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Introduction: Microvascular angina is a common cause of ischemia with non-obstructive coronary arteries 
(INOCA) and limited therapeutic options are available to those affected. Endothelin-1 (ET-1) is a potent vaso
constrictor implicated in the pathophysiology of microvascular angina. A large randomised, double blinded, 
placebo controlled crossover trial, the PRecIsion medicine with ZibotEntan in microvascular angina (PRIZE) trial 
is currently underway, investigating an endothelin receptor antagonist – Zibotentan, as a new drug treatment for 
microvascular angina. The trial uses a ’precision medicine’ approach by preferential selection of those with 
higher ET-1 expression conferred by the PHACTR1 minor G allele single nucleotide polymorphism (SNP). The 
incidence of this SNP occurs in approximately one third of the population therefore a considerable number of 
screened patients will be ineligible for randomisation and the treatment phase of the trial. 
Methods: In the PRIZE Endothelin (ET) Sub-Study, patients screened out of the PRIZE trial will be genotyped for 
other genetic variants in the ET-1 pathway. These will be correlated with phenotypic characteristics including 
exercise tolerance, angina severity and quantitative measures of microvascular function on cardiovascular MRI as 
well as mechanistic data on endothelin pathway signalling. 
Conclusions: The study will provide a comprehensive genotype and phenotype bio-resource identifying novel ET- 
1 genotypes to inform the potential wider use of endothelin receptor antagonists for this indication.   

1. Introduction: 

Ischaemic heart disease is the leading cause of premature disability 
and death worldwide, with stable angina pectoris the commonest 
symptomatic manifestation, affecting 112 million people [1,2,3]. 
Angina pectoris occurs due to a relative myocardial oxygen sup
ply–demand mismatch, typically during physiological (e.g. exercise) or 
psychological stress. Historical teaching placed a causal link between 
obstructive epicardial coronary artery disease and angina. However, in 
patients undergoing coronary angiography with evidence of myocardial 
ischemia, the prevalence of non-obstructive coronary disease is reported 

in up to 70% with higher frequencies among women [2]. Cardiac 
ischemia in the absence of significant epicardial coronary stenosis is 
termed INOCA (Ischemia and No Obstructive Coronary Artery Disease). 
This group of patients experience long-term adverse outcomes including 
recurrent angina, cardiovascular death and myocardial infarction (MI) 
as well as lower quality of life and health anxiety causing repeated 
presentations to healthcare services [4,5,6,7]. High quality trial data for 
drug therapy in this condition is lacking and standard anti-anginal 
therapy is unsatisfactory for many patients [2]. Based on previous 
studies of INOCA populations (typically excluding those whose ischemia 
is attributable to non-coronary cardiac or systemic diseases such as 
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hypertrophic cardiomyopathy and valvular heart disease), it is esti
mated that in around two-thirds, coronary microvascular dysfunction 
(CMD) represents the underlying pathology [8,9]. Microvascular angina 
is the name given for the clinical syndrome caused by CMD in these 
patients. The Coronary Vasomotion Disorders International Study 
(COVADIS) group have recently defined the diagnostic criteria for 
microvascular angina (Table 1) [10]. This definition of microvascular 
angina aligns with the term ’type 1 CMD’ described initially by Camici 
and Crea [11]. The other principal INOCA endotype is epicardial vaso
spastic angina (VSA) which may co-exist with microvascular angina in 
some patients. 

1.1. Detecting and defining CMD 

Given patency of the epicardial coronary arteries and adequate aortic 
pressure, coronary blood flow is regulated by dynamic changes in the 
resistance of the microvascular pre-arterioles and arterioles which are 
too small to be visualised on conventional angiography (diameter ≤ 500 
µm) [12]. Multiple mechanistic sub-types of CMD have been proposed 
encompassing deleterious structural remodelling of the microvascula
ture as well as functional vasomotor abnormalities; however, in all 
cases, the fundamental abnormality is an inability of the coronary 
microvasculature to adequately match coronary blood flow to increased 
demand, such as during exercise [13]. 

CMD can be detected by invasive coronary guidewire based mea
surements of coronary blood flow, for example: Coronary Flow Reserve 
(CFR), which is the ratio of coronary blood flow during pharmacologi
cally induced hyperemia to resting flow [12,13]. Cardiovascular 

Magnetic Resonance (CMR) imaging additionally permits the non- 
invasive detection and quantification of CMD through the use of 
myocardial stress perfusion imaging with gadolinium contrast [14,15]. 
Hyperemic myocardial blood flow (MBF) is measured during adminis
tration of adenosine and compared with resting blood flow to determine 
the myocardial perfusion reserve (MPR). This ratio of hyperemic to 
resting blood flow is analogous to CFR, and has prognostic value in CMD 
[16]. CMR has high spatial resolution, allowing differences between the 
epicardial and subendocardial blood flow to be accurately detected and 
quantified [17]. 

1.2. Endothelin 

Endothelin-1 (ET-1) is an endothelial peptide crucial for physiolog
ical regulation of vasomotor tone in coronary arteries [18,19]. Increased 
circulating levels of ET-1 have been identified in patients with CMD 
[20,21]. ET-1 is released from endothelial cells and causes potent and 
sustained vasoconstriction by binding to ETA receptors expressed in 
vascular smooth muscle. These effects are counter-balanced in healthy 
individuals by the ETB pathway, where vasodilators such as nitric oxide 
are released in response to ET-1 binding to endothelial ETB receptors 
[22]. ET antagonists (across a spectrum of selectivity for ETA versus ETB) 
have been investigated in a wide range of diseases. Clinical benefit has 
thus far, been best established in pulmonary arterial hypertension and 
three agents are currently licensed for this indication: bosentan, 
ambrisentan and macitentan [22]. 

Zibotentan (AstraZeneca, Cambridge, UK) is the most ETA selective 
antagonist with high potency (pIC50 (negative logarithm of the half- 
maximal inhibitory concentration) for ET binding to ETA receptors =
21 nM) [22] and is under investigation as a novel therapy for micro
vascular angina in the Medical Research Council’s Precision Medicine 
with Zibotentan in Microvascular Angina (PRIZE) trial [23]. 

1.3. Genetic dysregulation of Endothelin-1 and microvascular angina 

The PRIZE trial is notable amongst cardiovascular clinical trials for 
defining eligibility by genetic analysis thus invoking a ‘precision medi
cine’ pathway whereby therapy will be targeted at those most likely to 
benefit. The genetic variant tested during screening for the PRIZE trial is 
the G allele of the rs9349379 SNP (single nucleotide polymorphism) 
found in the third intron of the PHACTR1 gene on chromosome 6. This 
variant has been linked to cardiovascular risk via enhanced Endothelin 
(EDN1) gene expression and is relatively common, with an estimated 
population frequency of 36% [23,24]. In a sub-study of the British Heart 
Foundation Coronary Microvascular Angina (CorMicA) trial, patients 
with the rs9349379-G allele had significantly increased circulating 
concentrations of ET-1 as well as a higher likelihood of CMD, more 
myocardial perfusion defects on CMR, and decreased exercise tolerance 
when compared to patients without [25]. 

The principal aim of the PRIZE ET Sub-study is to identify additional 
novel, hitherto unknown functional genetic variants associated with 
microvascular angina, other than the rs9349379-G allele described 
above. For this reason, the study will run in parallel with the main PRIZE 
trial by preferential enrolment of the patients who are not selected after 
genetic screening for the rs9349379-G allele. Patient samples obtained 
in this parallel study will be genotyped using the UK Biobank AxiomTM 

DNA Microarray. Briefly, the process involves extraction of DNA from 
whole blood, which is then denatured and fragmented, flourescentally 
labelled, and added to the array – a laborotary plate embedded with 
hundreds of thousands of DNA ‘probes’ (specific oligonucleotide se
quences complementary to the genomic SNPs of interest). In the pres
ence of a complementary DNA sequence, binding will occur by 
hybridization and scanning of the array for specific patterns of fluores
cence can be used to identify genomic SNPs present in the patient’s DNA 
[26]. In our study, analysis will be focused in the first instance, on SNPs 
located close to the gene encoding the ETA receptor (EDNRA) with 

Table 1 
COVADIS criteria for Microvascular Angina [10] used to identify patients 
eligible for PRIZE and the PRIZE ET Sub-Study. CAD indicates coronary artery 
disease; ECG, electrocardiogram; FFR, fractional flow reserve; Coronary CTA, CT 
coronary angiography; IMR, index of microcirculatory resistance; HMR, hyper
emic microvascular resistance; SOB, shortness of breath; TIMI frame count refers 
to the scheme described by the Thrombolysis in Myocardial Infarction study 
group.  

1. Symptoms of myocardial ischaemia Effort angina or rest angina 
Angina equivalent e.g. SOB  

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

Coronary CTA 
Invasive coronary angiogram   

3. Objective evidence of myocardial 
ischaemia 

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

4. Evidence of impaired coronary 
microvascular function            

Impaired coronary flow reserve (cut-off 
values depending on methodology use 
between ≤ 2.0 and ≤ 2.5) 
Coronary microvascular spasm, defined as 
reproduction of symptoms, ischemic ECG 
shifts but no epicardial spasm during 
acetylcholine testing. 
Abnormal coronary microvascular 
resistance indices (e.g. IMR > 25, HMR ≥
2.5 mm Hg⋅cm-1⋅s) 
Coronary slow flow phenomenon, defined 
as TIMI frame count > 25.  

(4/4 = definite, 3/4 = probable 
diagnosis of microvascular angina)     
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highly significant GWAS associations for ischemic heart disease, namely 
rs1878406 (Fig. 1) and rs6842241 (Fig. 2). 

The rs1878406 SNP is located 8.5 kb upstream from the EDNRA gene 
on chromosome 4. The major rs1878406-C allele occurs with a fre
quency of 85% in Caucasian populations and is associated with cardio
vascular risk, whereas the T allele is protective [27,28]. The rs6842241 
SNP is located 1.25 kb upstream from the EDNRA gene within the reg
ulatory region. The risk allele (G) of rs6842241 has a frequency of 83% 
and is highly correlated (r2 > 0.8) with both rs1878406 and another 
SNP, rs6841581 located further upstream [29], which has been been 
identified in functional analysis as a possible epigenetic regulator of 
EDNRA gene expression [29]. 

We hypothesise that in a microvascular angina population, these 
SNPs related to the ETA receptor, will result in greater ETA receptor 
activation, reduced myocardial perfusion and more angina. Addition
ally, we wish to investigate whether higher ETA receptor expression is 
associated with more severe disease, even amongst those without 
elevated circulating ET-1 levels. 

2. Methods and analysis 

2.1. Patient selection: 

The PRIZE trial will invite up to 356 participants from 8 UK sites for 
genetic testing and eligibility for progression into the randomisation 
phase. In Cambridge, approximately 100 patients will be enrolled into 
the PRIZE study. Once the results of genotype analysis and other base
line screening tests are available, it is expected there will be 66 screen 
failures and these patients will be approached to continue in the PRIZE 
Endothelin (ET) sub-study rather than the main PRIZE study (Fig. 3). 
This will include genetic screen failures as well as those found to have 
exclusion criteria during clinical assessment. We anticipate most of these 
patients (n = 60) will re-consent for the sub-study. 

In Cambridge, patients will be initially identified from the Royal 
Papworth Hospital NHS Foundation Trust Microvascular Angina data
base as well as local participant identification centres and referring 
district general hospitals having met the definite or probable diagnostic 
criteria of microvascular angina as defined by the COVADIS group 
summarised in Table 1. Patients found to have the inclusion criteria for 
the PRIZE trial but subsequently excluded after genetic testing and 
baseline screening will be eligible for the PRIZE ET Sub-Study. 

Participants may be screened out of the main PRIZE trial on the basis 
of their rs9349379 genetic sequencing blood test undertaken centrally in 
the NHS West of Scotland Centre for Genomic Medicine, Queen Eliz
abeth University Hospital, Glasgow. The patients and the researchers are 

blinded to the genotype. The result is then made available to the Clinical 
Trials Unit (Robertson Centre for Biostatistics, University of Glasgow). 
The PRIZE trial electronic case report form (eCRF) operates a ’genotype 
filter’ which determines the participant’s eligibility to continue in the 
main trial according to pre-determined, adaptively managed conditions 
with the final objective of achieving an overall 50% G allele frequency 
[23]. Participants who have been rejected by the genotype filter will be 
informed and then approached to participate in the PRIZE ET Sub-Study. 

Participants may also have an exclusion criterion for the main PRIZE 
study (appendix A) during the first screening visit (i.e., before the results 
of the genetic blood test are available). For example, this may be because 
their total exercise time exceeds the maximum specified in the exclusion 
criteria. These participants will be offered the option of taking part in 
the PRIZE ET Sub-Study and the researchers will explain the rationale 
and study protocol. The participant will be allowed sufficient time to 
read the participant information sheet and ask any questions. If the 
patient provides informed consent, a venepuncture for the sub-study 
specific blood tests will be undertaken on the same visit. 

2.2. Study procedures 

Study blood handling will follow a standard operating procedure. 
Approximately 20 mL of venous blood will be withdrawn and collected. 
This will encompass a whole blood sample (4 mL) collected in PaxGene 
DNA tubes for DNA extraction and genotyping of ETA SNPs, a second 
whole blood sample collected in PaxGene RNA tubes (2.5 mL) for 
quantification of ETA mRNA and a 5 mL plasma sample for measurement 
of plasma endothelin related peptides. Blood will be centrifuged at 
1500g for 20 mins at 4 ◦C. Plasma will be siphoned, aliquoted and stored 
at − 80◦ ± 10◦. 

The PRIZE trial baseline clinical assessment includes patient inter
view, angina, quality of life and treatment satisfaction questionnaires, 
and Bruce protocol treadmill exercise testing (a full list of baseline as
sessments is provided in appendix B). These will be repeated at subse
quent trial visits only if there have been significant changes in clinical 
status from initial screening otherwise results from these assessments 
will be used in the sub-study analyses. 

SNP genotyping will be undertaken using the UK Biobank AxiomTM 

Array. ETA mRNA will be quantified in leucocytes and platelets within 
the samples using quantitative real-time polymerase chain reaction 
(qPCR). Big ET-1 and ET-1 will be measured by enzyme-linked immu
nosorbent (ELISA) immunoassay. 

Fig. 1. Phenome wide associations for rs1878406 with disease traits identified from the UK Biobank [30]. Traits (blue dots) above the red dotted line have a p value 
for association of < 1 × e-8. Chronic Ischemic Heart Disease (labelled) shows the strongest association. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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2.3. Additional participant analyses 

If valid consent for the sub-study procedures is available for partic
ipants recruited to PRIZE from sites outside of Cambridge, they are 
found to be eligible, and surplus stored frozen samples are available, 
these will be similarly analysed. 

2.4. MRI analysis for quantification of microvascular dysfunction 

We will analyse enrolled patients’ standard of care perfusion MRI 
prior to genetic analysis. Stress myocardial perfusion will be quantified 
globally, and as an endocardial to epicardial perfusion ratio. Where rest 
perfusion has been performed, MPR will be calculated. 

3. Statistical consideration 

For sample size calculation, we considered a difference of 1.0 
mL⋅g− 1⋅min− 1 for stress MBF on CMR clinically significant with a pooled 
standard deviation of 0.56 based on previous published data [14]. 
Additionally, based on pilot data from our laboratory, we have assumed 
a difference in circulating plasma ET-1 between patient groups of 0.4 
pg/ml with a pooled standard deviation of 0.36 to be clinically mean
ingful. Power calculations for an independent samples t-test demon
strate that a sample size of 60 (estimated to give 51 patients with the risk 
associated rs1878406-C allele) will have > 80% power to detect sig
nificant differences in both stress MBF and in plasma ET-1 between 
patient genotypes with a level of significance of 0.05 for an alpha error 

Fig. 2. Phenome wide associations for rs6842241 with disease traits identified from the UK Biobank[30]. Traits (blue dots) above the red dotted line have a p value 
for association of < 1 × e-8. Chronic Ischemic Heart Disease (labelled) shows the strongest association. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 3. Flowchart for PRIZE Endothelin (ET) Sub-Study (blue box). MVA corresponds to microvascular angina. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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(SPSS, IBM Corp., USA). 
Normality of continuous variable distributions will be assessed using 

the one sample Kolmogorov-Smirnov Test. Continuous variables will be 
summarised as mean ± standard deviation if normally distributed and 
median (Inter-Quartile Range) if non-normally distributed. Appropriate 
paired difference tests will be used to compare continuous variables 
according to the normality of the distribution. The primary outcome 
measure will be the difference in the circulating concentrations of ET-1 
related peptides and ETA mRNA between observed genotypes. Second
ary outcome measures will be exploratory, including differences in 
disease burden measured by questionnaires, exercise tolerance tests and 
perfusion CMR between various ETA SNP genotypes. Clinical trials unit 
and data management support and storage will be via the use of 
OpenClinica. 

4. Ethics and dissemination plan 

This study has been approved by the Leicester South Research Ethics 
Committee (REC: 20/EM/0279) and recorded in the NIHR Central 
Portfolio Management System (CPMS: 47557). The study is registered 
on clinicaltrials.gov (NCT04508998). Patients recruited into the PRIZE 
ET Sub-Study locally will provide written informed consent before 
participation. Where appropriate, and if patients give their consent, 
remaining blood samples will be kept in storage for other analyses in 
ethically approved research studies. Patients participating in the main 
PRIZE trial outside of Cambridge will be asked to give consent for their 
anonymised data and stored tissue samples to be used in alternative 
ethically approved research studies such as this sub-study. The results 
will be disseminated in academic forums and publication will be sought 
in peer-reviewed journals. Participating patients will be informed of the 
research outcomes in a lay summary of the final report. 

5. Translational outlook and conclusion 

Microvascular angina is a common underlying diagnosis amongst 
patients with INOCA. INOCA is increasingly recognised as a major 
contributor to the worldwide health burden of ischemic heart disease, 
yet currently, specific disease modifying therapy is lacking [2]. The ET-1 
pathway is of interest as a therapeutic target and ETA receptor antago
nists are already in clinical use for pulmonary arterial hypertension. The 
investigational drug, Zibotentan, is the most ETA selective antagonist 
and is under investigation in the PRIZE trial [23]. The PRIZE ET Sub- 
Study will follow on from the PRIZE trial by examining the effect of 
novel ETA receptor associated SNPs on the ET-1 pathway. The sub-study 

will generate a genotype bio-resource identifying novel genotypes and 
phenotypes amongst microvascular angina patients that could be further 
validated in the UK Biobank as well as in the randomised PRIZE trial 
cohort. In the latter case, it could be used to identify other groups of 
patients likely to benefit from Zibotentan therapy using a ’precision 
medicine’ approach. The bioresource will be uniquely valuable in 
several other ways. To our knowledge, this will be the largest geno
typing study undertaken in a pre-specified microvascular angina cohort. 
The bioresource will also present the genetic data alongside downstream 
molecular data to specifically define the ET-1 pathway in these in
dividuals. Finally, the bio-resource will also clinically characterise 
microvascular angina patients by CMR assessment of coronary micro
vascular dysfunction, treadmill exercise tolerance, angina symptoms 
and quality of life providing a comprehensive observational dataset for 
this condition. 
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Appendix A:. Inclusion and exclusion criteria for the main PRIZE trial. 

Inclusion criteria:  

1. Age > 18 years.  
2. Microvascular angina (as per COVADIS criteria [10]).  
3. Able to comply with study procedures.  
4. Written informed consent. 

Exclusion criteria:  

1. Exercise tolerance > 540 s in men and > 430 s in women (i.e. actual exercise duration (s) achieved on the Bruce protocol commensurate with 
predicted or, lack of anginal symptoms and/or ST-segment depression (0.1 mV) limiting exercise.  

2. Non-cardiovascular exercise-limiting problem e.g. morbid (or severe) obesity (BMI ≥ 40.0 kg/m2)  
3. Genotype not available  
4. Women who are pregnant, breast-feeding or of child-bearing potential (WoCBP) without a negative pregnancy test and who are unwilling to use 

highly effective contraception as defined below for the duration of the study treatment and 30 days after last dose of study drug.  
5. Men who are sexually active with a WoCBP who are unwilling to use condoms or other highly effective methods of contraception for the 

duration of study treatment and for 14 weeks after last dose of study drug. 
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6. Heart failure (New York Heart Association Grade ≥ II i.e. mild symptoms and slight limitation during ordinary activity)  
7. Recent (<6 months) myocardial infarction  
8. A history of epilepsy, other CNS adverse events, neurologic symptoms or signs consistent with spinal cord compression or CNS metastases.  
9. Moderate or more severe renal impairment (GFR < 45 mL/min)  

10. Liver disease with a Child-Pugh score of A (5–6 points) or higher  
11. Participation in another intervention study involving a drug within the past 90 days or 5 half-lives whichever is longer (co-enrolment in 

observational studies is permitted). 

Appendix B 

Baseline assessments made as part of the screening visit in the main PRIZE trial.   

Baseline patient assessments for screening  

• Demographic details, past medical history and cardiovascular drug therapy  
• Seattle Angina Questionnaire (SAQ)  
• EuroQol questionnaire (EQ-5D-5L)  
• Brief Illness Perception Questionnaire (Brief-IPQ)  
• Patient health questionnaire (PHQ4)  
• Treatment satisfaction questionnaire (TSQM)  
• Bruce protocol exercise treadmill test (ETT)  

References 

[1] S. Hay, A. Abajobir, K. Abate, C. Abbafati, K. Abbas, F. Abd-Allah, et al., Global, 
regional, and national disability-adjusted life-years (DALYs) for 333 diseases and 
injuries and healthy life expectancy (HALE) for 195 countries and territories, 
1990–2016: a systematic analysis for the Global Burden of Disease Study 2016, The 
Lancet 390 (10100) (2017) 1260–1344, https://doi.org/10.1016/s0140-6736(17) 
32130-x. 

[2] V. Kunadian, A. Chieffo, P. Camici, C. Berry, J. Escaned, A. Maas, et al., An EAPCI 
Expert Consensus Document on Ischaemia with Non-Obstructive Coronary Arteries 
in Collaboration with European Society of Cardiology Working Group on Coronary 
Pathophysiology & Microcirculation Endorsed by Coronary Vasomotor Disorders 
International Study Group, Eur. Heart J. 41 (37) (2020) 3504–3520, https://doi. 
org/10.1093/eurheartj/ehaa503. 

[3] British Heart Foundation. 2021. Heart Statistics. [online] Available at: <https:// 
www.bhf.org.uk/what-we-do/our-research/heart-statistics> [Accessed 5 January 
2021]. 

[4] T.J. Ford, D. Corcoran, C. Berry, Stable coronary syndromes: pathophysiology, 
diagnostic advances and therapeutic need, Heart (British Cardiac Society) 104 (4) 
(2018) 284–292, https://doi.org/10.1136/heartjnl-2017-311446. 

[5] L. Jespersen, A. Hvelplund, S.Z. Abildstrom, F. Pedersen, S. Galatius, J.K. Madsen, 
E. Jorgensen, H. Kelbaek, E. Prescott, Stable angina pectoris with no obstructive 
coronary artery disease is associated with increased risks of major adverse 
cardiovascular events, Eur. Heart J. 33 (6) (2012) 734–744, https://doi.org/ 
10.1093/eurheartj/ehr331. 

[6] L. Jespersen, S. Abildstrøm, A. Hvelplund, E. Prescott, Persistent angina: highly 
prevalent and associated with long-term anxiety, depression, low physical 
functioning, and quality of life in stable angina pectoris, Clinical Research In 
Cardiology 102 (8) (2013) 571–581, https://doi.org/10.1007/s00392-013-0568-z. 

[7] B.D. Johnson, L.J. Shaw, S.D. Buchthal, C.N. Bairey Merz, H.-W. Kim, K.N. Scott, 
M. Doyle, M.B. Olson, C.J. Pepine, J. den Hollander, B. Sharaf, W.J. Rogers, 
S. Mankad, J.R. Forder, S.F. Kelsey, G.M. Pohost, Prognosis in Women With 
Myocardial Ischemia in the Absence of Obstructive Coronary Disease, Circulation 
109 (24) (2004) 2993–2999. 

[8] J. Sara, R. Widmer, Y. Matsuzawa, R. Lennon, L. Lerman, A. Lerman, Prevalence of 
Coronary Microvascular Dysfunction Among Patients With Chest Pain and 
Nonobstructive Coronary Artery Disease, JACC: Cardiovascular Interventions 8 
(11) (2015) 1445–1453, https://doi.org/10.1016/j.jcin.2015.06.017. 

[9] T.J. Ford, B. Stanley, R. Good, P. Rocchiccioli, M. McEntegart, S. Watkins, 
H. Eteiba, A. Shaukat, M. Lindsay, K. Robertson, S. Hood, R. McGeoch, R. McDade, 
E. Yii, N. Sidik, P. McCartney, D. Corcoran, D. Collison, C. Rush, A. McConnachie, 
R.M. Touyz, K.G. Oldroyd, C. Berry, Stratified Medical Therapy Using Invasive 
Coronary Function Testing in Angina, J. Am. Coll. Cardiol. 72 (23) (2018) 
2841–2855, https://doi.org/10.1016/j.jacc.2018.09.006. 

[10] P. Ong, P.G. Camici, J.F. Beltrame, F. Crea, H. Shimokawa, U. Sechtem, J.C. Kaski, 
C.N. Bairey Merz, International standardization of diagnostic criteria for 
microvascular angina, Int. J. Cardiol. 250 (2018) 16–20, https://doi.org/10.1016/ 
j.ijcard.2017.08.068. 

[11] P. Camici, F. Crea, Coronary Microvascular Dysfunction, N. Engl. J. Med. 356 (8) 
(2007) 830–840, https://doi.org/10.1056/nejmra061889. 

[12] T. van de Hoef, M. Meuwissen, J. Escaned, J. Davies, M. Siebes, J. Spaan, J. Piek, 
Fractional flow reserve as a surrogate for inducible myocardial ischaemia, Nat. 
Rev. Cardiol. 10 (8) (2013) 439–452, https://doi.org/10.1038/nrcardio.2013.86. 

[13] H. Rahman, M. Ryan, M. Lumley, B. Modi, H. McConkey, H. Ellis, C. Scannell, 
B. Clapp, M. Marber, A. Webb, A. Chiribiri, D. Perera, Coronary Microvascular 
Dysfunction Is Associated With Myocardial Ischemia and Abnormal Coronary 
Perfusion During Exercise, Circulation 140 (22) (2019) 1805–1816. 

[14] K.D. Knott, A. Seraphim, J.B. Augusto, H. Xue, L. Chacko, N. Aung, S.E. Petersen, J. 
A. Cooper, C. Manisty, A.N. Bhuva, T. Kotecha, C.V. Bourantas, R.H. Davies, L.A. 
E. Brown, S. Plein, M. Fontana, P. Kellman, J.C. Moon, The Prognostic Significance 
of Quantitative Myocardial Perfusion: An Artificial Intelligence-Based Approach 
Using Perfusion Mapping, Circulation (2020), https://doi.org/10.1161/ 
CIRCULATIONAHA.119.044666. 

[15] N.D. Mygind, A. Pena, M. Mide Michelsen, A. Ali Qayyum, D. Frestad, T. Emil 
Christensen, A. Ali Ghotbi, P. Hasbak, A. Kjaer, N. Vejlstrup, I. Gustafsson, P. Riis 
Hansen, H. Steen Hansen, E. Prescott, J. Kastrup, Myocardial first pass perfusion 
assessed by cardiac magnetic resonance and coronary microvascular dysfunction in 
women with angina and no obstructive coronary artery disease, Scandinavian 
Journal Of Clinical And Laboratory Investigation 79 (4) (2019) 238–246, https:// 
doi.org/10.1080/00365513.2019.1587670. 

[16] W. Zhou, J.C.Y. Lee, S.T. Leung, A. Lai, T.-F. Lee, J.B. Chiang, Y.W. Cheng, H.- 
L. Chan, K.-H. Yiu, V.-M. Goh, D.J. Pennell, M.-Y. Ng, Long-Term Prognosis of 
Patients With Coronary Microvascular Disease Using Stress Perfusion Cardiac 
Magnetic Resonance, JACC. Cardiovascular imaging 14 (3) (2021) 602–611, 
https://doi.org/10.1016/j.jcmg.2020.09.034. 

[17] A. Larghat, J. Biglands, N. Maredia, J.P. Greenwood, S.G. Ball, M. Jerosch-Herold, 
A. Radjenovic, S. Plein, Endocardial and epicardial myocardial perfusion 
determined by semi-quantitative and quantitative myocardial perfusion magnetic 
resonance, Int. J. Cardiovasc. Imaging 28 (6) (2012) 1499–1511, https://doi.org/ 
10.1007/s10554-011-9982-3. 

[18] P.A. MacCarthy, N.C. Pegge, B.D. Prendergast, A.M. Shah, P.H. Groves, The 
physiological role of endogenous endothelin in the regulation of human coronary 
vasomotor tone, J. Am. Coll. Cardiol. 37 (1) (2001) 137–143, https://doi.org/ 
10.1016/s0735-1097(00)01042-1. 

[19] J.P. Halcox, K.R. Nour, G. Zalos, A.A. Quyyumi, Coronary vasodilation and 
improvement in endothelial dysfunction with endothelin ET(A) receptor blockade, 
Circ. Res. 89 (11) (2001) 969–976, https://doi.org/10.1161/hh2301.100980. 

[20] J.C. Kaski, P.M. Elliott, O. Salomone, K. Dickinson, D. Gordon, C. Hann, D.W. Holt, 
Concentration of circulating plasma endothelin in patients with angina and normal 
coronary angiograms, British heart journal 74 (6) (1995) 620–624, https://doi. 
org/10.1136/hrt.74.6.620. 

[21] I.D. Cox, H.E. Bøtker, J.P. Bagger, H.S. Sonne, B.O. Kristensen, J.C. Kaski, Elevated 
endothelin concentrations are associated with reduced coronary vasomotor 
responses in patients with chest pain and normal coronary arteriograms, J. Am. 
Coll. Cardiol. 34 (2) (1999) 455–460, https://doi.org/10.1016/s0735-1097(99) 
00224-7. 

[22] A.P. Davenport, K.A. Hyndman, N. Dhaun, C. Southan, D.E. Kohan, J.S. Pollock, D. 
M. Pollock, D.J. Webb, J.J. Maguire, E.L. Barker, Endothelin, Pharmacol. Rev. 68 
(2) (2016) 357–418, https://doi.org/10.1124/pr.115.011833. 

[23] A.J. Morrow, T.J. Ford, K. Mangion, T. Kotecha, R. Rakhit, G. Galasko, S. Hoole, 
A. Davenport, R. Kharbanda, V.M. Ferreira, M. Shanmuganathan, A. Chiribiri, 
D. Perera, H. Rahman, J.R. Arnold, J.P. Greenwood, M. Fisher, D. Husmeier, N. 
A. Hill, X. Luo, N. Williams, L. Miller, J. Dempster, P.W. Macfarlane, P. Welsh, 
N. Sattar, A. Whittaker, A.M. Connachie, S. Padmanabhan, C. Berry, Rationale and 
design of the Medical Research Council’s Precision Medicine with Zibotentan in 
Microvascular Angina (PRIZE) trial, Am. Heart J. 229 (2020) 70–80, https://doi. 
org/10.1016/j.ahj.2020.07.007. 

G.R. Abraham et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/s0140-6736(17)32130-x
https://doi.org/10.1016/s0140-6736(17)32130-x
https://doi.org/10.1093/eurheartj/ehaa503
https://doi.org/10.1093/eurheartj/ehaa503
https://doi.org/10.1136/heartjnl-2017-311446
https://doi.org/10.1093/eurheartj/ehr331
https://doi.org/10.1093/eurheartj/ehr331
https://doi.org/10.1007/s00392-013-0568-z
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0035
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0035
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0035
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0035
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0035
https://doi.org/10.1016/j.jcin.2015.06.017
https://doi.org/10.1016/j.jacc.2018.09.006
https://doi.org/10.1016/j.ijcard.2017.08.068
https://doi.org/10.1016/j.ijcard.2017.08.068
https://doi.org/10.1056/nejmra061889
https://doi.org/10.1038/nrcardio.2013.86
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0065
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0065
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0065
http://refhub.elsevier.com/S2352-9067(22)00029-X/h0065
https://doi.org/10.1161/CIRCULATIONAHA.119.044666
https://doi.org/10.1161/CIRCULATIONAHA.119.044666
https://doi.org/10.1080/00365513.2019.1587670
https://doi.org/10.1080/00365513.2019.1587670
https://doi.org/10.1016/j.jcmg.2020.09.034
https://doi.org/10.1007/s10554-011-9982-3
https://doi.org/10.1007/s10554-011-9982-3
https://doi.org/10.1016/s0735-1097(00)01042-1
https://doi.org/10.1016/s0735-1097(00)01042-1
https://doi.org/10.1161/hh2301.100980
https://doi.org/10.1136/hrt.74.6.620
https://doi.org/10.1136/hrt.74.6.620
https://doi.org/10.1016/s0735-1097(99)00224-7
https://doi.org/10.1016/s0735-1097(99)00224-7
https://doi.org/10.1124/pr.115.011833
https://doi.org/10.1016/j.ahj.2020.07.007
https://doi.org/10.1016/j.ahj.2020.07.007


IJC Heart & Vasculature 39 (2022) 100980

7

[24] R.M. Gupta, J. Hadaya, A. Trehan, S.M. Zekavat, C. Roselli, D. Klarin, C.A. Emdin, 
C.R.E. Hilvering, V. Bianchi, C. Mueller, A.V. Khera, R.J.H. Ryan, J.M. Engreitz, 
R. Issner, N. Shoresh, C.B. Epstein, W. de Laat, J.D. Brown, R.B. Schnabel, B. 
E. Bernstein, S. Kathiresan, A Genetic Variant Associated with Five Vascular 
Diseases Is a Distal Regulator of Endothelin-1 Gene Expression, Cell 170 (3) (2017) 
522–533.e15, https://doi.org/10.1016/j.cell.2017.06.049. 

[25] T.J. Ford, D. Corcoran, S. Padmanabhan, A. Aman, P. Rocchiccioli, R. Good, et al., 
Genetic dysregulation of endothelin-1 is implicated in coronary microvascular 
dysfunction, Eur. Heart J. 41 (34) (2020) 3239–3252, https://doi.org/10.1093/ 
eurheartj/ehz915. 

[26] M.B. Miller, Y.W. Tang, Basic concepts of microarrays and potential applications in 
clinical microbiology, Clin. Microbiol. Rev. 22 (4) (2009) 611–633, https://doi. 
org/10.1128/CMR.00019-09. 

[27] D. Hemerich, S.W. van der Laan, V. Tragante, H.M. den Ruijter, G.J. de Borst, 
G. Pasterkamp, P.I.W. de Bakker, F.W. Asselbergs, Impact of carotid atherosclerosis 

loci on cardiovascular events, Atherosclerosis 243 (2) (2015) 466–468, https://doi. 
org/10.1016/j.atherosclerosis.2015.10.017. 

[28] H. Schunkert, I.R. König, S. Kathiresan, M.P. Reilly, T.L. Assimes, H. Holm, 
M. Preuss, et al., Large-scale association analysis identifies 13 new susceptibility 
loci for coronary artery disease, Nat. Genet. 43 (4) (2011) 333–338, https://doi. 
org/10.1038/ng.784. 

[29] S.K. Low, A. Takahashi, P.C. Cha, H. Zembutsu, N. Kamatani, M. Kubo, 
Y. Nakamura, Genome-wide association study for intracranial aneurysm in the 
Japanese population identifies three candidate susceptible loci and a functional 
genetic variant at EDNRA, Hum. Mol. Genet. 21 (9) (2012) 2102–2110, https:// 
doi.org/10.1093/hmg/dds020. 

[30] O. Canela-Xandri, K. Rawlik, A. Tenesa, An atlas of genetic associations in UK 
Biobank, Nat. Genet. 50 (11) (2018) 1593–1599, https://doi.org/10.1038/s41588- 
018-0248-z. 

G.R. Abraham et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.cell.2017.06.049
https://doi.org/10.1093/eurheartj/ehz915
https://doi.org/10.1093/eurheartj/ehz915
https://doi.org/10.1128/CMR.00019-09
https://doi.org/10.1128/CMR.00019-09
https://doi.org/10.1016/j.atherosclerosis.2015.10.017
https://doi.org/10.1016/j.atherosclerosis.2015.10.017
https://doi.org/10.1038/ng.784
https://doi.org/10.1038/ng.784
https://doi.org/10.1093/hmg/dds020
https://doi.org/10.1093/hmg/dds020
https://doi.org/10.1038/s41588-018-0248-z
https://doi.org/10.1038/s41588-018-0248-z

	Mechanistic study of the effect of Endothelin SNPs in microvascular angina – Protocol of the PRIZE Endothelin Sub-Study
	1 Introduction:
	1.1 Detecting and defining CMD
	1.2 Endothelin
	1.3 Genetic dysregulation of Endothelin-1 and microvascular angina

	2 Methods and analysis
	2.1 Patient selection:
	2.2 Study procedures
	2.3 Additional participant analyses
	2.4 MRI analysis for quantification of microvascular dysfunction

	3 Statistical consideration
	4 Ethics and dissemination plan
	5 Translational outlook and conclusion
	Declaration of Competing Interest
	Acknowledgement
	Appendix A: Inclusion and exclusion criteria for the main PRIZE trial.
	Appendix B Appendix A: Inclusion and exclusion criteria for the main PRIZE trial.
	References


