angina (necessitating commencement of calcium 

channel antagonists), exercise incapacity due to non-cardiac causes, known contraindications 

to ranolazine or amlodipine, patients who were unable to exercise on a treadmill or those who 

could exercise for >540seconds in the absence of any revealed cardiac symptoms on the 

baseline exercise test. 
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4.3.2. Randomisation, masking and cross-over 

Patients, researchers, and clinical staff conducting exercise tests were blinded to the patients’ 

invasive physiological characteristics (phenotype-blinding). All eligible study patients were 

randomised to receive either amlodipine or ranolazine (in a 1:1 allocation ratio) using an 

automated randomisation tool; no stratification or blocks were used. Patients who were already 

taking a calcium channel antagonist and/or ranolazine were requested to withhold them from 

four weeks prior to their baseline visit until the end of the study. 

The initial doses were either amlodipine 5 mg once a day or ranolazine 375 mg twice a day, 

with an increase to amlodipine 10 mg once a day and ranolazine 500mg or 750 mg twice a day 

after one to two weeks. If patients did not tolerate amlodipine 5 mg, then the dose was reduced 

to 2.5 mg. Four weeks after randomisation, patients returned for the second ETT, following 

which a one-week drug washout period was applied (a duration longer than five half-lives of 

either medication, to minimise potential carryover effects122). They then crossed-over to the 

second drug arm in the sequence of amlodipine-ranolazine or ranolazine- amlodipine, and after 

4 weeks of treatment, returned for the third ETT. Study medications were discontinued at this 

point and a subgroup returned for a fourth ETT, four weeks later, to assess for training effect. 

This was based on input provided at my interim thesis progression committee meeting. Patients 

were encouraged to continue their regular (non-study) medications throughout the study period. 

Treatment adherence was assessed using pill count at each visit and patients with <80% 

adherence to study medications, or those who were not able to attend their second or third visit 

within one week of the scheduled date, were excluded from that aspect of the per protocol 

analysis but included in the intention-to-treat analyses. Ambulant day to day activity was 

monitored by capturing 4-week step-counts from patients’ smartphone application. 
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After the fourth ETT (or third for those who did not undertake the fourth ETT), study 

participation was complete, and patients and physicians were unblinded to the patients’ 

phenotype. Figure 25 illustrates the study flow.  

 

Figure 25. Study flow of ChaMP-CMD. 

 

4.3.3. Procedures 

4.3.3.1. Coronary angiography and physiology data analysis 

Coronary angiography with invasive physiology assessment was carried out via the radial 

artery and is described in detail in Chapter 2 and Chapter 3. CFR was calculated as hyperaemic 

APV/resting APV, both measured at steady state. Patients were classified off-line into 

reference (CFR≥2.5) and CMD (CFR<2.5) groups. 
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4.3.3.2. Exercise ECG treadmill test 

The exercise ECG treadmill test (ETT) was performed with a Marquette Case 8000 system (GE 

Medical Systems, Milwaukee, WI, USA) according to the American College of Cardiology 

and American Heart Association practice guidelines using a standard Bruce protocol78, 

terminated at the patient’s request. 12-lead electrocardiogram (ECG), heart rate and blood 

pressure were recorded at regular intervals before, during and after the ETT. All ETTs were 

supervised by physiologists who were blinded to the patients’ coronary physiology data. 

Exercise time (ET) was defined as the time from the start of the exercise protocol to exercise 

cessation. 

 

4.3.3.3. Seattle Angina Questionnaire (SAQ) 

At each visit, patients completed the Seattle Angina Questionnaire (SAQ), which is a validated 

angina-specific quality of life assessment106. The SAQ comprises five components, namely 

physical limitation, angina stability, angina frequency, treatment satisfaction and quality of life; 

these are then incorporated into the summary score, which is sensitive to changes in response 

to therapy106. 

 

4.3.4. Outcomes 

The primary outcome was change in exercise time in response to anti-ischaemic therapy. The 

secondary outcome was change in SAQ summary score in response to anti-ischaemic therapy.  

 

4.3.5. Hypotheses and statistical considerations 

Our primary hypothesis was that patients with CMD (impaired CFR) will have a greater 

improvement in their exercise capacity in response to anti-ischaemic therapy compared to 
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patients in the reference group (normal CFR). Assuming a 2:1 distribution (as reported in the 

literature for patients with high pre-test probability of coronary vascular dysfunction94), 49 

patients with CMD and 25 in the reference group will provide 80% power (α=0.05) to detect a 

60 second difference in exercise time between the groups (assumed standard deviation (SD) 85 

seconds). A statistical analysis plan was finalised before data lock and analysis of data.  

 

Normality of data was assessed using the Kolmogorov-Smirnov test. Normally distributed 

continuous data are presented as mean±SD, unless specified otherwise, and compared using 

the independent sample’s Student t-test. Non-normally distributed data are presented as median 

(interquartile range) and compared using the Mann-Whitney test (unpaired analyses) or the 

Wilcoxon matched-pairs signed rank test (paired analyses). Categorical variables are presented 

as n (%) and compared using the chi-squared test. Continuous endpoints were compared with 

the two-sample t test of the difference between groups (CMD versus reference groups); the 

findings are reported as the difference in mean change between study groups with 95% 

confidence intervals (CIs) and p values. Binary logistic regression was performed using 

univariate and multivariate analysis and reported as standard coefficients (95% CI). 

Biologically plausible variables were assessed in the univariate model, and those that correlated 

were included in the multivariate model. Gain-or-loss of function was assessed using the 

repeated measures ANOVA analysis (mixed model, assuming missing values are missing at 

random). Sphericity was not assumed, and the Geisser-Greenhouse correction was applied to 

the analyses. The Youden’s index in receiver operating characteristic curves was used to 

identify the optimal CFR threshold that predicted ≥60 seconds increment in exercise time in 

response to anti-ischaemic therapy. All randomised patients were included in these analyses. 

The accuracy of CFR thresholds in predicting ≥60 seconds increment in exercise time in 

response to anti-ischaemic therapy was calculated as [(true positives + true negatives) ÷ (true 



130 
 

positives + true negatives + false positives + false negatives)] x 100; the accuracy of different 

CFR thresholds was compared using the McNemar’s test. 

 

Data were analysed on a per protocol basis as stipulated in the Statistical Analysis Plan.  Per 

protocol analysis was favoured over intention-to-treat analysis as this study addressed the 

efficacy of therapy as opposed to a treatment strategy. Intention-to-treat analyses are also 

reported in the Appendix section.  All analyses were performed using SPSS Statistics 27 (IBM, 

NY, USA) and GraphPad Prism software version 9.0 (GraphPad software, San Diego, CA, 

USA). We deemed a p value less than 0.05 to be significant. 

 

The study was registered with the National Institute for Health Research UK Clinical Research 

Network portfolio database (Central Portfolio Management System identifier: 47795) and 

International Standard Randomized Controlled Trial Number (identifier: ISRCTN94728379).  

 

4.4. Results 

Between December 2020 and August 2023, 486 patients with angina and nonobstructive 

coronary arteries were screened and 100 eligible patients identified, of which 87 were 

randomised (Figure 26).  
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Figure 26. Patient screening and recruitment for ChaMP-CMD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VSA: vasospastic angina; CAD: coronary artery disease; LVSD: left ventricular systolic 

dysfunction; PCI: percutaneous coronary intervention; ETT: exercise ECG treadmill test; 

SAQ: Seattle Angina Questionnaire 
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By blinded classification, 57 patients had impaired CFR (CMD group) and 30 patients had 

normal CFR (reference group). The exercise ECG treadmill test took place 25 (14, 41) days 

after the coronary physiology assessment. Patients in the CMD and reference groups were well 

matched for baseline demographics; the CMD group had a higher prevalence of hypertension 

(Table 11).  

 

Table 11. Baseline demographics of patients recruited into ChaMP-CMD. 

 CMD (n=57) Reference (n=30) P value 

Patient demographics 

Age, years 62±8 60±7 0.385 

Female, n(%) 36 (63) 18 (60) 0.773 

BMI, kg/m2 28 (25, 32) 31 (26, 34) 0.169 

Hypertension, n(%) 33 (58) 9 (30) 0.013 

Diabetes, n(%) 15 (26) 3 (10) 0.074 

Hyperlipidaemia, n(%) 36 (63) 16 (53) 0.374 

Smoking history, n(%) 9 (16) 7 (23) 0.388 

Symptomology 

CCS, n(%) 

    I 

    II 

    III 

    IV 

 

3 (5) 

21 (37) 

28 (49) 

5 (9) 

 

2 (7) 

13 (43) 

13 (43) 

2 (7) 

0.913 

 

 

NYHA, n(%) 

    I 

 

27 (47) 

 

16 (53) 

0.523 
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BMI: Body mass index; CCS: Canadian cardiovascular society; NYHA: New York heart 

association, eGFR: estimated glomerular filtration rate; NTproBNP: N-terminal pro-brain 

natriuretic peptide; HbA1c: glycated haemoglobin; DM: diabetes mellitus; ACE inhibitor: 

Angiotensin converting enzyme inhibitor; ARB: Angiotensin receptor blocker 

 

There were no differences in the epicardial coronary physiology metrics (mean FFR > 0.90 in 

both groups), baseline exercise time (315±143 vs 317±128 seconds, p=0.954) or SAQ summary 

score (49±19 vs 51±19, p=0.651) between the CMD and reference groups (Table 12).  

    II 

    III 

    IV 

27 (47) 

3 (5) 

0 

11 (37) 

3 (10) 

0 

Serum biomarkers 

Haemoglobin, g/L 134±14 135±12 0.726 

eGFR, ml/min/1.73m2 79±21 83±17 0.295 

NTproBNP, pg/mL 75 (38, 126) 31 (25, 78) 0.009 

HbA1c, mmol/mol 39 (37, 42) 42 (39, 45) 0.142 

HbA1c in DM, mmol/mol 53 (50, 96) 62 (54, 92) 0.497 

Total cholesterol, mmol/L 4.1±1.1 4.3±1.2 0.373 

Medications 

Antiplatelet agent 33 (58) 14 (47) 0.318 

Statins 45 (79) 21 (70) 0.354 

ACE inhibitors/ARB 27 (47) 11 (37) 0.339 

Beta blockers 13 (23) 7 (23) 0.956 

Nitrates 10 (18) 6 (20) 0.779 
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Table 12. Coronary physiology, exercise test and SAQ measurements at baseline in patients 

recruited into ChaMP-CMD. 

 CMD (n=57) Reference (n=30) P value 

Coronary physiology measurements 

Pd/Pa 0.95±0.03 0.95±0.04 0.909 

FFR 0.92±0.04 0.91±0.04 0.368 

CFR 2.0±0.3 3.0±0.4 <0.001 

hMR, mmHg.cm-1.s-1 2.3 (1.7, 2.7) 1.9 (1.7, 2.2) 0.133 

Exercise treadmill test 

Exercise time, seconds 315±143 317±128 0.954 

Presence of angina during 

ETT, n (%) 

43 (75) 22 (73) 0.722 

Time to angina, seconds 191±112 180±115 0.716 

Ischaemia during ETT, n (%) 18 (32) 4 (13) 0.041 

Time to ≥0.1mV ST 

depression, seconds 

254±143 198 (79, 347) 0.759 

Resting heart rate, bpm 85±15 85±14 0.981 

Resting systolic blood 

pressure, mmHg 

140±22 138±20 0.658 

Resting rate pressure 

product, mmHg.bpm 

11922±2789 11850±3102 0.912 

Peak heart rate, bpm 185±36 190±37 0.531 
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FFR: Fractional Flow Reserve; CFR: Coronary Flow Reserve; hMR: hyperaemic 

microvascular resistance 

 

Exercise time and SAQ summary score at baseline were moderately correlated (r=0.39, 

r2=0.15, p=0.003). Four patients reported peripheral oedema and 2 postural hypotension with 

amlodipine, whilst 4 reported headaches, 1 dizziness, 1 fatigue and 2 gastrointestinal symptoms 

with ranolazine. Thirteen patients did not tolerate amlodipine and/or attend their ETT at the 

scheduled date whilst on amlodipine, whilst 11 patients did not tolerate ranolazine and/or attend 

their ETT at the scheduled date whilst on ranolazine. Patients were taking the following 

medication at the time of the second/third ETT: amlodipine 2.5 mg once a day (4%), 

amlodipine 5 mg once a day (61%) or amlodipine 10 mg once a day (35%); ranolazine 375 mg 

twice a day (47%), ranolazine 500 mg twice a day (11%) or ranolazine 750 mg twice a day 

(42%). 

 

Patients with CMD had a greater increment in exercise time compared to the reference group 

with both amlodipine (mean difference in change 82 seconds, 95% CI 37 to 126 seconds, 

p<0.001) and ranolazine (mean difference in change 68 seconds, 95% CI 21 to 115 seconds, 

p=0.005) (Table 13 and Appendix Table 1). In patients with a normal CFR, there was no 

Peak systolic blood pressure, 

mmHg 

139±19 141±19 0.684 

Peak rate pressure product, 

mmHg.bpm 

25808±6253 26924±7852 0.473 

Seattle Angina Questionnaire 

Summary score 49±19 51±19 0.651 
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change in exercise time (compared to baseline) in response to either anti-ischaemic agent 

(amlodipine: mean change 9 seconds, 95% CI -20 to 38 seconds, p=0.526; ranolazine: mean 

change 11 seconds, 95% CI -20 to 42 seconds, p=0.469).   

 

Table 13. Primary and secondary outcomes in ChaMP-CMD. 

 

 

The gain in exercise time observed in the CMD group was lost following cessation of each 

anti-ischaemic medication, as assessed on the 4th ETT (off study medication) (p<0.001 for both 

amlodipine and ranolazine by repeated measures ANOVA). In the reference group, exercise 

time remained unchanged, on or off study medication (Figure 27). Overall, patients exercised 

for 22 seconds longer during their fourth visit compared to the first visit (p=0.017); when 

 Amlodipine (n=74) Ranolazine (n=76) 

 CMD Reference CMD Reference 

Exercise time (seconds) 

Increment 91 

(95% CI 62 to 120) 

9 

(95% CI -20 to 38) 

79 

(95% CI 49 to 109) 

11 

(95% CI -20 to 42) 

Difference in change between 

groups 

82 

(95% CI 37 to 126) 

68 

(95% CI 21 to 115) 

P value <0.001 0.005 

SAQ summary score 

Increment 7 

(95% CI 3 to 12) 

5 

(95% CI 1 to 9) 

13 

(95% CI 8 to 17) 

5 

(95% CI 0 to 10) 

Difference in change between 

groups 

2 

(95% CI -5 to 8) 

7 

(95% CI 0 to 15) 

P value 0.549 0.048 
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dichotomised according to CFR, those with CMD exercised for longer during their fourth visit 

compared to their first visit (p=0.004), whereas no such difference was observed in the 

reference group (p=0.995). Additional ETT-related parameters are reported in Appendix 

Table 2. 

 

Figure 27. Gain-or-loss of function in exercise time with/without study medication. 

 

CMD: coronary microvascular disease; RNL: ranolazine; AML: amlodipine; off med: without 

study medications 

 

Using linear regression analysis on all randomised patients, CFR (as a continuous variable) 

was the only independent variable that was associated with an increment in exercise time ≥60 

seconds in response to anti-ischaemic therapy; however, the R2 for this model was only 11.9% 

(Table 14).  
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Table 14. Linear regression analysis to test the association between biologically plausible 

variables and ≥60 seconds increment in exercise time in response to anti-ischaemic therapy 

(ranolazine and/or amlodipine). 

CFR: Coronary Flow Reserve; hMR: hyperaemic microvascular resistance 

The increment in independent variables: 

Age: 1 year increase; CFR: 0.1 unit increase; hMR: 0.1 mmHg.cm-1.s-1 increase. 

 

The optimal CFR to predict an increment in exercise time of ≥60 seconds in response to anti-

ischaemic therapy (ranolazine and/or amlodipine) was ≤2.5 (sensitivity 84% and specificity 

55%) (Figure 28). The CFR≤2.5 threshold was 69% accurate at predicting an increment in 

exercise time of ≥60 seconds in response to anti-ischaemic therapy, compared with the 

CFR≤2.0 threshold, which was 61% accurate (sensitivity 49% and specificity 74%) (p<0.001). 

 

 

 Odds ratio (95% CI) P value 

Univariable 

Age 1.020 (0.966, 1.077) 0.475 

Gender 2.101 (0.854, 5.174) 0.106 

Hypertension 2.651 (1.098, 6.403) 0.030 

CFR 0.889 (0.816, 0.968) 0.007 

hMR 1.000 (0.952, 1.051) 0.993 

Multivariable (R2 0.119) 

CFR 0.905 (0.830, 0.987) 0.024 

Hypertension 2.079 (0.824, 5.246) 0.121 
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Figure 28. Receiver operating characteristic curves comparing the diagnostic accuracy of two 

CFR thresholds. 

 

 

 

 

 

 

 

 

 

 

CFR: coronary flow reserve 

 

The change in SAQ summary score in response to amlodipine was similar between the CMD 

and reference groups (mean difference in change 2, 95% CI -5 to 8, p=0.549). There was a 

greater increment in SAQ summary score with ranolazine in the CMD group compared to the 

reference group (mean difference in change 7, 95% CI 0 to 15, p=0.048) (Table 13 and 

Appendix Table 1). The gain in SAQ was not lost on cessation of study medications in the 

reference group; however, in the CMD group, gain-or-loss of function of SAQ summary score 

was observed with/without ranolazine (Figure 29). Overall, patients scored 5 units higher on 

their SAQ summary score compared to the first visit (p=0.035); when dichotomised according 
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to CFR, those with CMD had a numerically higher SAQ summary score during their fourth 

visit compared to their first visit (p=0.054), whereas no such difference was observed in the 

reference group (p=0.432). 

 

Figure 29. Gain-or-loss of function in SAQ summary score with/without study medication. 

CMD: coronary microvascular disease; RNL: ranolazine; AML: amlodipine; off med: without 

study medications. 

 

There was no evidence of an interaction between allocated treatment sequence and the change 

in exercise time. Patients allocated to the ranolazine-amlodipine sequence (n=40) had a similar 

change in exercise time to those allocated to the amlodipine-ranolazine sequence (n=47), in 

response to amlodipine (mean difference in change 29 seconds, 95% CI -19 to 76 seconds, 

p=0.232) and ranolazine (mean difference in change 4 seconds, 95% CI -44 to 51 seconds, 

p=0.877). 
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4.5. Discussion 

In ChaMP-CMD, patients with ANOCA and an impaired CFR had an improvement in exercise 

time in response to anti-ischaemic therapy, whereas those with a normal CFR did not. The gain 

in function with therapy was lost on cessation of therapy in patients with CMD, which suggests 

a causal link between the pathophysiological classification and response to therapy. We believe 

this to be the first robust demonstration of the association between CFR and an improvement 

in exercise capacity in response to anti-ischaemic therapy. This, in turn, demonstrates the 

practical utility of measuring CFR in patients with ANOCA as a means of personalising 

therapies. 

 

We had previously demonstrated that an impaired CFR reliably identifies those with an 

ischaemic substrate and maladaptive physiology during exercise25, but whether this 

classification also identifies patients who derive objective benefit in their exercise capacity 

from anti-ischaemic therapy was not known. Three contemporary trials designed to assess 

response to therapy in ANOCA patients have yielded equivocal results89,123,124 and have been 

limited by inclusion of patients with atypical symptoms, low prevalence of impaired CFR at 

baseline and the use of subjective quality of life questionnaires as the primary outcome. Post-

hoc analyses of two of these studies have suggested that those with an impaired CFR at baseline 

may derive an improvement in their quality of life in response to anti-ischaemic therapy89,124. 

The CorMicA study also demonstrated superiority of physiology-guided management above 

empirical therapy in relation to SAQ scores at 6- and 12-months94,95, as well as improvement 

in resource consumption96. However, the definition of vasomotor abnormalities was broad in 

CorMicA (diminished CFR and/or elevated minimal microvascular resistance and/or 

epicardial/microvascular spasm with bolus acetylcholine provocation) and hence it was not 

possible to link the specific pathophysiological diagnosis with outcome. Furthermore, in 
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CorMicA, the recommended therapies included a range of pharmacological and non-

pharmacological measures (including referral to cardiac rehabilitation)96, and, therefore, the 

mechanistic link between physiological findings, therapies instituted and improvement in 

outcome remained incompletely understood. CFR was the only biologically plausible variable 

that was associated with an increment in exercise time ≥60 seconds in response to anti-

ischaemic therapy in our study. However, the multivariate model that included CFR, gender 

and hypertension only accounted for 11.9% of the change in exercise time; this is suggestive 

that there must be other patient-related factors that affect the response to therapy that were not 

characterised in our study.  

 

When objectively assessing efficacy of therapies on exercise capacity, the minimum clinically 

relevant increment in exercise time is often regarded to be 30 seconds. It is notable that patients 

with CMD had an increment in exercise time following anti-ischaemic therapy that was, on 

average, greater than twice this minimum difference; this treatment effect is in keeping with 

those reported in seminal anti-ischaemic trials of patients with obstructive coronary disease102–

105 and greater than the effect reported in many trials of heart failure patients125,126 (Table 15).  

 

Table 15. Comparison of previous exemplar cardiovascular trials using exercise time as an 

outcome measure. 

 Study design Baseline ET Increment in ET 

Obstructive CAD 

Fox KM et 

al102 

TIBET 

Design: Double-blind 

parallel-group study 

Patient numbers: 319 

417s (atenolol arm) 

423s (nifedipine arm) 

410 (combination arm) 

91s (atenolol arm) 

91s (nifedipine arm) 

98s (combination arm) 
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 Follow-up: Six weeks 

Frischman WH 

et al103 

Design: Double-blind, 

placebo controlled, RCT 

Patient numbers: 551 

Follow-up: Four weeks 

348s (verapamil) 

360s (amlodipine) 

348s (amlodipine and 

atenolol) 

354s (placebo) 

66s (verapamil) 

60s (amlodipine) 

72s (amlodipine and 

atenolol) 

24s (placebo) 

Chaitman BR 

et al104 

MARISA 

Design: Double blinded 

placebo controlled RCT; 

Patient numbers: 191 

Follow-up: One week of 

therapy at 3 sequentially 

doses 

Baseline exercise times 

not reported 

116s (Ranolazine 750mg) 

70s (placebo) 

Noman A et 

al105 

Design: Double-blind, 

placebo-controlled, 

crossover RCT 

Patient numbers: 65 

Follow-up: Six weeks 

301s 6s (placebo) 

93s (allopurinol) 

Al-Lamee R et 

al101 

ORBITA 

Design: Double-blinded 

sham procedure trial; 

Patient numbers: 230 

Follow-up: Six weeks 

528s (PCI group) 

490s (sham group)  

28s (PCI group) 

12s (sham group) 

Reynolds HR 

et al127 

ISCHEMIA-

CIAO 

Design: observational 

substudy 

Patient numbers: 116 

Follow-up: One year 

364s 46s 
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Heart failure with reduced ejection fraction 

Rouleau JL et 

al125 

IMPRESS 

Design: Double-blinded 

parallel RCT 

Patient numbers: 573 

Follow-up: 12 weeks 

511s (omapatrilat arm)  

 

500s (lisinopril arm) 

24s (omapatrilat arm)  

31s (lisinopril arm) 

Australia/New 

Zealand Heart 

Failure 

Research 

Collaborative 

Group126 

Design: Double-blind, 

placebo-controlled RCT 

Patient numbers: 415 

Follow-up: One year 

630s 7s 24s improvement) and 

placebo (roughly 17s 

improvement) 

CAD: coronary artery disease; ET: exercise time 

 

This therapeutic effect, and our observation that the diagnostic (based on our previous study 

comparing CFR with noninvasive myocardial ischaemia25) and therapeutic (based on this study 

comparing CFR with ≥60 seconds improvement in exercise time) thresholds of CFR are 

identical, suggest a mechanistic link between the presence of an ischaemic substrate and 

exercise capacity. We have demonstrated that the CFR≤2.5 threshold can predict a clinically 

relevant therapeutic response with greater accuracy than the CFR≤2.0 threshold. This follows 

on from our previous study, which demonstrated that the CFR<2.5 threshold had a better 

accuracy at predicting myocardial ischaemia and coronary perfusion efficiency during exercise 

than the CFR≤2.0 threshold25. This reaffirms a strong mechanistic link between coronary 

perfusion inefficiency during exercise, myocardial ischaemia, and response to therapy.  
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The patients enrolled in ChaMP-CMD reported a degree of impairment in their quality of life, 

on account of angina, that was comparable to that reported by patients with obstructive CAD 

in ORBITA101 and ANOCA in CorMicA94, but worse than patients with obstructive CAD in 

ISCHEMIA128 and ANOCA in ISCHEMIA-CIAO127 (Table 16). The minimum clinically 

meaningful change in the SAQ summary score, following an investigational therapy, has 

previously been regarded to be a difference of 8 points. By this metric, patients with CMD 

experienced an improvement in their SAQ summary score compared to the reference group in 

response to ranolazine but not amlodipine, whilst no meaningful improvement in SAQ 

summary score was observed within the reference group.  

 

Table 16. Comparison of SAQ scores in other trials of patients with ischaemic heart disease. 

 SAQ scores at baseline  SAQ scores with treatment 

CorMicA94 Summary score 51 

Angina frequency score 59 

 

 

 

 

 

Summary score 52 (control arm) 

Summary score 68 (intervention arm) 

Angina frequency score 56 (control 

arm) 

Angina frequency score 75 

(intervention arm) 

Follow-up: 6 months 

ORBITA101 Angina frequency score 63 (PCI group) 

Angina frequency score 60 (sham group) 

 

 

 

Angina frequency score 74 (PCI 

group) 

Angina frequency score 68 (sham 

group) 

Follow-up: 6 weeks 
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Spertus JA et al128 

ISCHEMIA 

Summary score 73 (invasive arm) 

Summary score 75 (conservative arm) 

Angina frequency score 81 (invasive arm) 

Angina frequency score 82 (conservative 

arm) 

Summary score 89 (invasive arm) 

Summary score 83 (conservative 

arm) 

Follow-up: 3 years 

ISCHEMIA-

CIAO127 

Summary score 83 

Angina frequency score 90 

 

Summary score 92 

Angina frequency score 100 

Follow-up: 6 months 

 

The discordance between treatment effect, as assessed by exercise time versus SAQ summary 

score, may be because the subjective assessment of quality of life is multifactorial (the 

coefficient of determination, r2, between SAQ and exercise time at baseline was only 15%) and 

more prone to treatment bias than objective measures like exercise time. The uncoupling of 

ischaemia and SAQ scores was also seen in the CIAO-ISCHEMIA study, where patients 

reported improvement in their SAQ scores after medical treatment despite having persistence 

of objective ischaemia127. Similarly, in a study of patients with obstructive coronary artery 

disease, percutaneous coronary intervention led to a reduction in the ischaemic burden, as 

identified on stress echocardiography, but this did not translate to better angina-specific quality 

of life129. 

 

There was some evidence of a training effect, with participants walking for 22 seconds longer, 

on average, during their fourth ETT compared to the first one. While this may have led to slight 

over-estimation of the treatment effects overall, there is no evidence that this has affected the 

comparison of treatment effect between groups or between drugs, given the randomised cross-
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over design. Similarly, patients scored 5 points higher on their fourth SAQ compared to the 

first one; however, this did not reach the minimum clinically relevant threshold of 8 points. 

Interestingly, patients with CMD exercised for longer and reported better angina-specific 

quality of life during their fourth visit compared to their baseline visit, whereas no such 

difference was observed in patients in the reference group. This might be because patients with 

CMD had an improvement in their coronary flow reserve in response to the preceding anti-

ischaemic therapy, which led to an improvement in their exercise time even when off study 

medications. However, we did not carry out repeat coronary physiology assessment to assess 

changes in coronary flow reserve before and after the study to test this hypothesis. Of note, 

Bairey-Merz et al have previously reported that a two-week course of ranolazine led to an 

improvement in myocardial perfusion reserve index in patients with an impaired CFR, whereas 

no such effect was seen in patients with a normal CFR89.  

 

There is currently marked heterogeneity in the diagnosis and management of patients with 

ANOCA due to a variety of reasons, some of which we have addressed with the findings of our 

study. Firstly, there is a widely held belief that empirical management of patients with ANOCA 

(without embarking on definitive diagnostic testing to confirm or refute the presence of CMD) 

is an acceptable alternative. We have demonstrated that patients with ANOCA, but no CMD, 

do not experience any improvement in objective exercise capacity or subjective quality of life 

with anti-ischaemic therapies. To treat these patients empirically would not only potentially 

expose them to ineffective therapies but also delay the pursuit of alternative causes for their 

symptoms. The cause of chest pain in patients with ANOCA and normal CFR is unclear, but 

our findings suggest that inducible ischaemia may not be an appropriate treatment target in this 

group.  
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The rationale for using amlodipine and ranolazine as our exemplar drugs is provided in 

Chapter 5. 

 

Our study has some limitations that should be considered when interpreting the findings. First, 

this was a single centre study with a relatively small sample size with inherent limitations of 

generalisability. Second, we did not include a placebo therapy arm and hence this was not 

double blinded in the conventional sense. However, patients and researchers were blinded to 

the physiological classification (phenotype-blinding) and had no means of knowing whether a 

given drug was expected to affect their exercise time or quality of life. Third, objective methods 

of assessing the efficacy of blinding, such as blinding questionnaires, were not undertaken. 

However, patients were not informed about their coronary physiology metrics and had no way 

of finding this out given that researchers and physiologists were blinded to the physiology as 

well. Furthermore, none of the researchers/staff present in the catheter laboratory were present 

during the exercise ECG stress testing protocol. Fourth, we did not repeat coronary physiology 

measurements, which may have provided an important mechanistic link and demonstrated the 

effects of the medications on patients’ underlying physiology. However, repeating these 

measurements three times within a course of 12 weeks would have been highly burdensome 

for our patients and beyond the study resources. Fifth, we have studied two specific anti-

ischaemic agents with different mechanistic profiles and therefore cannot be certain that the 

differential effect we observed (in CMD versus reference patients) would be replicated with 

other classes of drug. Sixth, we only interrogated the LAD artery for coronary physiology 

assessment. Whilst this is the standard of practice, in both clinical and research settings, there 

is some emerging data to suggest that CMD may not necessarily be a panmyocardial process. 
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It is possible that patients with a normal CFR in the LAD may have had an impaired CFR in 

the non-LAD vessels. However, whether the same CFR diagnostic threshold applies to non-

LAD vessels is not known. Furthermore, whether an impaired CFR in non-LAD vessels 

correlates with inducible ischaemia on non-invasive assessment is also not known. Finally, it 

is important to emphasise that this was a carefully selected patient cohort with a high symptom 

burden and pretest probability of coronary vascular dysfunction (Figure 26); therefore, these 

results may not apply to patients with ANOCA who present with atypical or minimal 

symptoms. 

 

4.5. Conclusions 

In summary, we have demonstrated that an invasive diagnosis of CMD, based on CFR, 

distinguishes patients with ANOCA who derive objective benefit from anti-ischaemic therapy. 

The CFR threshold that is commonly used to diagnose CMD was also the most accurate in 

identifying patients who respond to anti-ischaemic therapy. These findings support routine 

measurement of CFR in patients with ANOCA and typical limiting symptoms to not only 

establish a diagnosis and predict prognosis, but also to guide medical therapy. Our findings 

should also inform future trials of anti-ischaemic therapies for CMD, which should selectively 

enrol patients with diminished CFR or be designed to allow comparison of ANOCA patients 

with versus without evidence of CMD. 
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Chapter 5 
 

Does deep endotyping in the catheter laboratory predict response 

to anti-ischaemic therapy in patients with angina and 

nonobstructive coronary arteries? 

 

Abstract accepted as poster presentation at American College of Cardiology Congress 2024 

 

Manuscript submitted to Circulation: Cardiovascular Interventions 
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5.1. Abstract 

Background: Angina with nonobstructive coronary arteries (ANOCA) is a common condition 

and an impaired coronary flow reserve in response to adenosine (coronary endothelium-

independent microvascular dysfunction; CMD) and acetylcholine (coronary endothelium-

dependent microvascular dysfunction; CED) identifies those with an ischaemic substrate. 

Recently, we have shown that CMD itself may be a heterogenous condition comprising two 

endotypes that are distinguished by the minimal microvascular resistance (structural and 

functional CMD). Both endotypes have a high prevalence of inducible ischaemia and similarly 

impaired prognosis, but the underlying pathobiology is disparate. Whether these distinct 

endotypes respond differently to anti-ischaemic therapies is not known and is a key unmet 

clinical need.  

 

Methods: Patients with ANOCA underwent blinded invasive coronary flow reserve (CFR), 

hyperaemic (minimal) microvascular resistance (hMR) and acetylcholine flow reserve 

(AChFR) measurement and were randomly assigned to receive four weeks of amlodipine or 

ranolazine. After a one-week washout, they crossed over to the other drug for four weeks. The 

primary outcome was change in treadmill exercise time, and the secondary outcome was 

change in Seattle Angina Questionnaire (SAQ) summary score, in response to anti-ischaemic 

therapy. Analysis was on a per protocol basis; we tested for within group differences, in 

response to anti-ischaemic therapy, in patients with structural CMD (sCMD; CFR<2.5 and 

hMR≥2.5 mmHg.cm-1.s-1) and functional CMD (fCMD; CFR<2.5 and hMR<2.5 mmHg.cm-

1.s-1). We also assessed the incremental value of measuring AChFR in predicting response to 

anti-ischaemic therapy; sole coronary endothelial dysfunction (CED) was denoted by 

CFR≥2.5 and AChFR≤1.5 and the reference group by CFR≥2.5 and AChFR>1.5.  
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Results: Eighty-seven patients (61±8 years, 62% females) underwent randomisation (22 

sCMD, 35 fCMD, 15 CED and 15 reference group). Baseline exercise time and SAQ 

summary scores were similar between the groups. CFR was independently associated with an 

increment in exercise time ≥60s in response to anti-ischaemic therapy. The optimal CFR 

threshold to predict response to therapy was ≤2.5. Patients with functional CMD had an 

increment in exercise time with both anti-ischaemic therapy (amlodipine: change from baseline 

94s, 95% CI 58 to 130 s, p<0.001; ranolazine: change from baseline 100s, 95% CI 58 to 141s, 

p<0.001) with no within group differences between the agents (difference in change 3, 95% CI 

-27 to 32s, p=0.859). Patients with structural CMD had a numerically greater response to 

amlodipine than ranolazine (difference in change 46s, 95% CI -2 to 93s, p=0.056). Patients 

with sole CED had a numerical increment in exercise time (albeit statistically non-significant), 

compared to baseline, with both anti-ischaemic therapies, whereas no such effect was seen in 

the reference group. 

 

Conclusions: Amongst phenotypically similar patients with ANOCA, those with an impaired 

CFR respond to anti-ischaemic therapy. Patients with functional CMD exhibited a clinically 

meaningful response in exercise time and quality of life with both anti-ischaemic therapies; 

this further confirms the veracity of this recently identified endotype. Patients with structural 

CMD exhibited a preferential response with amlodipine. This suggests that measurement of 

minimal microvascular resistance and acetylcholine flow reserve, in addition to CFR, provides 

incremental value in therapy stratification.  
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5.2. Introduction 

We have demonstrated in Chapter 4 that in a phenotypically similar group of patients with 

angina and nonobstructive coronary arteries (ANOCA), only those with an impaired CFR 

(CMD group) respond to anti-ischaemic therapy. We have previously demonstrated that CMD 

itself may be a heterogenous condition comprising two distinct endotypes termed functional 

and structural CMD24,25, distinguished by elevated minimal microvascular resistance in the 

latter. While the two endotypes are phenotypically similar, the underlying pathobiology is 

distinct24; submaximal vasodilatation at rest appears to be the predominant mechanism of 

perturbed coronary physiology in patients with functional CMD, whereas an inability to 

adequately vasodilate in response to a stressor appears to be the predominant mechanism in 

patients with structural CMD24. It has recently been reported that both endotypes have similarly 

impaired long-term prognosis, when compared to patients with a normal CFR51. Furthermore, 

it is now being increasingly recognised that patients with a normal CFR but abnormal 

vasodilatory response to acetylcholine infusion (acetylcholine flow reserve; AChFR) have a 

substrate for ischaemia32,50, a high angina burden33 and adverse cardiovascular outcomes34,35. 

This substudy of ChaMP-CMD was designed to assess if deep endotyping in the catheter 

laboratory, using minimal microvascular resistance and acetylcholine flow reserve, provides 

incremental value in predicting response to anti-ischaemic therapy beyond that afforded by 

measuring CFR alone. 

 

5.3. Methods 

5.3.1. Study design and participants 

This is discussed in detail in the relevant section of Chapter 4 (4.3.1.). 
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5.3.2. Randomisation, masking and cross-over 

These protocols are described in detail in the relevant section of Chapter 4 (4.3.2.). 

 

5.3.3. Procedures 

5.3.3.1. Coronary angiography 

Catheterisation was performed via the right radial artery; this protocol is described in more 

detail in the methods section (Chapter 2). Patients, researchers and ETT physiologists were 

all blinded to the patients’ coronary physiology dataset. 

 

5.3.3.2. Analysis of coronary physiology data 

Signals were sampled at 200 Hz, with data exported into a custom-made study manager 

program (Academic Medical Centre, Amsterdam, Netherlands) and analysed on custom-made 

software, Cardiac Waves (King’s College London, UK). CFR was calculated as hyperaemic 

APV/resting APV, both measured at steady state. Hyperaemic (minimal) microvascular 

resistance (hMR) was calculated as Pd/APV. Acetylcholine flow reserve (AChFR) was 

calculated as the ratio of coronary blood flow (CBF) in response to acetylcholine infusion 

compared to resting CBF. The estimation of volumetric CBF was calculated as quantitative 

coronary angiography (QCA)-derived cross-sectional area × APV × 0.5, with QCA performed 

5mm distal to the tip of the guidewire68. Patients were classified off-line into structural CMD 

(CFR<2.5 and hMR≥2.5 mmHg.cm-1.s-1), functional CMD (CFR<2.5 and hMR<2.5 

mmHg.cm-1.s-1), sole coronary endothelial dysfunction (CED; CFR ≥2.5 and AChFR≤1.5) 

and reference (CFR≥2.5 and AChFR>1.5) groups as previously described50. 
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5.3.3.3. Exercise electrocardiogram treadmill test 

The exercise ECG treadmill test (ETT) was performed with a Marquette Case 8000 system (GE 

Medical Systems, Milwaukee, WI, USA) according to the American College of Cardiology 

and American Heart Association practice guidelines using a standard Bruce protocol78, 

terminated at the patient’s request. 12-lead electrocardiogram (ECG), heart rate and blood 

pressure were recorded at regular intervals before, during and after the ETT. All ETTs were 

supervised by physiologists who were blinded to the patients’ coronary physiology data. 

Exercise time (ET) was defined as the time from the start of the exercise protocol to exercise 

cessation. 

 

5.3.3.4. Seattle Angina Questionnaire (SAQ) 

At each visit, patients completed the Seattle Angina Questionnaire (SAQ), which is a validated 

angina-specific quality of life assessment106. The SAQ comprises five components, namely 

physical limitation, angina stability, angina frequency, treatment satisfaction and quality of life; 

these are then incorporated into the summary score, where a higher score indicates better 

function. SAQ scores are independently associated with mortality, hospitalisation, and resource 

use130. The SAQ is a sensitive instrument in patients with coronary microvascular disease94,95 

and a change in 8 points has been demonstrated to represent a minimal clinically important 

difference. 

 

5.3.4. Outcomes 

The primary outcome was change in exercise time in response to anti-ischaemic therapy. The 

secondary outcome was change in SAQ summary score in response to anti-ischaemic therapy. 
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5.3.5. Hypotheses and statistical considerations 

Our primary hypothesis was that patients with functional CMD will have a greater 

improvement in their exercise capacity in response to ranolazine compared to amlodipine, 

whereas patients with structural CMD will have a greater improvement in their exercise 

capacity in response to amlodipine compared to ranolazine (justification for the selection of 

these agents is provided in the Discussion section). Assuming a 1:1 distribution, the sample 

size required to detect a within-group difference of 60 seconds (SD 85 seconds) in response to 

amlodipine and ranolazine, respectively, at 80% power and 5% significance was 18 patients of 

each endotype. 

 

Normality of data was assessed using the Kolmogorov-Smirnov test. Normally distributed 

continuous data are presented as mean±SD, unless specified otherwise, and compared using 

the independent sample’s Student t-test. Non-normally distributed data are presented as median 

(interquartile range) and compared using the Mann-Whitney test (unpaired analyses) or the 

Wilcoxon matched-pairs signed rank test (paired analyses). Categorical variables are presented 

as n (%) and compared using the chi-squared test. Continuous endpoints were compared with 

the two-sample t test of the difference within groups (structural CMD and functional CMD); 

the findings are reported as the difference in mean change within study groups with 95% 

confidence intervals (CIs) and p values. Binary logistic regression was performed using 

univariate analysis and reported as standard coefficients (95% CI). Receiver operating 

characteristic curves were used to compare the area under the curves for CFR, hMR and 

AChFR to predict ≥60 seconds increment in exercise time in response to anti-ischaemic 

therapy. These area under the curves were compared using the Delong-Delong method. The 

optimal CFR threshold to predict ≥60 seconds increment in exercise time was derived using 

the Youden’s index. All randomised patients were included in these analyses. Data were 
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analysed on a per protocol basis, which was favoured over intention-to-treat analysis as this 

study addressed the efficacy of therapy as opposed to a treatment strategy. All analyses were 

performed using SPSS Statistics 27 (IBM, NY, USA) and GraphPad Prism software version 

9.0 (GraphPad software, San Diego, CA, USA). We deemed a p value less than 0.05 to be 

significant. 

 

5.4. Results 

Between December 2020 and August 2023, 486 patients with angina and nonobstructive 

coronary arteries were screened and 100 eligible patients identified. Eighty-seven of these 

patients underwent randomisation after the baseline visit (Figure 30). By blinded classification, 

57 patients had CMD (22 patients had structural CMD (sCMD) and 35 functional CMD 

(fCMD)), 15 had sole coronary endothelial dysfunction (CED) and 15 were in the reference 

group.  
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Figure 30. Patient screening and recruitment for ChaMP-CMD substudy. 

 

VSA: vasospastic angina; CAD: coronary artery disease; ACh: acetylcholine; LVSD: left 

ventricular systolic dysfunction; PCI: percutaneous coronary intervention; ETT: exercise ECG 

treadmill testing; sCMD: structural CMD; fCMD: functional CMD; CED: sole coronary 

endothelial dysfunction
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Patients were well matched for age, gender, body mass index, cardiovascular risk factors, 

symptomology, routine blood tests and medications (Tables 17 and 18).  

 

Table 17. Baseline demographics in patients with structural and functional CMD. 

 Structural 

CMD (n=22) 

Functional 

CMD (n=35) 

CFR>2.5 

(n=30) 

P value (sCMD 

vs fCMD) 

Patient demographics 

Age, years 61±9 62±8 60±7 0.446 

Female, n(%) 14 (64) 22 (63) 18 (60) 0.953 

BMI, kg/m2 29 (27, 33) 27 (24, 32) 31 (26, 34) 0.332 

Hypertension, n(%) 14 (64) 19 (54) 9 (30) 0.486 

Diabetes, n(%) 7 (32) 8 (23) 3 (10) 0.454 

Hyperlipidaemia, n(%) 12 (55) 24 (69) 16 (53) 0.285 

Smoking history, n(%) 4 (18) 5 (14) 7 (23) 0.695 

Symptomology 

CCS, n(%) 

    I 

    II 

    III 

    IV 

 

2 (9) 

7 (32) 

11 (50) 

2 (9) 

 

1 (3) 

14 (40) 

17 (49) 

3 (9) 

 

2 (7) 

13 (43) 

13 (43) 

2 (7) 

0.740 

 

NYHA, n(%) 

I 

II 

III 

 

9 (41) 

12 (55) 

1 (5) 

 

18 (51) 

15 (43) 

2 (6) 

 

16 (53) 

11 (37) 

3 (10) 

0.691 
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sCMD: structural CMD; fCMD: functional CMD; CFR: coronary flow reserve; BMI: Body 

mass index; CCS: Canadian cardiovascular society; NYHA: New York heart association, 

eGFR: estimated glomerular filtration rate; HbA1c: glycated haemoglobin; DM: diabetes 

mellitus; ACE inhibitor: Angiotensin converting enzyme inhibitor; ARB: Angiotensin receptor 

blocker. 

 

  

IV 0 0 0 

Serum biomarkers 

Haemoglobin, g/L 136±16 133±15 135±12 0.432 

eGFR, ml/min/1.73m2 79±22 78±21 83±17 0.848 

HbA1c, mmol/mol 39 (38, 41) 40 (38, 46) 42 (39, 45) 0.384 

Total cholesterol, 

mmol/L 

3.9±1.1 4.2±1.1 4.3±1.2 0.420 

Medications 

Antiplatelet agent 10 (46) 23 (66) 14 (47) 0.132 

Statins 19 (86) 26 (74) 21 (70) 0.276 

ACE inhibitors/ARB 10 (46) 17 (49) 11 (37) 0.819 

Beta blockers 3 (14) 10 (29) 7 (23) 0.191 

Nitrates 6 (27) 4 (11) 6 (20) 0.126 
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Table 18. Baseline demographics in patients with normal coronary flow reserve. 

 CED 

(n=15) 

Reference 

(n=15) 

CMD (n=57) P value (CED vs 

reference) 

Patient demographics 

Age, years 62±6 58±8 62±8 0.096 

Female, n(%) 9 (60) 9 (60) 36 (63) 1.000 

BMI, kg/m2 32 (26, 34) 32 (28, 36) 28 (25, 32) 0.222 

Hypertension, n(%) 6 (40) 3 (20) 33 (58) 0.232 

Diabetes, n(%) 2 (13) 1 (7) 15 (26) 0.543 

Hyperlipidaemia, 

n(%) 

8 (53) 8 (53) 36 (63) 1.000 

Smoking history, 

n(%) 

2 (13) 5 (33) 9 (16) 0.195 

Symptomology 

CCS, n(%) 

    I 

    II 

    III 

    IV 

 

1 (7) 

5 (33) 

8 (53) 

1 (7) 

 

1 (7) 

8 (53) 

5 (33) 

1 (7) 

 

3 (5) 

21 (37) 

28 (49) 

5 (9) 

0.709 

NYHA, n(%) 

I 

II 

III 

IV 

 

9 (60) 

5 (33) 

1 (7) 

0 

 

7 (47) 

6 (40) 

3 (!3) 

0 

 

27 (47) 

27 (47) 

3 (5) 

0 

0.714 
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CED: isolated coronary endothelial dysfunction; CMD: coronary microvascular disease; 

BMI: Body mass index; CCS: Canadian cardiovascular society; NYHA: New York heart 

association, eGFR: estimated glomerular filtration rate; HbA1c: glycated haemoglobin; DM: 

diabetes mellitus; ACE inhibitor: Angiotensin converting enzyme inhibitor; ARB: Angiotensin 

receptor blocker. 

 

Coronary flow reserve and acetylcholine flow reserve were similar between the structural CMD 

and functional CMD endotypes (CFR: 1.9±0.3 vs 2.0±0.3, p=0.073; AChFR: 1.2±0.3 vs 

1.3±0.4, p=0.812).  Baseline exercise time and SAQ summary scores were also similar (ET: 

348±138 vs 295±144 s, p=0.171; SAQ summary score: 46±18 vs 52±19, p=0.290) (Table 19). 

Serum biomarkers 

Haemoglobin, g/L 130±11 140±11 134±14 0.027 

eGFR, 

ml/min/1.73m2 

82±14 85±20 79±21 0.593 

HbA1c, mmol/mol 42 (39, 49) 41 (39, 43) 39 (37, 42) 0.270 

Total cholesterol, 

mmol/L 

4.3±1.1 4.3±1.3 4.1±1.1 0.916 

Medications 

Antiplatelet agent 6 (40) 8 (53) 33 (58) 0.464 

Statins 12 (80) 9 (60) 45 (79) 0.232 

ACE 

inhibitors/ARB 

7 (47) 4 (27) 27 (47) 0.256 

Beta blockers 4 (27) 3 (20) 13 (23) 0.666 

Nitrates 3 (20) 3 (20) 10 (18) 1.000 
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 Table 19. Coronary physiology, exercise test and SAQ measurements at baseline in patients 

with structural and functional CMD. 

 Structural 

CMD (n=22) 

Functional 

CMD (n=35) 

CFR>2.5 

(n=30) 

P value (sCMD 

vs fCMD) 

Coronary physiology measurements 

Pd/Pa 0.95±0.02 0.95±0.03 0.95±0.04 0.368 

FFR 0.92±0.03 0.92±0.05 0.91±0.04 0.678 

CFR 1.9±0.3 2.0±0.3 3.0±0.4 0.073 

hMR, 

mmHg.cm-1.s-1 

2.8 (2.7, 3.8) 1.8 (1.5, 2.1) 1.9 (1.7, 2.2) <0.001 

AChFR 1.2±0.3 1.3±0.4 1.6±0.7 0.812 

Exercise treadmill test 

ET, seconds 348±138 295±144 317±128 0.171 

Resting HR, 

bpm 

85±16 85±15  0.878 

Resting 

systolic blood 

pressure, 

mmHg 

142±24 139±21  0.617 

Resting RPP, 

mmHg.bpm 

12086±3043 11824±2396  0.737 

Seattle Angina Questionnaire 

Summary 

score 

46±18 52±19 51±19 0.290 
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CMD: structural coronary microvascular disease; fCMD: functional coronary microvascular 

disease; FFR: Fractional Flow Reserve; CFR: Coronary Flow Reserve; hMR: hyperaemic 

microvascular resistance; AChFR: acetylcholine flow reserve; ET: exercise time 

 

Coronary flow reserve and minimal microvascular resistance were similar between the isolated 

coronary endothelial dysfunction and reference endotypes (CFR: 3.1±0.5 vs 2.9±0.4, p=0.129; 

hMR: 1.8 (1.4, 2.1) vs 2.0 (1.8, 2.3) mmHg.cm-1.s-1, p=0.155). Baseline exercise time and SAQ 

summary scores were also similar (ET: 290±123 vs 344±132, p=0.253; SAQ summary score: 

55±21 versus 48±16 p=0.338) (Table 20). 

 

Table 20. Coronary physiology, exercise test and SAQ measurements at baseline in patients 

with normal coronary flow reserve. 

 CED (n=15) Reference 

(n=15) 

CMD (n=57) P value (CED vs 

reference) 

Coronary physiology measurements 

Pd/Pa 0.95±0.03 0.96±0.04 0.95±0.03 0.592 

FFR 0.90±0.04 0.91±0.05 0.92±0.04 0.765 

CFR 3.1±0.5 2.9±0.4 2.0±0.3 0.129 

hMR, 

mmHg.cm-1.s-1 

1.8 (1.4, 2.1) 2.0 (1.8, 2.3) 2.3 (1.7, 2.7) 0.155 

AChFR 1.1±0.2 2.1±0.4 1.3±0.4 <0.001 

Exercise treadmill test 

ET, seconds 290±123 344±132 315±143 0.253 
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CED: isolated coronary endothelial dysfunction; CMD: coronary microvascular disease; 

FFR: Fractional Flow Reserve; CFR: Coronary Flow Reserve; hMR: hyperaemic 

microvascular resistance; AChFR: acetylcholine flow reserve; ET: exercise time 

 

5.4.1. All randomised patients 

Using linear regression analysis, CFR was the only biologically plausible variable that was 

independently associated with an increment in exercise time ≥60 seconds in response to anti-

ischaemic therapy (Table 21). 

 

 

 

 

Resting HR, 

bpm 

83±13 88±15  0.380 

Resting 

systolic blood 

pressure, 

mmHg 

144±19 132±20  0.102 

Resting RPP, 

mmHg.bpm 

12065±2825 11756±3540  0.796 

Seattle Angina Questionnaire 

Summary 

score 

55±21 48±16 49±19 0.338 
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Table 21. Linear regression analysis testing the association between biologically plausible 

variables and increment in exercise time ≥60 seconds in all randomised patients. 

 Odds ratio (95% CI) P value 

Univariable 

Age 1.020 (0.966, 1.077) 0.475 

Gender 2.101 (0.854, 5.174) 0.106 

Hypertension 2.651 (1.098, 6.403) 0.030 

CFR 0.889 (0.816, 0.968) 0.007 

hMR 1.000 (0.952, 1.051) 0.993 

AChFR 0.979 (0.897, 1.069) 0.637 

Coronary perfusion efficiency 1.022 (0.975, 1.071) 0.366 

Multivariable 

CFR 0.905 (0.830, 0.987) 0.024 

Hypertension 2.079 (0.824, 5.246) 0.121 

CFR: Coronary Flow Reserve; hMR: hyperaemic microvascular resistance; AChFR: 

acetylcholine flow reserve 

The increment in independent variables: 

Age: 1 year increase; CFR: 0.1 unit increase; hMR: 0.1 mmHg.cm-1.s-1 increase; AChFR: 0.1 

unit increase 

 

The area under the curves to predict an increment in exercise time of ≥60 seconds were 0.652, 

0.474 and 0.508 for the CFR≤2.5, hMR≥2.5mmHg.cm-1.s-1 and AChFR≤1.5 thresholds, 

respectively (p=0.128 for CFR vs hMR; p=0.120 for CFR vs AChFR; p=0.696 for hMR vs 

AChFR) (Figure 31). The optimal CFR threshold to predict an increment in exercise time of 

≥60 seconds in response to anti-ischaemic therapy was ≤2.5 (sensitivity 82% and specificity 

53%). 
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Figure 31. Receiver operating characteristics curve to compare the ability of CFR, hMR and 

AChFR to predict increment in exercise time ≥60 seconds in response to anti-ischaemic therapy 

in all randomised patients. 

 

 

 

 

 

 

 

 

CFR: coronary flow reserve; hMR: hyperaemic microvascular resistance; AChFR: 

acetylcholine flow reserve 

 

5.4.2. Structural and functional coronary microvascular disease 

Patients with functional CMD had a significant change in exercise time with both anti-

ischaemic agents (amlodipine: change from baseline 94s, 95% CI 58 to 130s, p<0.001; 

ranolazine: change from baseline 100s, 95% CI 58 to 141s, p<0.001) with no within group 

differences between the agents (mean difference in change -3s, 95% CI -32 to 27s, p=0.859). 

Patients with structural CMD had a numerically greater increment in exercise time in response 

to amlodipine than ranolazine (mean difference in change 46s, 95% CI -2 to 93s, p=0.056) 
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(Table 22 and Appendix Table 3). The peak rate pressure product standardized to exercise 

time was similar in response to amlodipine and ranolazine in patients with structural and 

functional CMD, respectively (structural CMD: 77±31 vs 76±30 mmHg.bpm.s-1, p=0.840; 

functional CMD: 78±49 vs 70±35 mmHg.bpm.s-1, p=0.440). The resting rate pressure product 

was not altered, compared to baseline, by either therapy in both structural and functional CMD 

endotypes (structural CMD: p=0.833 for amlodipine and p=0.601 for ranolazine; functional  

 CMD: p=0.439 for amlodipine and p=0.610 for ranolazine). 

 

Table 22. Primary and secondary outcomes (within group differences in patients with structural 

and functional CMD). 

 AML: amlodipine; RNL: ranolazine 

 Structural CMD Functional CMD 

 AML RNL AML RNL 

Exercise time (seconds) 

Mean increment 84 

(95% CI 29 to 138) 

41 

(95% CI 7 to 75) 

94 

(95% CI 58 to 130) 

100 

(95% CI 58 to 141) 

Difference in delta within groups 46 

(95% CI -2 to 93) 

- 3 

(95% CI -32 to 27) 

P value 0.056 0.859 

SAQ summary score 

Mean increment 4 

(95% CI -4 to 13) 

14 

(95% CI 5 to 22) 

9 

(95% CI 4 to 14) 

12 

(95% CI 6 to 18) 

Difference in delta within groups -10 

(95% CI -21 to 1) 

-3 

(95% CI -11 to 5) 

P value 0.081 0.435 
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Patients with structural CMD had a greater increment in SAQ score in response to ranolazine 

than amlodipine (mean difference in delta 10 units, p=0.081). Patients with functional CMD 

had a clinically meaningful increment in SAQ score in response to both anti-ischemic therapies 

(Table 22). 

 

5.4.3. Coronary endothelial dysfunction and reference groups 

Changes in exercise time and SAQ scores following treatment with either anti-ischaemic agent 

were modest in patients with a normal CFR (those with CED and the reference group) 

compared to those with CMD (structural or functional CMD) (Figures 32 and 33). 

 

Figure 32. Comparison of change in exercise time in response to anti-ischaemic therapies 

across the different endotypes. 

CMD: coronary microvascular disease; RNL: ranolazine; AML: amlodipine 

Data are presented as mean±SEM. 
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Figure 33. Comparison of change in SAQ summary score in response to anti-ischaemic 

therapies across the different endotypes. 

CMD: coronary microvascular disease; RNL: ranolazine; AML: amlodipine 

Data are presented as mean±SEM. 

 

 

On stratifying the former, patients with isolated coronary endothelial dysfunction had a greater 

increment in exercise time compared with the reference group with both amlodipine (mean 

difference in delta 42 s, 95% CI -13 to 96, p=0.129) and ranolazine (mean difference in delta 

32 s, 95% CI -30 to 94 s, p=0.293), although these did not reach statistical significance (Table 

23). Patients with isolated coronary endothelial dysfunction had a statistically significant 

increment in their SAQ summary score in response to amlodipine (change from baseline 7 

units, 95% CI 2 to 13, p=0.011), whereas no change was reported in the reference group to 

either amlodipine or ranolazine (Table 23).  



171 
 

 

Table 23. Between group differences in exercise time and SAQ summary score in response to 

anti-ischaemic therapy in patients with isolated coronary endothelial dysfunction and patients 

in the reference group. 

CED: isolated coronary endothelial dysfunction 

 

67% of patients with an impaired CFR had ≥60 second increment in exercise time in response 

to anti-ischaemic therapy, versus 38% of patients with sole CED and 23% of patients in the 

reference group (Figure 34). 

 

 Amlodipine Ranolazine 

 CED Reference CED Reference 

Exercise time (seconds) 

Mean increment 30 

(95% CI -15 to 74) 

-12 

(95% CI -46 to 22) 

29 

(95% CI -10 to 68) 

-3 

(95% CI -52 to 46) 

Difference in delta between 

groups 

42 

(95% CI -13 to 96) 

32 

(95% CI -30 to 94) 

P value 0.129 0.293 

SAQ summary score 

Change from baseline 7 

(95% CI 2 to 13) 

4 

(95% CI -3 to 10) 

4 

(95% CI -1 to 10) 

6 

(95% CI -3 to 15) 

Difference in delta between 

groups 

4 

(95% CI -4 to 12) 

-1 

(95% CI -12 to 9) 

P value 0.323 0.799 
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Figure 34. Comparison of coronary flow reserve, acetylcholine flow reserve and response to 

anti-ischaemic therapy. 

CMD: coronary microvascular disease; CED: sole coronary endothelial dysfunction; ET: 

exercise time 

 

5.5. Discussion 

The main findings from this substudy of ChaMP-CMD are: i) CFR was independently 

associated with an increment in exercise time ≥60 seconds in all randomised patients, ii) 

functional CMD was the most prevalent endotype of CMD and these patients exhibited an 

increment in exercise time in response to both anti-ischaemic therapies, iii)  measurement of 

hyperaemic (minimal) microvascular resistance and acetylcholine flow reserve, in addition to 

CFR, may offer incremental value in predicting response to anti-ischaemic therapy. 
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5.5.1. Pathophysiology of coronary microvascular disease: a changing paradigm 

Traditionally, coronary microvascular disease has been attributed to a combination of 

microvascular architectural changes (such as microvascular obstruction and rarefaction), 

endothelial dysfunction, and/or vascular smooth muscle (VSM) dysfunction. However, recent 

animal models and clinical physiology evaluations suggest that coronary microvascular disease 

may be a heterogeneous condition comprising distinct entities that form part of a disease 

spectrum. Based on physiology assessment in the catheter laboratory, we have described the 

presence of two distinct CMD endotypes, termed ‘structural CMD’ and ‘functional CMD’24,25. 

Both endotypes display impaired augmentation of CBF in response to intravenous adenosine 

(CFR<2.5). However, whilst patients with structural CMD have an elevated minimal 

microvascular resistance (MR) (which translates to reduced maximal CBF), those with 

functional CMD have a normal minimal MR but an attenuated vasodilatory reserve as they 

have reduced tone, i.e., increased flow, at rest24,25. The endotypes have a similar core 

phenotype, with both groups demonstrating high prevalence of inducible ischaemia and 

inefficient cardiac–coronary coupling during physical exercise, but their pathogenesis differs 

at the microvascular level24,25. Increased resting flow, in patients with functional CMD, appears 

to be mediated by heightened resting nitric oxide synthase activity but at present it is not clear 

whether this is an appropriate response to increased resting myocardial oxygen demand or 

whether this is a manifestation of disordered autoregulation24. The increased oxygen demand 

hypothesis is supported by the state of higher total resting wave energy in patients with 

functional CMD, as demonstrated by wave intensity analysis, suggesting a higher potential 

energy at rest in these patients24. Additionally, the supply:demand ratio, determined as the ratio 

of average peak velocity and rate-pressure product (a measure of myocardial work), is highest 

in patients with functional CMD, compared to patients with structural CMD and those with 
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normal coronary microvascular function24. A porcine model of CMD has provided further 

evidence supporting the increased oxygen consumption hypothesis. In this model, swine with 

CMD demonstrated an attenuated cardiac output at rest and during exercise131. This was 

accompanied by impaired systemic vasodilatation and increased circulating levels of lactate, 

suggestive of myocardial ischaemia. Oxygen consumption was elevated, suggestive of 

increased myocardial oxygen demand, at similar levels of cardiac work between swine with 

CMD and healthy swine. This increased oxygen demand was thought to be either due to a 

myocardial substrate shift towards fatty acid oxidation, leading to a reduced phosphate:oxygen 

ratio and an increased oxygen consumption for adenosine triphosphate production, or it was 

due to mitochondrial uncoupling leading to a reduction in phosphate:oxygen ratio, thereby 

increasing oxygen consumption at any given level of cardiac work131. Alternatively, disordered 

regulation of the neuronal nitric oxide synthase pathway may underlie an abnormality of 

autoregulation, which has been implicated in the regulation of resting CBF in both health and 

disease states6,26. On the other hand, patients with structural CMD have normal resting CBF 

but an impaired ability to augment flow in response to physiological stress, leading to 

ischaemia. In addition, patients in the structural CMD group demonstrate an impaired 

peripheral endothelium-dependent vasodilatation and exaggerated exercise-induced 

hypertension, leading to increased afterload and myocardial oxygen demand, exacerbating the 

supply deficit and predisposing to ischaemia. At present it remains unclear whether patients 

with structural CMD have an impaired ability to augment their CBF as a result of irreversible 

architectural changes, such as microvascular hypertrophy or fibrosis, limiting the 

microvasculature’s ability to vasodilate, or whether it is due to a reversible dysregulation of 

the endothelial NOS pathway, which has been shown to regulate CBF in response to 

exertion132.  
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Other groups have also demonstrated a high prevalence of normal minimal microvascular 

resistance in patients with CMD, which is characterised by a high resting flow133. Patients with 

functional CMD also have a similarly adverse prognosis compared to patients with structural 

CMD51. Our finding, that functional CMD is the most prevalent endotype of CMD and these 

patients derive as much benefit from anti-ischaemic therapy as those with structural CMD, 

provides further evidence for the veracity of this endotype. Further mechanistic studies are 

warranted to fully elucidate the underlying pathophysiology, which may lead to the 

development of novel therapeutic targets in these patients. Those with structural CMD 

demonstrated a numerically greater increment in exercise time with amlodipine. This is 

suggestive that dichotomising patients into functional and structural CMD may allow further 

stratification of therapy in patients with ANOCA. These are hypothesis-generating findings 

and need to be tested in future trials. It is important to remember that our power calculations 

were designed to identify ≥60 seconds increment in exercise time in response to therapy and 

we may not identify smaller, but clinically relevant, increments in exercise time. It is interesting 

that patients with structural CMD demonstrated a numerically greater increment in exercise 

time with amlodipine but a numerically greater increment in SAQ summary score with 

ranolazine. This discordance between exercise time and SAQ summary score has been 

addressed in detail in Chapter 4. 

 

5.5.2. Rationale for using ranolazine and amlodipine as exemplar drugs 

We chose to study ranolazine and amlodipine as the exemplar drugs in our study, as these were 

expected to address the pathobiological processes that are believed to underlie each CMD 

endotype. The hallmark of functional CMD is submaximal vasodilatation at rest, which could 

be due to heightened myocardial oxygen demand at rest. Ranolazine has been shown to 
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modulate myocyte metabolism (by switching fatty acid oxidation to glucose oxidation through 

an influence on pyruvate dehydrogenase activity134); therefore, leading to a more “oxygen-

efficient” production of adenosine triphosphate (ATP). When fatty acid levels are elevated, the 

end products of beta-oxidation reduce the activity of pyruvate dehydrogenase, the enzyme that 

mediates the conversion of pyruvate to acetyl coenzyme A and permits its entry into the Krebs 

cycle. As a result, oxygen-wasting fatty acid oxidation predominates, pyruvate oxidation is 

inhibited, and lactate accumulates with deleterious consequences. Inhibiting fatty acid 

oxidation with ranolazine is purported to relieve the inhibition of pyruvate dehydrogenase, 

promoting oxidation of glucose and lactate, which phosphorylates a given amount of ATP 

using less oxygen than fatty acid oxidation. In addition, the coupling of pyruvate formation 

via glycolysis to pyruvate oxidation in the Krebs cycle is improved so that lactate accumulation 

is diminished, which could decrease myocardial oxygen demand at rest. For these reasons, we 

hypothesised that ranolazine would be an effective treatment strategy in patients with 

functional CMD. Along with the metabolic actions of ranolazine, it also selectively inhibits 

reactive oxygen species induced late sarcolemmal Na+ channel current and reduces 

intracellular Ca2+ in cardiomyocytes, leading to improved myocardial relaxation, which should 

augment lusitropy and, consequently, myocardial perfusion135. On the other hand, structural 

CMD is characterised by failure of vasodilatation during exercise in both the myocardial and 

systemic vasculature24, which makes amlodipine an attractive therapy. Amlodipine is a 

dihydropyridine calcium channel blocker and inhibits the transmembrane influx of Ca2+ into 

vascular smooth muscle cells. The precise mechanism by which amlodipine relieves angina 

has not been fully elucidated but a few mechanisms have been purported. Firstly, Amlodipine 

dilates peripheral arterioles and, therefore, reduces the systemic vascular resistance, i.e., left 

ventricular (LV) afterload. The attenuated LV afterload leads to reduced myocardial oxygen 

demand and re-establishes a synergistic relationship between the coronary and peripheral 
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circulation during exercise. Secondly, amlodipine possibly dilates coronary arteries and 

arterioles. The combination of these two effects would lead to a reduction in myocardial oxygen 

demand and improvement in coronary blood flow; therefore ameliorating myocardial 

ischaemia. 

 

The exact mechanisms by which both ranolazine and amlodipine led to a significant increment 

in exercise time in patients with functional CMD remains unknown. Serial positron emission 

tomography scans before and after ranolazine may allude to the change in resting myocardial 

oxygen consumption in patients with functional CMD with/without ranolazine; whereas serial 

echocardiograms with LV diastolic measurements and coronary physiology with wave 

intensity analysis assessment may establish if ranolazine leads to enhanced lusitropy and, 

consequently, augments the accelerating backward expansion wave in patients with CMD. The 

mechanisms leading to the preferential beneficial effects of amlodipine in patients with 

structural CMD is not clear. There was no difference in the standardised rate pressure product 

(rate pressure product ÷ exercise time) in response to amlodipine or ranolazine in these patients; 

this is suggestive that reduction in myocardial work may not be the driving mechanism behind 

this beneficial effect of amlodipine in patients with structural CMD. Future studies can look at 

the effects of peripheral vasodilators on the Buckberg index, which is a diastolic to systolic 

pressure-time integral ratio and provides a surrogate measure of myocardial oxygen supply and 

demand. Serial coronary physiology assessment with wave intensity analysis may provide 

further insight into whether amlodipine leads to a greater positive change in perfusion 

efficiency and coronary flow reserve in patients with structural CMD. 
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5.5.3. The incremental value of acetylcholine flow reserve in predicting response to therapy 

A functioning endothelial layer leads to the production of nitric oxide in response to shear stress 

that occurs during physical exertion, which, via a cascade of pathways, leads to vasodilatation 

(Figure 3). In practice, coronary endothelial function is assessed using intracoronary infusion 

of acetylcholine68. In healthy endothelium, acetylcholine infusion, at concentrations of up to 

10-4 mol/L, should lead to vasodilatation and enhanced perfusion75. However, in pathological 

endothelium, acetylcholine infusion may not lead to appropriate augmentation in coronary 

blood flow, and a dichotomous threshold of <1.5 (i.e., <50% increase in coronary blood flow 

in response to acetylcholine infusion) has been established to diagnose coronary endothelial 

dysfunction32. Patients with endothelial dysfunction have evidence of myocardial ischaemia50, 

coronary perfusion inefficiency during exercise50 and adverse cardiovascular outcomes34,35. 

However, there is a paucity in data appraising the efficacy of anti-ischaemic therapy in patients 

with coronary endothelial dysfunction. Lerman et al performed a double-blinded study in 26 

patients with ANOCA using L-Arginine and placebo136. They reported that 6 months of L-

Arginine, compared to placebo, resulted in an improvement in AchFR and was also associated 

with an improvement in patient-specific quality of life score136. Reriani et al investigated the 

effects of an endothelin-receptor antagonist (Atrasentan) and placebo in patients with ANOCA. 

Atrasentan was associated with a greater improvement in AchFR than placebo at 6 months137; 

however, there were no patient-centric outcomes in this study. Within the limitations of a small 

sample size, we report a numerical increment in exercise time in response to both amlodipine 

and ranolazine in patients with sole coronary endothelial dysfunction, whereas no such 

increment was seen in the reference group. Furthermore, patients with sole coronary 

endothelial dysfunction reported a significant increment in their SAQ summary score in 

response to amlodipine; again, no such effect was observed in the reference group. These 

findings indicate that assessing endothelium-dependent microvascular function, in patients 
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with a normal endothelium-independent microvascular function, adds incremental value in 

predicting response to anti-ischaemic therapy in patients with limiting angina. This is 

complementary to our findings from Chapter 3, as well as our previous work that demonstrates 

the incremental value of measuring AChFR for the detection of an ischaemic substrate50. 

Further larger studies utilising therapies that target the NO-cGMP-PKG pathway, such as L-

arginine, phosphodiesterase inhibitors and nitrites, are warranted in this patient cohort. 

 

5.5.4. Study limitations 

Our study has some limitations that should be considered when interpreting the findings. 

Dichotomising patients with CMD into structural and functional CMD with a hMR threshold 

of 2.5mmHg.cm-1.s1 was based on historical natural history studies; the therapeutic threshold 

may be slightly disparate in reality. Furthermore, whilst we have used a binary threshold to 

split CMD into functional and structural endotypes, in reality microvascular resistance is a 

continuous variable and the higher or lower this value the closer the underlying 

pathophysiology will be to true structural and functional CMD, respectively. Finally, we did 

not interrogate non-LAD vessels and, therefore, it is possible that patients with a normal CFR 

and AChFR in the LAD (i.e., the reference group) may have had impaired CFR/AChFR in the 

non-LAD vessels. However, interrogating the LAD vessel is the norm in both clinical practice 

and research studies when assessing for coronary microvascular function; furthermore, the 

thresholds for impaired CFR/AChFR in non-LAD vessels have not been established. 

 

5.6. Conclusions 

In summary, we have demonstrated that functional CMD is the most common endotype of 

CMD and these patients derive clinically meaningful benefit from both amlodipine and 

ranolazine, whilst patients with structural CMD demonstrated a greater increment in exercise 
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time with amlodipine. Furthermore, patients with sole coronary endothelial dysfunction 

demonstrated a numerical increment in exercise time in response to anti-ischaemic therapy, 

whereas no such effect was seen in the reference group. These findings suggest that measuring 

minimal microvascular resistance and acetylcholine flow reserve, in addition to CFR, may 

provide incremental value in predicting response to anti-ischaemic therapy in patients with 

ANOCA. 
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6.1. Abstract 

Background: Myocardial bridges (MB) have been associated with ischaemic syndromes. 

Abnormal cardiac coronary coupling is implicated but has not been systematically evaluated. 

We sought to determine the substrates for ischaemia in patients with angina, nonobstructive 

coronary arteries (ANOCA) and a MB in the left anterior descending artery. 

 

Methods: Patients with ANOCA underwent acquisition of intracoronary pressure and flow 

during rest, supine bicycle exercise and adenosine infusion. Coronary wave intensity analysis 

was performed, and perfusion efficiency defined as accelerating wave energy/total wave 

energy (%). Epicardial endothelial dysfunction was defined as a reduction in epicardial vessel 

diameter ≥20% and microvascular endothelial dysfunction as an inability to augment coronary 

blood flow by >50% in response to intracoronary acetylcholine infusion. Patients with ANOCA 

and MB were compared to those with microvascular angina (CMD: coronary flow reserve, 

CFR, <2.5) or ANOCA with normal CFR (reference: CFR≥2.5).    

 

Results: Ninety-two patients were enrolled (30 MB, 33 CMD and 29 reference). FFR in these 

3 groups was 0.860.05, 0.920.04 and 0.940.05; CFR was 2.50.5, 2.00.3 and 3.20.6. 

Perfusion efficiency improved numerically during exercise in the reference group (65±9% to 

69±13%, p=0.063), but decreased in patients with CMD (68±10% to 50±10%, p<0.001) and 

MB (66±9% to 55±9%, p<0.001). However, the reduction in perfusion efficiency had distinct 

causes: in CMD, this was driven predominantly by microcirculation derived energy in early 

diastole, whereas in MB, this was driven by diminished accelerating energy arising from the 

upstream epicardial vessel in early systole. 54% of patients with MB versus 29% reference and 

38% CMD had epicardial endothelial dysfunction. 
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Conclusions: MBs result in impaired coronary perfusion efficiency during exercise, which is 

due to diminished accelerating wave energy in early systole compared to the reference group. 

Additionally, there is a high prevalence of endothelial dysfunction; both mechanisms may 

cause ischaemia and represent distinct treatment targets. 
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6.2. Introduction 

Angina with nonobstructive coronary arteries (ANOCA) is a common clinical problem and 

comprises several distinct pathophysiological entities, including coronary microvascular 

disease (CMD), coronary artery spasm and myocardial bridging (MB). Myocardial bridging 

due to intramyocardial passage of varying lengths of an epicardial artery is a common 

anatomical variant, found in up to 30% of patients on computed tomography coronary 

angiography (CTCA) imaging138, predominantly in the left anterior descending (LAD) artery 

at the mid vessel. The intramyocardial segment of the vessel is known as the tunnelled segment. 

Historically, MBs have been considered a benign entity as myocardial perfusion predominantly 

occurs during diastole and MBs are thought to only alter vessel calibre during systole. 

However, growing evidence suggests that MBs are not always benign and have been associated 

with chronic intermittent angina as well as acute ischaemic presentations. Several mechanisms 

have been postulated, including delayed decompression of the tunnelled segment in diastole 

leading to luminal narrowing akin to obstructive coronary artery disease (CAD)38, 

predisposition to coronary artery spasm139, increased propensity to atherosclerotic CAD 

proximal to the bridged segment due to perturbed wall shear stress139 and the venturi effect 

leading to reduced septal blood flow140. However, whilst a handful of studies have assessed the 

physiological response to adenosine and dobutamine stress, using pressure as a surrogate of 

flow, coronary flow during exercise has not been specifically and systematically evaluated in 

patients with MBs. Our study aimed to characterise the mechanisms that lead to myocardial 

ischaemia in patients with ANOCA and MB (MB group) during physical exercise using wave 

intensity analysis to describe patterns of cardiac-coronary coupling. We will compare these 

findings to those in patients with ANOCA but no MB, in turn classified as patients with 

coronary microvascular disease (CMD group) and normal coronary flow reserve (reference 

group), respectively. It is hoped that a better understanding of the mechanisms causing 
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ischaemia may allow development of stratified therapies for this underserved patient 

population. 

 

Clinical assessment of myocardial bridges’ ischaemic potential presently relies on measuring 

pressure-derived indices during intravenous dobutamine infusion64–66,139. The rationale for 

using dobutamine as a stressor, as opposed to adenosine, is that dobutamine is a positive 

chronotropic and inotropic agent that better mimics the conditions (i.e., physical exercise) that 

may predispose certain MBs to lead to ischaemia; adenosine, on the other hand leads to 

maximal vasodilatation, which may not be impaired in patients with MBs, and therefore may 

lead to under-recognition of an ischaemic substrate. During physical exercise, myocardial 

contractility is enhanced, which may lead to delayed decompression of the tunnelled segment, 

which is purported to be the predominant mechanism leading to ischaemia in these patients38. 

However, the intracoronary effects of dobutamine and physical exercise have never been 

compared. My second aim was to explore the differences in cardiac coronary coupling in 

response to adenosine, physical exercise and dobutamine, in patients with MBs, to identify if 

dobutamine is a suitable surrogate of physical exercise in the invasive assessment of patients. 

We compared coronary perfusion efficiency (accelerating energy/total energy flux) and 

changes in specific wave energies in response to these three stressors.   

 

6.3. Methods 

The classic angiographic finding of a MB is the systolic narrowing or “milking” of the vessel. 

This is associated with a step-down and step-up demarcating the affected coronary segment 

with either complete or partial decompression in diastole. A significant “milking effect” is 

present when there is a visual ≥70% reduction in the minimal luminal diameter during systole 
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and persistent ≥35% reduction in minimal luminal diameter during mid- to late-diastole141; 

however, these anatomical definitions do not take into account the coronary physiological 

changes that occur during systole and diastole in these patients.  CTCA is useful for classifying 

the course of the artery as normal (within the epicardial fat), superficial intramyocardial, or 

deep intramyocardial141. 

 

6.3.1. Study population 

We enrolled consecutive patients presenting with typical angina and myocardial bridge in the 

left anterior descending artery, identified on prior CTCA imaging or invasive coronary 

angiography between October 2021 – August 2023 (MB group). 140140Additionally, we 

enrolled consecutive patients presenting with typical angina without a myocardial bridge 

between December 2013 – July 2018 (CMD and reference groups). Inclusion criteria were 

angina, preserved left ventricular ejection fraction (>50%) and nonobstructive coronary arteries 

(fractional flow reserve (FFR)>0.80). Exclusion criteria were chronic kidney disease 

(estimated glomerular filtration rate < 30 mL/min/m2), significant valvular disease, history of 

acute coronary syndrome, previous revascularisation, and cardiomyopathy. For the cardiac 

coronary coupling comparison between adenosine, exercise and dobutamine, only those 

patients with MBs who had undergone assessment with all three stressors were included for 

analysis. All patients provided written informed consent in accordance with the protocols 

approved by the UK National Research Ethics Service (20/LO/1294 and 17/LO/0203). 

 

6.3.2 Intracoronary physiology assessment 

Coronary haemodynamic measurements were recorded under resting conditions, during 

intravenous adenosine-mediated hyperaemia (140 mcg/kg/min) and continuously during 

bicycle exercise, using a specially adapted supine ergometer (Ergosana, Bitz, Germany) 
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attached to the cardiac catheter laboratory table. Exercise began at a workload of 30 W and 

increased every 2 minutes by 20 W. Where lower limb muscle fatigue restricted increasing 

workloads, resistance was fixed at the maximum tolerated level and exercise continued until 

exhaustion (Figure 8 and Figure 14). We assessed patients’ coronary endothelial function 

using graded intracoronary infusions of acetylcholine (18 mcg/mL at 1 mL/min for 2 min 

followed by 2 mL/min for 2 min). In patients with MBs, we additionally infused intravenous 

dobutamine at 10mcg/kg/min, 20mcg/kg/min and 30mcg/kg/min for 2 minutes each. Patients 

were asked to withhold any negative chronotropic agents for 24 hours beforehand. 

 

6.3.3. Analysis of Coronary Physiological Data 

Coronary flow reserve (CFR) was derived as hyperaemic APV/basal APV and coronary 

microvascular disease (CMD) was defined as CFR<2.568. Hyperaemic (minimal) 

microvascular resistance (hMR) was calculated as Pd/APV during hyperaemia. The steady state 

Pd/Pa ratio during peak exercise was termed exercise Pd/Pa and exercise flow reserve was 

calculated as the ratio of volumetric coronary blood flow (CBF) during peak exercise compared 

to resting CBF. A reduction in coronary luminal diameter by ≥20% in response to intracoronary 

acetylcholine infusion was defined as epicardial endothelial dysfunction139; 20% encompasses 

the recognised limits of precision for quantitative coronary angiography (QCA). Acetylcholine 

flow reserve (AChFR), a marker of microvascular endothelial function, was calculated as the 

ratio of volumetric CBF in response to acetylcholine infusion compared to resting CBF50,142. 

As exercise and acetylcholine infusion can lead to both vasodilatation and vasoconstriction of 

the epicardial arteries, volumetric CBF incorporating vessel diameter was calculated during the 

assessment of exercise and acetylcholine flow reserve, respectively. For exercise flow reserve, 

a cine image was acquired straight after supine bicycle exercise and this was used for QCA 

calculations pertaining to the peak exercise volumetric CBF. 
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Wave intensity was calculated as the product of the time-derivatives of distal coronary pressure 

(dPd/dt) and flow velocity (dU/dt), as dPd/dt x dU/dt, with wave separation performed as 

previously described25. For each patient, 5 dominant waves were identified and included in our 

analysis: (1) backward compression wave (BCW), causing flow deceleration due to 

compression of microvasculature during isovolumetric contraction; (2) forward compression 

wave, causing flow acceleration due to increased aortic pressure in early systole; (3) forward 

expansion wave, causing flow deceleration associated with the fall in aortic pressure in late 

systole; (4) backward expansion wave (BEW), causing flow acceleration due to decompression 

of the microvasculature in early diastole; (5) late forward compression wave, causing flow 

acceleration due to augmentation of the aortic pressure during aortic valve closure in diastole. 

Perfusion efficiency was calculated as the percentage of accelerating wave energies in relation 

to the total wave energies (%), using areas under the respective curves. The late forward 

compression wave appears to be an important wave energy in patients with MB and, therefore, 

was incorporated in the calculation of perfusion efficiency in all three groups (MB, CMD and 

reference) in this study.  

 

6.3.4. Computed tomography coronary angiography imaging 

All CTCA scans were acquired by retrospective ECG-gated spiral scan mode using single- and 

dual-source CT systems. Patients had 400 mcg sublingual nitroglycerin and metoprolol 

administered with a heart rate goal <60 beats/min before image acquisition. Reconstructed 

CTCA images were re-evaluated on an external workstation by 2 experienced radiologists. 

Diastolic datasets were reviewed. Multi- and curved-planar reformations were used for the 

assessment of the MB in 2 planes: 1 parallel and 1 perpendicular to the vessel’s course. 
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MBs were graded according to the criteria proposed by Kim et al143: LAD within the 

interventricular groove and in myocardium contact (1=partial coverage), full encasement of 

LAD but without visibly overlying myocardium (2=unroofed) and full encasement of LAD 

with visibly overlying myocardium (3=full coverage). The MB location was determined by 

measuring the distance from the LAD ostium to the bridge’s entrance. The MB length was 

measured in millimeters (mm) along the vessel axis from the disappearance of the epicardial 

fat plane proximally to its re-emergence distally. We calculated the MB muscle index (MMI) 

as MB length (mm) × MB coverage grade139. 

 

6.3.5. Statistical analyses 

Sample size was estimated for the primary outcome measure, exercise perfusion efficiency. 

Assuming a distribution of 1:1, 21 patients in the MB group and 21 patients in the reference 

group provide 80% power (α=0.05) to detect a minimum difference in change in exercise 

perfusion efficiency (exercise – resting perfusion efficiency) of 8% (predicted SD, 10%) 

between the MB and reference groups. Normality of data was assessed using the Kolmogorov-

Smirnov test. Normally distributed continuous data are presented as mean±SD, unless 

specified otherwise, and compared using the independent sample’s Student t-test. Non-

normally distributed data are presented as median (interquartile range) and compared using the 

Mann-Whitney test (unpaired analyses) or the Wilcoxon matched-pairs signed rank test (paired 

analyses). Categorical variables are presented as n (%) and compared using the chi-squared 

test. Continuous endpoints were compared with the two-sample t test of the difference between 

groups; the findings are reported as the difference in mean change between study groups with 

95% confidence intervals (CIs) and p values. Binary logistic regression was performed using 

univariate and multivariate analysis and reported as standardised coefficients (95% CI). 

Biologically plausible variables were assessed in the univariate model, and those that correlated 
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were included in the multivariate model. Receiver operating characteristic curves were used to 

identify the optimal MMI threshold that predicted ≥20% reduction in vessel calibre in response 

to acetylcholine infusion (epicardial endothelial dysfunction). All randomised patients were 

included in these analyses. All analyses were performed using SPSS Statistics 27 (IBM, NY, 

USA) and GraphPad Prism software version 9.0 (GraphPad software, San Diego, CA, USA). 

We deemed a p value less than 0.05 to be significant. 

 

6.4. Results 

6.4.1. Baseline characteristics 

Of 418 patients screened, 141 were found to meet clinical eligibility criteria. Once these 

patients underwent invasive physiological assessment, 105 were found to have ANOCA, of 

which 73 did not have a MB and 32 did have a MB. After excluding patients on account of 

poor Doppler signals or inability to pass the Combowire into the distal LAD artery, 92 patients 

were recruited into the study: 30 in the MB group, 33 in the CMD group, and 29 in the reference 

group (Figure 35). The groups were well matched for age and cardiovascular risk factors. 

There were more women in the CMD and control groups, compared with the MB group (Table 

24). Twelve patients in the MB group underwent a CCTA scan before coronary angiography; 

in this cohort, the tunnelled segment length, depth, and MMI were 29±9mm, 2±1mm, and 

79±30, respectively. 

 

  



191 
 

Figure 35. Study screening and recruitment numbers for the in-lab mechanistic study. 

 

CAD: coronary artery disease; LV: left ventricular; CTCA: computerised tomography 

coronary angiography; MB: myocardial bridge; CMD: coronary microvascular disease  

 

Table 24. Patient demographics for the in-lab mechanistic study. 

 

Twelve patients in the MB group underwent a CTCA scan before coronary angiography; in 

this cohort, the tunnelled segment length, depth, and MMI were 29±9mm, 2±1mm, and 79±30, 

 MB (n=30) CMD (n=33) Reference (n=29) P value 

Age, years 58±10 57±11 56±8 0.916 

Female, n(%) 11 (37) 30 (88) 19 (68) <0.001 

Hypertension, n(%) 14 (47) 19 (56) 17 (61) 0.494 

Diabetes mellitus, n(%) 8 (27) 9 (27) 5 (18) 0.595 

Hyperlipidaemia, n(%) 18 (60) 14 (41) 15 (54) 0.377 

Smoker, n(%) 7 (23) 7 (21) 11 (39) 0.285 
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respectively. An example of a myocardial bridge on CTCA and coronary angiography is shown 

in Figure 36 and Figure 37, respectively. 

 

Figure 36. Computed tomography coronary angiography derived measurements in a patient 

with MB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

MMI: myocardial bridge muscle index 
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Figure 37. Example of a myocardial bridge during coronary angiography. A) Complete 

decompression of the tunnelled segment during mid-late diastole; B) Complete obliteration of 

the tunnelled segment throughout systole; C) Evidence of vasospasm within the tunnelled 

segment (throughout cardiac cycle) with acetylcholine infusion. 

 

 

6.4.2. Whole Cardiac Cycle Physiology Measurements 

Epicardial physiology measurements confirmed the absence of obstructive coronary disease in 

all patients (as per eligibility criteria), but the MB group had lower Pd/Pa and fractional flow 

reserve values than the reference group. CFR in the MB group was 2.5±0.5, which was lower 

than the reference group (3.2±0.6) but higher than the CMD group (2.0±0.3; P<0.001); 14 

patients (47%) in the MB group had a CFR <2.5. Minimal microvascular resistance was similar 

between the MB and reference groups. Patients with a MB had the lowest exercise Pd/Pa (0.89 
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[0.87–0.93]; P<0.001 versus both CMD and reference groups). The MB and CMD groups had 

similar exercise flow reserve (1.5 [1.2–1.9] versus 1.4 [1.2–1.6]; P=0.150), both were lower 

than the reference group (Table 25). 

 

Table 25. Coronary physiology measurements in patients recruited to the in-lab mechanistic 

study. 

 MB (n=30) CMD (n=33) Reference 

(n=29) 

P value 

    MB vs CMD MB vs 

Reference 

CMD vs 

Reference 

Resting and hyperaemic physiology measurements 

Pd/Pa 0.93±0.05 0.95±0.03 0.96±0.03 0.041 0.017 0.377 

FFR 0.86±0.05 0.92±0.04 0.94±0.05 <0.001 <0.001 0.241 

CFR 2.5±0.5 2.0±0.3 3.2±0.6 <0.001 <0.001 <0.001 

hMR, 

mmHg.cm-1.s-1 

1.9±0.5 2.5±0.8 2.1±0.6 0.002 0.294 0.023 

Exercise physiology measurements 

Pd/Pa 0.89 (0.87, 

0.93) 

0.95 (0.92, 

0.97) 

0.95 (0.92, 

0.98) 

<0.001 <0.001 0.575 

Flow reserve 1.5 (1.2, 1.9) 1.4 (1.2, 1.6) 1.8 (1.5, 2.0) 0.150 0.046 <0.001 

Peak RPP, 

mmHg.bpm 

17849±5785 20928±5111 17356±4046 0.029 0.710 0.004 
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FFR: Fractional Flow Reserve; CFR: Coronary Flow Reserve; hMR: hyperaemic 

microvascular resistance; RPP: rate pressure product 

 

6.4.3. Phasic Cycle Physiology Measurements 

By wave intensity analysis, the resting perfusion efficiencies were similar in the MB, CMD, 

and reference groups (66±9%, 68±10%, and 65±9%; P=0.513). In the reference group, 

perfusion efficiency was numerically enhanced during exercise (from 65±9% to 

69±13%; P=0.063). In contrast, perfusion efficiency was attenuated during exercise in the MB 

group (from 66±9% to 55±9%; P<0.001) and in the CMD group (from 68±10% to 

50±10%; P<0.001; Figure 38). The difference in change in perfusion efficiency between the 

MB and reference groups (i.e., delta perfusion efficiency in the reference group and delta 

perfusion efficiency in the MB group) was 15% (95% CI, 9%–22%; P<0.001).  

Figure 38. Coronary perfusion efficiency during exercise in patients with MB, CMD and 

reference group. 
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MB: myocardial bridge; CMD: coronary microvascular disease 

Data are presented as mean±SEM. 

 

The reduced perfusion efficiency during exercise in the MB group was predominantly driven 

by the diminution of proximally originating accelerating wave energy during early systole 

(increase in forward compression wave during exercise was 68% in MB versus 254% in the 

reference group, P<0.001; Figure 39). On the other hand, the reduced perfusion efficiency 

during exercise in the CMD group was driven by perturbations in the microcirculation-derived 

wave energies: diminished accelerating wave energy during early diastole (increase in 

backward expansion wave during exercise was 137% in CMD versus 383% in the reference 

group, P<0.001; Figure 39). 

Figure 39. Changes in Coronary Wave Energies During exercise in patients with MB, CMD 

and reference group. 
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∗Significant difference compared to the reference group (p<0.05); Data are presented as 

median (interquartile range). BCW: backward compression wave; FCW: forward compression 

wave; FEW: forward expansion wave; BEW: backward expansion wave; late FCW: late 

forward compression wave. 

 

Typical coronary pressure and flow waveforms, with corresponding wave intensity analysis 

profiles during peak exercise, are shown in Figure 40. 

 

Figure 40. Examples of wave intensity analysis profiles during peak exercise in a patient with 

MB (left), CMD (middle) and reference group (right). 

Ensemble averaged aortic pressure (top, light blue), distal coronary pressure (top, dark blue), 

flow velocity (top, red) and wave intensity analysis (bottom). BCW: backward compression 

wave; FCW: forward compression wave; FEW: forward expansion wave; BEW: backward 

expansion wave; late FCW: late forward compression wave. 
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6.4.4. Coronary endothelial function 

Twenty-four patients in the MB, 24 in the CMD, and 14 in the reference groups underwent 

assessment of coronary endothelial function. Fifty-four percent of patients with MB, compared 

with 29% in the reference group, had epicardial endothelial dysfunction (p=0.126). By the 

binary definition, 83% of patients with a MB, compared with 64% in the reference group, had 

microvascular endothelial dysfunction (p=0.183). The prevalence of endothelial dysfunction 

was similar between the MB and CMD groups. MMI was independently associated with 

epicardial endothelial function (standardised coefficient, −0.723; p=0.047), and the model of 

MMI and impaired coronary perfusion efficiency during exercise accounted for 44% of 

epicardial endothelial function in patients with a MB (Table 26). None of the biologically 

plausible variables were associated with microvascular endothelial function (Appendix Table 

4). 

 

Table 26. Linear regression analysis testing the association between biologically plausible 

variables and epicardial endothelial function in patients with myocardial bridges. 

 Standardised coefficients (95% CI) P value 

Univariable 

Age 0.012 (-1.153, 1.216) 0.957 

Gender -0.196 (-34.658, 13.069) 0.358 

Hypertension 0.227 (-10.588, 34.256) 0.286 

Diabetes Mellitus 0.337 (-4.541, 42.989) 0.108 

CFR -0.103 (-26.036, 16.138)  0.631 
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Impaired perfusion efficiency 

during exercise 

-0.390 (-50.908, 1.125) 0.060 

MMI -0.757 (-1.018, -0.132) 0.018 

Multivariable (R2 0.440) 

Impaired coronary perfusion 

efficiency during exercise 

-0.085 (-46.744, 36.711) 0.779 

MMI -0.723 (-1.086, -0.010) 0.047 

CFR: Coronary Flow Reserve; MMI: myocardial bridge muscle index 

 

6.4.5. Comparison of intracoronary physiology responses to adenosine, dobutamine and 

exercise 

Twenty-five patients with MB underwent intracoronary physiology assessment during 

adenosine, dobutamine and exercise sequentially. Microvascular resistances during adenosine, 

dobutamine and exercise were 2.0±0.7, 3.4±1.4 and 4.3±1.3 mmHg.cm-1.s-1 respectively 

(p<0.001). There was a reduction in coronary perfusion efficiency in response to adenosine 

(64±8% to 51±12%), dobutamine (65±9% to 53±13%) and exercise (66±10% to 56±9%) (all 

p<0.001), with no between stressor differences in delta perfusion efficiency (ANOVA 

p=0.641). The impact of each stressor on the wave energies arising from the tunnelled segment 

was disparate, whereas no such difference (between stressors) was observed in the wave 

energies arising from the microcirculation. There was no difference in tunnelled-segment 

derived delta wave energies between dobutamine and exercise (Figure 41).  
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Figure 41. Changes in Coronary Wave Energies with adenosine, dobutamine and exercise in 

patients with MB. 

 

FCW: forward compression wave; FEW: forward expansion wave; BCW: backward 

compression wave; BEW: backward expansion wave; late FCW: late forward compression 

wave 

 

6.5. Discussion 

To our knowledge, this is the first study to compare intracoronary blood flow and pressure 

responses during exercise between patients with myocardial bridges (MB), CMD and normal 

CFR. Our main findings are i) patients with MB have diminished coronary perfusion efficiency 

during exercise, whereas those in the reference group (no MB and normal CFR) have enhanced 

perfusion efficiency, ii) the diminished perfusion efficiency in MB is predominantly driven by 

reduction of the accelerating cardiac wave energy arising from the upstream epicardial vessel 

during early systole; this is in contrast to patients with CMD, where the main driver of perfusion 

inefficiency is perturbation of the microcirculation-derived wave energies, iii)  patients with 
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MB have a high prevalence of endothelial dysfunction and iv) dobutamine is an adequate 

surrogate of physical exercise in the intracoronary assessment of patients with a myocardial 

bridge. 

 

Seminal work from the 1990s first reported the potential of certain MBs to cause ischaemia, 

with delayed decompression in early diastole, when most of myocardial perfusion occurs, being 

the purported predominant mechanism38,144. Tachycardiac pacing, in patients with MBs, led to 

incomplete decompression of the tunnelled segment in early diastole as well as reducing the 

diastolic perfusion time. Others have since reported that certain MBs can lead to perturbed 

diastole-specific pressure indices in response to dobutamine in the catheter laboratory64,65,139, 

which may be associated with inducible ischaemia on noninvasive stress imaging66. 

 

However, the mechanisms of ischaemia in patients with MB remains incompletely understood. 

It is now possible to carry out detailed invasive coronary physiology evaluation in humans 

during exercise25,80. Furthermore, the technique of wave intensity analysis (WIA) represents a 

powerful tool to study the intimate relationship between cardiac contraction and coronary blood 

flow (CBF), referred to as cardiac-coronary coupling. Coronary WIA provides directional, 

quantitative, and temporal information that has been used to study various human disease 

processes and may lead to a better understanding of the coronary physiological changes that 

occur during physical exercise in patients with MBs. 

 

6.5.1. Coronary perfusion efficiency 

We have demonstrated that perfusion efficiency, which is the proportion of accelerating cardiac 

wave energies / total cardiac wave energies (%), is enhanced during physical exercise in 
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patients with nonobstructive coronary arteries, normal microvascular function and absence of 

a MB (whom we termed the reference group). This is achieved by accentuation of the 

accelerating wave energy during early diastole, i.e., the backward expansion wave. This wave 

arises due to decompression of the microvasculature during early diastole, which leads to a 

suction effect and is the dominant driver of myocardial perfusion in healthy hearts. 

Paradoxically, perfusion efficiency decreases during exercise in both patients with MB and 

CMD. However, the mechanisms leading to diminished perfusion efficiency appear to be 

distinct between these groups. In CMD patients, the pathophysiology arises from the 

microcirculation (manifest as a reduction in the accelerating diastolic backward expansion 

wave and accentuation of the systolic decelerating backward compression wave), whereas in 

patients with MB, it is the impact of the tunnelled segment on epicardial vessel haemodynamics 

that manifests as a reduction in the early systolic accelerating forward compression wave. 

Finally, MB patients also have an increased propensity to develop atherosclerotic plaque, 

which acts as another potential substrate for ischaemia; in our study, this is indicated by the 

lower FFR and exercise Pd/Pa in this patient group compared to both the reference and CMD 

groups. 

 

6.5.2. Coronary endothelial dysfunction 

A handful of previous studies have investigated the prevalence of coronary endothelial 

dysfunction in patients with MB. In a study by Paraongkar et al, 85% of patients with MB had 

epicardial endothelial dysfunction using the same diagnostic criteria as our study139, whereas 

Sara et al have reported 60% of patients with MB as having epicardial endothelial dysfunction 

and 58% as having microvascular endothelial dysfunction142. Interestingly, Sara et al reported 

co-localisation of epicardial endothelial dysfunction within the tunnelled segments, suggesting 

a pathophysiological link between the two. Alterations in wall shear stress (WSS) have been 
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purported to be the mechanism predisposing the tunnelled segments to epicardial endothelial 

dysfunction. Lifelong systolic compression is thought to lead to high WSS within the tunnelled 

segment and is thought to lead to local structural changes of the endothelial cells, leading to 

reduced nitric oxide production145. We report 54% prevalence of epicardial endothelial 

dysfunction and 83% of microvascular endothelial dysfunction in the MB group, which was 

similar to the CMD group and numerically higher than the reference group. Myocardial bridge 

muscle index (MMI) was independently associated with epicardial endothelial dysfunction. 

Forsdahl et al have previously reported that MMI>31 on CTCA predicts dobutamine diastolic 

FFR <0.76 with good diagnostic accuracy146. Dobutamine diastolic FFR <0.76, in turns, 

predicts the presence of inducible ischaemia on exercise stress echocardiography66. These 

findings have significant clinical implications, as an ischaemic substrate can now be identified 

in patients with MB directly from the initial CTCA scan, which may obviate the need for 

noninvasive stress imaging and invasive coronary angiography in the future. 

 

6.5.3. Comparison of the effects of adenosine, dobutamine and physical exercise on cardiac 

coronary coupling in patients with myocardial bridges 

Dobutamine is the preferred agent of choice for interrogating the physiological significance of 

myocardial bridges. This is based on the finding that delayed and incomplete decompression 

of the tunnelled segment during early diastole, which is when the majority of myocardial 

perfusion occurs, is the mechanism leading to ischaemia in patients with MBs during 

tachycardia pacing38. Schwarz et al first demonstrated that, during tachycardia pacing, there 

was a delay in diastolic decompression of the tunnelled segment in 14 patients with MB38. This 

delay in diastolic luminal gain was associated with altered flow physiology, with a 

characteristic ‘helmet-spike’ pattern of Doppler flow profile. This is due to high flow velocity 

secondary to narrowed lumen in early diastole, followed by rapid deceleration of flow once the 
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tunnelled segment starts to decompress and the lumen size starts to increase; this is finally 

followed by a plateau of the flow profile, which is due to a static luminal size during the late 

diastolic period when the tunnelled segment has fully decompressed38. The subendocardium is 

particularly vulnerable to myocardial ischaemia in patients with MBs due to the differential 

perfusion compared to the subepicardium, which occurs due to the time delay in subendocardial 

perfusion when compared to subepicardial perfusion. Conceptually, when the subepicardial 

perfusion reaches its peak, the subendocardial perfusion reaches less than half of that. Any 

process that impedes the rapid early diastolic perfusion and diastolic perfusion time exacerbates 

this normal delay in subendocardial perfusion; therefore, predisposing the myocardium to 

subendocardial ischaemia147. Therefore, an agent that mimics the positive inotropic and 

chronotropic effects of physical exercise, like dobutamine, is postulated to be the ideal stressor 

for the assessment of physiological significance of MBs64. Based on this, certain centres use 

intracoronary physiology assessment during dobutamine infusion to delineate the physiological 

significance of MBs65,66,139, and even refer patients for surgical unroofing of the tunnelled 

segment depending on the physiology measurements148. However, much to our surprise, there 

is a paucity of studies comparing the effects of physical exercise and dobutamine on 

intracoronary physiology in patients with a MB. In our study, we have demonstrated that 

adenosine, dobutamine and exercise have different effects on coronary microvascular 

resistance and cardiac coronary coupling in patients with myocardial bridges. Our findings 

provide novel mechanistic insights into the pathophysiology of ANOCA in combination with 

MB and suggest that dobutamine (but not adenosine) could be used as a surrogate for physical 

exercise during intracoronary physiological assessment as these two stressors have a similar 

impact on the tunnelled segment derived wave energies in patients with MBs. 
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6.5.4. Clinical implications 

It is now being increasingly recognised that not all myocardial bridges are benign anatomical 

variants. We have demonstrated, for the first time, that coronary perfusion efficiency is 

impaired during exercise in patients with myocardial bridges. Furthermore, our data suggests 

that the diminution of coronary perfusion efficiency during exercise is due to attenuation of 

accelerating wave energy during early systole arising from the upstream epicardial vessel. We 

have also demonstrated a high prevalence of both epicardial and microvascular endothelial 

dysfunction in patients with MB. These different ischaemic substrates may respond to disparate 

therapeutic strategies. Statins and endothelin receptor antagonists137 may ameliorate 

endothelial dysfunction, whereas spasm within the tunnelled segment may respond well to 

calcium channel blockers, long-acting nitrates and nicorandil79. The management of atheroma 

that usually develops 10-20mm proximal to the mouth of the tunnelled segment may necessitate 

the use of statins to reduce the risk of plaque progression and rupture, and the treatment of 

attenuated forward compression wave may require a mechanical solution, such as percutaneous 

coronary intervention (generally avoided due to high risk of complications and suboptimal 

results) and surgical intervention (surgical deroofing or myectomy). Developing therapies that 

target the ischaemic mechanism, as identified in our study, is appealing and may lead to better 

patient-centric outcomes. Finally, we have demonstrated that dobutamine is a suitable surrogate 

of physical exercise in the interrogation of vessels with MBs, which gives further impetus to 

its use in the clinical setting. 

 

6.5.5. Study Limitations 

This is a relatively small, single-centre study, which has some limitations and caveats. First, 

patients had a high suspicion of an ischaemic substrate based on pretest probabilities and, 
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therefore, our findings should not be extrapolated to MBs that are incidentally discovered or 

are found in patients with symptoms atypical of angina. Second, all investigations were 

performed in the LAD artery, potentially limiting the applicability of the findings in other 

vessels, although MBs mostly involve the LAD artery. Third, we did not assess the bridged 

vessels with intravascular imaging, which may have uncovered another mechanism of 

ischaemia in the form of proximal vessel atherosclerosis as has been demonstrated in previous 

studies; however, the finding of reduced panyclic pressure indices during adenosine-mediated 

vasodilatation and exercise is suggestive of the presence of atherosclerotic coronary artery 

disease in our patients. 

 

6.6. Conclusions 

Patients with ANOCA and MB exhibit impaired coronary perfusion efficiency during exercise, 

which is predominantly due to diminution of the accelerating wave energy in early systole; this 

is likely secondary to the upstream epicardial vessel. This mechanism is distinct to that leading 

to coronary perfusion inefficiency in patients with CMD. Furthermore, patients with MB have 

a very high prevalence of endothelial dysfunction, which correlates with the myocardial bridge 

muscle index on CTCA. Future studies are warranted to assess if patients with MB may benefit 

from distinct pharmacological or mechanical therapies. 
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Chapter 7 

 

Synthesis 
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7.1. Summary 

In this thesis, I have demonstrated the following: 

First, in patients with typical and limiting angina with nonobstructive coronary arteries, 

ischaemia during an exercise electrocardiogram treadmill test (ETT) was always indicative of 

an underlying ischaemic substrate secondary to abnormalities in the coronary microvascular 

function (either endothelium-independent and/or endothelium-dependent microvascular 

dysfunction). Acetylcholine flow reserve (AChFR) was the strongest predictor of ischaemic 

ECG changes on ETT. Adding coronary microvascular disease (CMD) to the reference 

standard resulted in there being no false positive ETTs. Our data challenge the dogma that 

ETTs have a high false positive rate. With hindsight and advancement in our understanding of 

coronary vasomotor disorders, we speculate that this widely held belief is because of the 

erroneous use of obstructive coronary artery disease as the reference against which noninvasive 

tests were historically validated. In patients with typical limiting angina and nonobstructive 

coronary arteries, a positive ETT may be an excellent rule-in diagnostic test for CMD. 

However, this needs to be tested in a diagnostic pathway trial. 

 

Second, in an otherwise phenotypically similar group of patients, CFR was the strongest 

predictor of an improvement in exercise time in response to anti-ischaemic therapy, with a 

distinct gain-and-loss of function noted with and without therapy, respectively, in patients with 

impaired CFR. Those with a normal CFR did not derive any objective or subjective benefit 

from anti-ischaemic therapy. CFR≤2.5 had the best accuracy at predicting response to therapy.  

 

Third, further stratification of patients according to minimal microvascular resistance, into 

functional and structural CMD, and acetylcholine flow reserve, into sole coronary endothelial 
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dysfunction, added incremental value in predicting response to therapy. Those with structural 

CMD may derive greater benefit in their exercise response to amlodipine compared with 

ranolazine, whereas those with functional CMD had an equally good response to both anti-

ischaemic therapies. Patients with sole coronary endothelial dysfunction demonstrated a 

numerical increment in exercise time in response to anti-ischaemic therapy, whereas no such 

effect was seen in the reference group. 

 

Fourth, patients with myocardial bridging (MB) and CMD had attenuation of their coronary 

perfusion efficiency (PE) during exercise, whereas the reference group had a numerical 

increase in PE. The mechanisms driving this attenuation in PE were disparate between patients 

with MB and CMD. The predominant mechanism, in patients with MB, was diminution of the 

accelerating forward compression wave in early systole, which was likely related to the 

upstream epicardial vessel. In patients with CMD, the predominant mechanism was 

perturbation of the microcirculation derived energies (augmentation of the decelerating 

backward compression wave and attenuation of the accelerating backward expansion wave). 

There was a high prevalence of epicardial and microvascular endothelial dysfunction in 

patients with MB; the former being associated with myocardial bridge muscle index (the 

product of the length and depth of the tunnelled segment). Both the impaired coronary 

perfusion efficiency during exercise and endothelial dysfunction represent distinct therapeutic 

targets in this patient group. 
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7.2. Future directions 

7.2.1. What is the utility of exercise electrocardiogram treadmill testing in patients with angina 

and nonobstructive coronary arteries? 

 

Given the 100% specificity and positive predictive value of ETTs in detecting an ischaemic 

substrate in patients with angina and nonobstructive coronary arteries, it is tempting to 

speculate that an ETT can become the investigation of choice to rule-in a diagnosis of CMD in 

patients with typical and limiting angina who have nonobstructive coronary arteries on 

computed tomography coronary angiography. This diagnostic pathway trial will need to be 

tested against the current standard of care in a diagnostic trial design, such as PRECISE149; the 

main benefits of this completely noninvasive pathway would be low cost and widespread 

availability, which are important factors for both patients and healthcare economics. If awarded 

the academic clinical lectureship, this will be one of the main trials that I will be involved with. 

 

7.2.2. CFR predicts response to anti-ischaemic therapy in patients with angina and 

nonobstructive coronary arteries….what next? 

We have demonstrated that CFR predicts response to anti-ischaemic therapy.  This has 

important implications for the future of therapeutic trials in patients with ANOCA. The ideal 

trial in the future would be a phenotype blinded, placebo-controlled, randomised controlled 

trial that includes patients with normal and impaired CFR. The definition of CMD also needs 

to be precise using the CFR≤2.5 cutoff. Ideally, such a study should include both patient-centric 

and physiological endpoints to provide a mechanistic link with clinically relevant outcomes. 
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7.2.3. Deep endotyping in the catheter laboratory may allow further therapy 

stratification….what next? 

We have demonstrated that whilst patients with functional CMD responded equally well to 

both amlodipine and ranolazine, those with structural CMD responded preferentially to 

amlodipine. However, the mechanism of improvement in these patients was not clear from our 

study. Future studies should consider including positron emission tomography at baseline and 

in response to therapy in order to assess for changes in resting myocardial oxygen demand, 

which is purported to be the mechanism leading to ischaemia in patients with functional CMD. 

It is purported that coronary-peripheral uncoupling is a key mechanism leading to ischaemia in 

patients with structural CMD and reversal of this may lead to ischaemia attenuation and 

improvement in patient-centric outcomes. Other agents that reduce myocardial work during 

exercise, by promoting a peripheral vasodilatory response, such as phosphodiesterase 

inhibitors, nitrites and endothelin-receptor antagonists, should be tested in future trials. Serial 

left ventricular pressure-volume loops, or non-invasive monitoring of the Buckberg index, can 

be considered as a mechanistic outcome measure in future trials of patients with structural 

CMD in order to understand whether peripheral vasodilating agents lead to a reduction in LV 

afterload and myocardial stress. Finally, our results suggest that patients with sole coronary 

endothelial dysfunction may derive benefit from anti-ischaemic therapy. Future, larger scale 

studies should focus on assessing response to mechanistically plausible therapy in this patient 

cohort. A recent pilot study has demonstrated that an intracoronary infusion of CD34+ cells 

was associated with improvement in AChFR over 6 months’ time. Other agents, such as L-

arginine, which have shown promise in small-scale, single centre, non-randomised studies 

should be explored further in this patient group.  
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7.2.4. Therapy trial in patients with myocardial bridges 

There is a paucity of data guiding therapy in patients with ANOCA and myocardial bridges. 

One of the early seminal studies by Schwarz et al in 1996 demonstrated the acute beneficial 

effects of intravenous beta blockers on coronary haemodynamics in these patients144. There 

have been no randomised controlled trials investigating the effects of anti-ischaemic therapy 

in this patient group. Furthermore, there is no randomised evidence to suggest that surgical 

deroofing is beneficial in this patient cohort. The two disparate substrates for ischaemia 

(coronary perfusion inefficiency during exercise and coronary endothelial dysfunction) in this 

patient group represent distinct therapeutic targets. A physiology-blinded randomised 

controlled trial including a negative inotropic and chronotropic agent, like diltiazem, against a 

placebo with both patient-centric and physiology-based outcome measures would provide 

much needed data in this field. Diltiazem would be the optimal drug choice given that it is both 

a negative inotropic agent, which may rectify the delayed decompression of the tunnelled 

segment, and an anti-spasm agent, which will rectify the heightened propensity to spasm within 

the tunnelled segment. Nebivolol, with its negative inotropic activity and NO-derived 

vasodilating effect, may be a suitable alternative.  

 

Of note, the Combowire, which has been used exclusively for all my studies, is no longer 

available. Whilst this will not have an impact on my future plans, as all of the aforementioned 

trials can be run using continuous thermodilution-derived measures, it means that we may lose 

the ability to quantify wave energies under different stressors. This may make identifying 

disease mechanisms in the catheter laboratory more challenging. Whether we can utilise 

continuous thermodilution derived rate of change of temperature as a surrogate for rate of 

change of flow velocity (as assessed using the Doppler wire), to characterise wave energies, is 

an enticing concept that I wish to explore further. 
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7.3. Conclusions 

My study findings add to the growing field of coronary physiology assessment in patients with 

angina and nonobstructive coronary arteries. We have demonstrated that ischaemia on an ETT 

is always attributable to an ischaemic substrate secondary to microcirculatory abnormalities. 

This knowledge can be used to create novel diagnostic pathways with widespread availability. 

It also questions the appropriateness of using obstructive coronary artery disease as the 

reference standard to compare the diagnostic accuracy of noninvasive stress imaging. We have 

demonstrated that an impaired CFR identifies patients who respond to anti-ischaemic therapy, 

in an otherwise phenotypically similar group of patients with ANOCA. This is a significant 

step forward as currently the management of these patients is empirical and inadequate. Our 

findings stress the importance of routine coronary physiology assessment in patients with 

typical and limiting angina with nonobstructive coronary arteries. Finally, we have 

demonstrated, for the first time, that patients with myocardial bridges have impaired coronary 

perfusion efficiency during exercise, which is driven by disparate underlying pathobiology 

compared to that in patients with coronary microvascular disease. This represents a potential 

therapeutic target in these patients.
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Appendix 

Appendix Table 1. Primary and secondary outcomes in ChaMP-CMD (intention-to-treat 

analyses). 

 

 Amlodipine Ranolazine 

 CMD Reference CMD Reference 

Exercise time (seconds) 

Increment 89 

(95% CI 69 to 117) 

13 

(95% CI -14 to 40) 

80 

(95% CI 53 to 108) 

5 

(95% CI -27 to 37) 

Difference in change between 

groups 

76 

(95% CI 34 to 118) 

75 

(95% CI 31 to 120) 

P value <0.001 0.001 

SAQ summary score 

Increment 7 

(95% CI 3 to 11) 

6 

(95% CI 2 to 10) 

11 

(95% CI 6 to 16) 

7 

(95% CI 2 to 12) 

Difference in change between 

groups 

1 

(95% CI -5 to 7) 

4 

(95% CI -3 to 12) 

P value 0.768 0.254 
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Appendix Table 2. Additional ETT parameters in patients recruited into ChaMP-CMD. 

 
Baseline Amlodipine Ranolazine 

 CMD Reference P value CMD Reference P value CMD Reference P value 

Angina during ETT, n(%) 44 (80) 23 (77) 0.710 30 (61) 15 (58) 0.766 25 (49) 14 (58) 0.451 

Reason for stopping ETT, n(%) 

Angina 

Dyspnoea 

Fatigue 

Presyncope 

Musculoskeletal pain 

 

29 (53) 

15 (27) 

10 (18) 

1 (2) 

0 

 

17 (57) 

4 (13) 

8 (27) 

1 (3) 

0 

0.459  

16 (33) 

7 (15) 

18 (38) 

3 (6) 

4 (8) 

 

8 (31) 

8 (31) 

10 (38) 

0 

0 

0.198  

16 (31) 

17 (33) 

14 (28) 

3 (6) 

1 (2) 

 

12 (52) 

7 (30) 

3 (13) 

1 (4) 

0 

0.433 

Time to angina, seconds 205±98 187±111 0.490 297±161 251±146 0.362 260±122 183±88 0.028 

 

ETT: exercise ECG treadmill test
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Appendix Table 3. Within group differences in change in exercise time in patients with 

structural and functional CMD recruited into ChaMP-CMD (intention-to-treat analyses). 

 

 

AML: amlodipine; RNL: ranolazine  

 Structural CMD Functional CMD 

 AML RNL AML RNL 

Exercise time (seconds) 

Mean increment 74 

(95% CI 25 to 124) 

42 

(95% CI 8 to 76) 

97 

(95% CI 62 to 132) 

101 

(95% CI 63 to 139) 

Difference in change within 

group 

39 

(95% CI -1 to 79) 

-2 

(95% CI -29 to 25) 

P value 0.058 0.865 
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Appendix Table 4. Linear regression analysis testing the association between biologically 

plausible variables and microvascular endothelial dysfunction in patients with myocardial 

bridges. 

 Standardised coefficients (95% CI) P value 

Univariate 

Age 0.401 (-0.002, 0.033) 0.080 

Gender 0.289 (-0.171, 0.705) 0.217 

Hypertension 0.050 (-0.357, 0.438) 0.833 

Diabetes Mellitus -0.218 (-0.612, 0.231) 0.355 

CFR -0.308 (-0.580, 0.121) 0.186 

Impaired coronary perfusion 

efficiency during exercise 

0.063 (-0.432, 0.557) 0.794 

MMI 0.124 (-0.006, 0.004) 0.701 

CFR: Coronary Flow Reserve; MMI: myocardial bridge muscle index 
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