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Abstract

The REFLO-STEMI (REperfusion Facilitated by LOcal
adjunctive therapy in ST-Elevation Myocardial Infarction)
trial: a randomised controlled trial comparing intracoronary
administration of adenosine or sodium nitroprusside with
control for attenuation of microvascular obstruction during
primary percutaneous coronary intervention

Sheraz A Nazir,1 Jamal N Khan,1 Islam Z Mahmoud,2

John P Greenwood,3 Daniel J Blackman,3 Vijay Kunadian,4

Martin Been,5 Keith R Abrams,6 Robert Wilcox,7 AA Jennifer Adgey,8

Gerry P McCann1 and Anthony H Gershlick1*

1Department of Cardiovascular Sciences, University of Leicester and the National Institute for
Health Research (NIHR) Leicester Cardiovascular Biomedical Research Unit, Glenfield Hospital,
Leicester, UK
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Rayne Institute, BHF Excellence Centre, St Thomas’ Hospital, King’s College London, London, UK
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School of Medicine, University of Leicester, Leicester, UK

7Faculty of Medicine and Health Sciences, Queen’s Medical Centre, Nottingham, UK
8Heart Centre, Royal Victoria Hospital, Belfast, UK

*Corresponding author agershlick@aol.com

Background: Microvascular obstruction (MVO) predicts short- and longer-term outcomes following
primary percutaneous coronary intervention (PPCI) treatment of ST-elevation myocardial infarction (STEMI).
The evidence base supporting the role of adenosine and sodium nitroprusside (SNP), the most evaluated
adjunctive therapies aimed at attenuating MVO and infarct size, remains weak as the trials involved have
had variable end points and used differing drug doses and modes of delivery.

Objective: To determine whether intracoronary administration of adenosine or SNP following thrombus
aspiration reduces infarct size and/or MVO measured by cardiac magnetic resonance (CMR) imaging in
patients undergoing PPCI within 6 hours of onset of STEMI.

Design: Multicentre, prospective, parallel, randomised controlled and open-label trial with blinded end
point analysis.
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Setting: Four high-volume UK PPCI centres.

Participants: Patients with STEMI undergoing PPCI with Thrombolysis in Myocardial Infarction (TIMI) flow
grade 0/1 in the infarct-related artery and no significant bystander coronary artery disease on angiography.

Interventions: Participants were anticoagulated with bivalirudin and allocated by an automated 24-hour
telephone randomisation service to one of three groups: (1) standard PPCI (control), (2) PPCI with
adjunctive adenosine 1–2 mg or (3) PPCI with adjunctive SNP 250 µg. The study drugs were delivered
intracoronary immediately following thrombus aspiration and again following successful stenting.

Main outcome measures: The primary outcome was infarct size (% total left ventricular end-diastolic
mass; %LVM) measured by CMR imaging undertaken 48–96 hours post PPCI. Secondary outcome
measures included MVO (hypoenhancement within the infarct core) on CMR imaging, electrocardiographic
and angiographic markers of microvascular perfusion and major adverse cardiac events (MACEs) during a
median of 6 months’ follow-up. The study aimed to recruit 240 patients (powered at 80% to detect a 5%
absolute reduction in infarct size).

Results: The trial completed recruitment in April 2014 having randomised 247 patients (standard PPCI
group, n = 86; PPCI + adenosine group, n = 82; PPCI + SNP group, n = 79). In total, 79% of participants
were male and the mean ± standard deviation age of participants was 59.3 ± 12.3 years. CMR imaging
was completed in 197 (80%) patients (standard PPCI, n = 65; PPCI + adenosine, n = 63; PPCI + SNP,
n = 69) for the primary outcome. There was no significant difference in infarct size [%LVM, median,
interquartile range (IQR)] between the adenosine group (10.1, 4.7–16.2), the SNP group (10.0, 4.2–15.8)
and the control group (8.3, 1.9–14.0) (p = 0.062 and p = 0.160 vs. control, respectively). MVO (%LVM,
median, IQR) was similar across the groups [1.0, 0.0–3.7 (p = 0.205) and 0.6, 0.0–2.4 (p = 0.244) for
adenosine and SNP, respectively, vs. 0.3, 0.0–2.8 for the control]. Using per-protocol analysis, infarct size
(%LVM) was increased in adenosine-treated patients compared with control patients (12.0 vs. 8.3;
p = 0.031). Increased left ventricular volume and reduced left ventricular ejection fraction were also
observed in the adenosine arm. There was a significant increase in MACEs in patients undergoing
adenosine-facilitated PPCI compared with control patients, driven by heart failure, at 30 days [hazard ratio
(HR) 5.39, 95% confidence interval (CI) 1.18 to 24.60; p = 0.04] and 6 months (HR 6.53, 95% CI 1.46 to
29.2; p = 0.01) post randomisation.

Conclusions: High-dose intracoronary adenosine and SNP during PPCI did not reduce infarct size or MVO
measured by CMR imaging. Furthermore, adenosine may adversely affect mid-term clinical outcome and
should not be used during PPCI to prevent reperfusion injury.

Trial registration: ClinicalTrials.gov NCT01747174 and EudraCT 2010–023211–34.

Funding: This project was funded by the Efficacy and Mechanism Evaluation (EME) programme, a MRC
and NIHR partnership.
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Plain English summary

Heart attacks are often caused by a blood clot in a heart artery obstructing blood flow to heart muscle
but, despite removing this blockage, blood flow may not be fully restored because of poor flow in the

small distal branches supplying heart muscle. Heart specialists do not currently know how to prevent this,
although adenosine and sodium nitroprusside (SNP), two well-studied agents, may improve the blood
supply to heart muscle by limiting small vessel obstruction during treatment of a heart attack.

The REperfusion Facilitated by LOcal adjunctive therapy in ST-Elevation Myocardial Infarction (REFLO-STEMI)
study randomly allocated 247 patients presenting within 6 hours of a heart attack to (1) standard
angioplasty (control group), (2) standard therapy plus adenosine or (3) standard therapy plus SNP. The
effectiveness of the drugs was assessed using magnetic resonance imaging (MRI), which can accurately
quantify the amount of small vessel obstruction and heart muscle damage that will ultimately form scar
tissue. The degree of heart muscle damage and obstruction to blood flow on MRI are strongly related to
subsequent complications following a heart attack.

We found that the study drugs did not reduce either the amount of heart muscle damaged or the extent
of small vessel obstruction following a heart attack. There may even be a small increase in heart muscle
injury and a higher risk of heart failure during follow-up associated with high-dose adenosine given during
the treatment of a heart attack. Our study, therefore, discourages the use of high doses of adenosine to
prevent heart muscle injury.
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Scientific summary

Background

Outcomes following primary percutaneous coronary intervention (PPCI) for ST-elevation myocardial
infarction (STEMI) have improved incrementally through the implementation of evidence-based practice.
Challenges to attaining very low major adverse cardiovascular event (MACE) rates remain, however.
One issue may be suboptimal microvascular perfusion despite restoration of normal patency in the
infarct-related artery (IRA). This microvascular obstruction (MVO) occurs in at least 40–70% of STEMI
patients, impacts negatively on left ventricular (LV) recovery and leads to worse clinical outcomes
independently of infarct size. A number of pharmacological therapies should in theory attenuate MVO
severity, with adenosine and sodium nitroprusside (SNP) being the most studied agents. However,
heterogeneous trial design and lack of a sensitive method to detect MVO have led to conflicting results
and weakened the evidence base.

Objectives

The aim of our REperfusion Facilitated by LOcal adjunctive therapy in ST Elevation Myocardial Infarction
(REFLO-STEMI) trial was to assess whether adjunctive adenosine or SNP, administered locally to the IRA in
theoretically effective doses, attenuates MVO and reduces infarct size, measured optimally with inpatient
cardiac magnetic resonance (CMR) imaging.

Design

The REFLO-STEMI trial was a prospective, multicentre, randomised controlled, open-label trial with blinded
end point analysis testing to determine whether intracoronary (IC) adenosine 1–2 mg or SNP 250 µg pre
and post stenting compared with standard PPCI reduces infarct size and MVO measured by CMR imaging
undertaken 24–96 hours after revascularisation. Clinical follow-up was at a median of 6 months. The
primary end point was infarct size (% total left ventricular end-diastolic mass; %LVM) on CMR imaging.
CMR scans were read centrally with the readers blinded to treatment and clinical information.

Study population

All patients presenting within 6 hours of onset of STEMI at four regional tertiary cardiac centres (Leicester,
Leeds, Newcastle and Coventry) were potentially eligible.

Participants

Patients aged ≥ 18 years with STEMI ≤ 6 hours from symptom onset requiring PPCI with < 70% stenosis
in any non-IRAs and Thrombolysis in Myocardial Infarction (TIMI) flow grade (TFG) 0/1 at baseline
angiography were eligible. Patients were excluded if they had any of the following: (1) contraindications
to PPCI, CMR scanning, contrast agents or study medications, (2) systolic blood pressure < 90 mmHg or
cardiogenic shock, (3) previous Q wave myocardial infarction (MI), (4) culprit lesion not identified or located
in a bypass graft, (5) stent thrombosis, (6) left main stem disease, (7) severe asthma, (8) estimated
glomerular filtration rate (eGFR) < 30 ml/minute/1.73 m2 and (9) pregnancy.
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Interventions

All patients were treated with bivalirudin (0.75 mg/kg bolus plus infusion of 1.75 mg/kg/hour) and
thrombus aspiration. They were randomly assigned (using an independent computerised telephone
randomisation service), with stratification for symptoms to balloon time of < 3 hours or > 3 hours and
anterior MI or not, to one of the following three groups: (1) standard PPCI (control), (2) distal IC adenosine
(1 mg) via the thrombectomy catheter following thrombus aspiration with a second IC dose (1 mg if IRA
is right coronary artery or 2 mg if IRA is left coronary artery) following stent deployment via the guide
catheter or (3) IC SNP (250 µg) pre and post stenting (second dose via guide catheter). All patients received
standard medical care following PPCI.

Outcome measures

Primary
The primary outcome was CMR-measured infarct size (%LVM) at 48–72 hours post PPCI.

Secondary
Secondary outcomes were CMR incidence and extent of MVO (hypoenhancement within the infarct core);
myocardial salvage; incidence of haemorrhage; LV volumes and function in the acute stage; angiographic
markers of microvascular perfusion [corrected TIMI frame count (cTFC)and TIMI myocardial perfusion grade
(TMPG)]; incidence of complete (> 70%) and degree of ST-segment resolution (STR); enzymatic infarct size;
and overall major adverse cardiac events (MACEs) and their components at 1–6 months.

Results

In total, 247 patients were randomised, with 222 patients (89.9%) consenting to CMR imaging post PPCI.
A total of 207 patients (83.8%) had CMR attempted and 197 patients (79.8%) completed CMR for the
primary outcome measure of CMR-derived infarct size.

There were no differences in baseline characteristics between those who were randomised and those who
completed CMR imaging. Groups were generally well matched. A reduced incidence of hypercholesterolaemia
and statin use was observed in the control (standard PPCI without adjunctive pharmacotherapy) arm. There
was also a trend towards a greater incidence of diabetes in the SNP treatment arm. Groups were well
matched for infarct territory and, in particular, for anterior MI (randomisation stratified).

A high rate of use of radial vascular access and drug-eluting stents was noted in this contemporary PPCI
study. Thrombectomy was mandated as a precursor to drug delivery and the slightly lower thrombectomy
use observed in the control arm was not statistically significant. Intraprocedural complications were similar
across all groups. However, the incidence of transient atrioventricular (AV) block not requiring pacing was
greater in the control arm. There was a low incidence of AV block requiring pacing in this study (2.4% vs.
1.3% vs. 0% in the adenosine, SNP and control arms, respectively). A significantly higher rate of transient
hypotension [not requiring vasopressor or intra-aortic balloon-pump (IABP) support] was observed in the
SNP arm (p = 0.028). Other complications were as expected as a consequence of STEMI and were similar
across the groups. There was no statistically significant difference in enzymatic infarct size between
the groups.

The incidence of angiographic slow-flow or no-reflow (TFG < 3 or final visual TMPG 0–1) was low and
similar across groups and was consistent with the quantitative angiographic [myocardial blush grade (MBG)
and cTFC] and electrocardiographic (STR > 70%) assessment of microvascular tissue perfusion. There were
no statistically significant differences between these markers of MVO post PPCI.

SCIENTIFIC SUMMARY
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There was no statistically significant difference in the primary outcome measure of unadjusted infarct size
LVM between the adenosine- or SNP-facilitated PPCI group and the control group. Infarct location was the
only confounder associated with infarct size. On multivariable regression analysis, adjusting for significant
confounders, there was a trend towards a significant increase in mean infarct size in the adenosine group
[mean difference 2.73, 95% confidence interval (CI) –0.18 to 5.64; p = 0.066] compared with the control
group. This was not seen in the SNP group.

Microvascular obstruction was present on late gadolinium enhancement (LGE) images (late MVO) in 67%
of patients. The presence of late MVO was significantly higher in the SNP arm than in the control arm
(75.4% vs. 56.9%; p = 0.029). However, there was no statistically significant difference in quantitative
late MVO between the two groups (p = 0.244). Quantitatively, late MVO appeared to be higher in the
adenosine-treated arm than in the control arm, although, again, this was not statistically significant. Other
CMR imaging parameters of microvascular injury were similar between the groups. For both early and late
MVO, none of the potential confounders was identified as being of statistical importance by the forward
selection procedure.

An increase in LV volumes was observed in the adenosine arm compared with the control arm and this
was accompanied by a borderline significant reduction in ejection fraction. LV volumes and function were
similar in the SNP-treated and standard PPCI arms.

Diagnostic quality T2-weighted short-tau inversion recovery (T2w-STIR) (oedema) imaging, required for
area-at-risk (AAR) estimation and derivation of the myocardial salvage index (MSI), was obtainable in only
109 patients (55%). There was no significant difference in MSI between groups for those in whom
oedema assessment was performed.

Echocardiography was performed at 3 months in 108 (44%) subjects (n = 44 adenosine group, n = 30 SNP
group, n = 34 control group). The ejection fraction [%, median, interquartile range (IQR)] was significantly
higher in the control arm (58.5, 54.5–64.0) than in the adenosine arm (53.5, 41.3–60.0; p = 0.010) and
SNP arm (51.5, 45.0–61.0; p = 0.015).

Patients were followed up for a median of 6 months. In total, 232 patients (94%) completed follow-up
(four patients died before follow-up was completed, four patients withdrew consent, five patients refused
follow-up and two patients were lost to follow-up). There was a significant increase in MACEs in patients
undergoing adenosine-facilitated PPCI compared with control patients, driven by heart failure, at 30 days
[hazard ratio (HR) 5.39, 95% CI 1.18 to 24.60; log-rank p = 0.04] and 6 months (HR 6.53, 95% CI 1.46 to
29.2; log-rank p = 0.01) post randomisation. There was no statistically significant difference in bleeding
between groups.

Almost one in five patients randomised to drug-facilitated PPCI did not receive the second dose of study
drug post-stent deployment as a result of increased corrected QT interval (QTc) following the first dose
(a predefined safety precaution). Consequently, secondary analysis per protocol was performed; patients who
received both doses of study drug in the adenosine arm as per protocol had an even stronger statistically
significant signal of harm in CMR parameters than patients in the control arm. Infarct size was increased in
adenosine-treated patients compared with control patients (p = 0.031) and increased LV volumes and
reduced ejection fraction were also observed in the adenosine arm. Considering only patients who received
both doses of study drug, time to first event analysis again showed a statistically significant increased HR for
adenosine-facilitated PPCI compared with the control group at 30 days (HR 5.91, 955 CI 1.28 to 27.25;
log-rank p = 0.036) and 6 months (HR 7.31, 95% CI 1.62 to 33.0; log-rank p = 0.008) post randomisation.

Survival analysis demonstrated a clear signal of increased hazard with adenosine-facilitated PPCI compared
with the control. Our clinical outcome data are consistent with the CMR imaging data (increased LV
volumes, reduced ejection fraction and increased infarct size), which together suggests possible adverse LV
remodelling with adenosine treatment leading to worse clinical outcomes than with standard PPCI (control).
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Conclusions

The REFLO-STEMI trial was a well-designed trial that tested two drugs, adenosine and SNP, in appropriate
doses and delivered locally, and used a sensitive marker (CMR imaging) of the potential impact of these
drugs on flow and therefore infarct size. There was no demonstrated efficacy with either drug. However,
an increase in MACEs rate was observed with adenosine, which we believe to be real. Our study suggests
that high-dose IC adenosine delivered during PPCI treatment of STEMI may lead to cardiac toxicity and
adverse outcome. Accordingly, high-dose IC adenosine should not be used in the setting of PPCI to
prevent reperfusion injury.

Trial registration

This trial is registered as ClinicalTrials.gov NCT01747174 and EudraCT 2010–023211–34.

Funding

This project was funded by the Efficacy and Mechanism Evaluation (EME) programme, a MRC and
NIHR partnership.
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Chapter 1 Introduction

Ischaemic heart disease is a leading cause of morbidity and mortality worldwide, with more than 100,000
patients presenting with ST-elevation myocardial infarction (STEMI) in the UK each year.1 Timely delivered

primary percutaneous coronary intervention (PPCI) has become the primary reperfusion therapy for STEMI
in the USA and Europe.2 However, this interventional technique has not abolished the unpredictable
phenomenon of no-reflow and the underappreciated, but potentially equally important, syndrome of
abnormal epicardial-microvascular obstruction (MVO).

Microvascular obstruction describes abnormal tissue perfusion and/or coronary blood flow despite normal
patency of the infarct-related artery (IRA).3 This can result in persistent myocardial injury and necrosis
through interacting processes. Distal microembolisation of thrombus and plaque debris, activation of the
inflammatory cascade, neutrophil plugging, toxic free-radical generation and capillary obstruction by
intraluminal (endothelial protrusion by cell swelling and cellular infiltrate rich in red blood cells, platelets
and granulocytes) and extraluminal (compression from surrounding oedematous myocytes) mechanisms
promote poor perfusion and irreversible injury to potentially viable myocytes.3–10 These ultrastructural and
functional changes result in a spectrum of MVO that, as detected by cardiac magnetic resonance (CMR)
imaging, manifests in up to 70% of patients with STEMI treated with PPCI.11–17 Although the incidence of
MVO varies between studies, presumably because of a combination of modifiable and non-modifiable
patient-related factors, its presence been reported to be associated with major adverse cardiac event
(MACE) rates of up to 30% at 1 month and 60% at 12 months.12

Manual thrombectomy has been shown to improve angiographic microvascular flow irrespective of the
presence of visible thrombus18 and to reduce infarct size and preserve microvascular integrity assessed
by CMR imaging,19 leading to improved left ventricular (LV) function and tissue perfusion assessed by
myocardial contrast echocardiography (MCE).20 However, there is conflicting evidence whether this leads to
overall improved clinical outcomes, although the large ongoing TOTAL trial [randomized trial of routine
aspiration ThrOmbecTomy with percutaneous coronary intervention (PCI) versus PCI ALone in patients with
ST-elevation myocardial infarction undergoing primary PCI] will provide further insights.21–27 Glycoprotein IIb/
IIIa (GPIIbIIIa) inhibitors further reduce infarct size and improve markers of microvascular perfusion in STEMI
patients undergoing PPCI.28–30 Bivalirudin has been shown in the ACUITY (Acute Catheterization and Urgent
Intervention Triage strategY)31 and HORIZONS-AMI (Harmonizing Outcomes with RevascularIZatiON and
Stents in Acute Myocardial Infarction)32 trials to provide similar efficacy with less bleeding and even reduced
mortality compared with unfractionated heparin plus GPIIbIIIa receptor inhibitors in high-risk patients
undergoing PPCI. However, residual mortality and subsequent MACE rates suggest that there is room for
improvement even in those patients who do not demonstrate slow-flow or no-reflow angiographically.

Basic understanding of the MVO process has led to the evolution of several treatment regimens designed
to improve outcome, including the use of vasodilators,33–41 albeit mostly in clinical trials. Of these, sodium
nitroprusside (SNP)13,42–49 and adenosine44,50–62 and their effects on attenuating or preventing MVO have
been the most studied. The randomised controlled trials of adenosine and SNP in PPCI are presented in
Appendix 1. Adenosine, aside from being a potent vasodilator,63 may have additional benefits because of
its pleiotropic effects: the anti-inflammatory action of adenosine is well recognised64,65 and its ability to
block the neutrophil-mediated processes that promote MVO may explain the reduction in reperfusion
injury seen with intracoronary (IC) adenosine in canine infarct models.66 Similarly, SNP, a direct nitric oxide
(NO) donor that requires no intracellular metabolism,67 utilises NO’s multiple vascular functions. These
include vasodilatation of arterioles, inhibition of platelet adhesion and anti-inflammatory activity,68 which
effectively reduce no-reflow in animal reperfusion injury models.69,70 SNP and adenosine have, in some
trials, demonstrated a favourable improvement in electrocardiographic and angiographic markers of
microvascular perfusion, as well as improvements in short-term MACE rates.42,44,55,71 The randomised and
placebo-controlled Acute Myocardial Infarction STudy of ADenosine (AMISTAD)-II trial sought to determine
the benefits of adenosine in 2118 patients presenting within 12 hours of onset of anterior STEMI treated
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with thrombolysis (60%) or PPCI (40%).59 Infarct size and adverse clinical events were reduced in a
subgroup who received a higher (70 µg/kg/minute) dose of adenosine and in those reperfused within
3 hours of symptom onset. This trial, although the largest to date, has a number of limitations in addition
to the mixed reperfusion strategy cohort: (1) adenosine was administered by intravenous infusion after
the PPCI, (2) infarct size was measured relatively late after presentation in only 11% of patients and
by technetium-99m sestamibi single-photon emission computed tomography (SPECT), which may
underestimate infarct size compared with CMR imaging, and (3) no measure of myocardial salvage was
obtained. Overall, the AMISTAD-II study appears not to be applicable in the modern PPCI era.

The effects of adenosine on the coronary microcirculation during STEMI have been assessed using CMR
imaging in only one previous study. Desmet et al.51 assessed whether IC administration of adenosine,
distal to the occlusion site and immediately before initial balloon inflation, resulted in increased myocardial
salvage and decreased MVO compared with placebo on CMR imaging at 48–72 hours post PPCI in
112 patients. They reported no significant difference in myocardial salvage between the two groups (41.3%
vs. 47.8%; p= 0.52). MVO extent, angiographic markers of reperfusion and infarct size at 4 months were
also similar in both groups. Interestingly, the authors reported a statistically significant benefit in favour of
adenosine in patients with Thrombolysis in Myocardial Infarction (TIMI) flow grade (TFG) 2–3 pre PPCI. This
suggested that establishing flow prior to adenosine delivery was beneficial and perhaps necessary for the drug
to have a clinical effect. As thrombectomy was not performed in this study, it is possible that adenosine may
have been ineffective because of a combination of its short half-life and failure to reach the distal vascular
bed. In addition, more patients had an anterior myocardial infarction (MI) in the adenosine group (48% vs.
33%). Anterior STEMI is known to be associated with larger infarct sizes, reduced myocardial salvage and
increased LV remodelling.72 Moreover, the spontaneous reperfusion rate was high (28%) in this study, evident
as TFG 2–3 prior to PPCI. The placebo group had almost twice as many patients with established TFG 2–3
prior to PPCI and this is known to be associated with higher myocardial salvage and reduced infarct size.
Finally, the expression of MVO indexed to the area at risk (AAR) rather than infarct size or total LV mass has
not been described previously in the evidence base and is unexplained in this study.

Although benefits have been shown for both adenosine and SNP in smaller trials, the results of such studies
have been largely conflicting and hence there is currently no consensus on the value of routine administration
of adjunctive pharmacotherapeutic agents to prevent or reduce MVO. In fact, a recent Cochrane review73

found that adenosine, when given as an adjunct during PPCI, did not reduce all-cause mortality, non-fatal MI
or the incidence of angiographic no-reflow. However, the authors conceded that the evidence base was
limited and highlighted the need for further research with larger high-quality trials. Heterogeneity in trial
design (small numbers of participants, suboptimal drug dosages, inadequate antiplatelet therapy and variably
chosen end points often lacking imaging confirmation of MVO and infarct size) has resulted in contradictory
outcome data that may not be clinically applicable. Consequently, there is divergent clinical practice, even
within institutions. Furthermore, the incidence of no-reflow/MVO remains difficult to predict on coronary
angiography alone. It could be argued that, given the strong relationship between MVO and prognosis,
prophylactic prevention of MVO should be considered in all patients presenting with STEMI, irrespective of the
thrombus burden, with delivery of agents theoretically able to reduce MVO.

The failure of some previous randomised clinical trials to show a reduction in MVO may in part be related
to factors other than clinical efficacy. The lack of a sensitive imaging modality to detect MVO and the
failure to deliver vasoactive agents close to the microvascular bed may potentially have reduced their
therapeutic impact.

We therefore designed the REperfusion Facilitated by LOcal adjunctive therapy in ST-Elevation Myocardial
Infarction (REFLO-STEMI) study to evaluate whether adjunctive adenosine or SNP, administered in two
doses (the first optimally delivered by distal IC injection following thrombectomy), would be effective in
preventing MVO and reducing infarct size, as determined using the sensitive measure of CMR imaging,
in patients undergoing PPCI for STEMI.74

INTRODUCTION
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Chapter 2 Research objectives

The original research objective of the REFLO-STEMI trial was to determine whether IC adenosine
and/or SNP reduces CMR-measured infarct size (% total left ventricular end-diastolic mass; %LVM)

at 48–72 hours post PPCI.

Secondary questions were as follows.

1. What is the expected size of effect of both SNP and adenosine on MVO (incidence and absolute
reduction in MVO as %LVM)?

2. What is the CMR incidence and extent of MVO (%LVM) at 48–72 hours post PPCI?
3. What is the impact of the study drugs on the CMR-measured myocardial salvage index (MSI),

haemorrhage, left ventricular ejection fraction (LVEF) and volumes in the acute stage?
4. Does administration of IC adenosine and/or SNP reduce angiographic markers of MVO?
5. What is the incidence of angiographic slow-flow/no-reflow after PPCI with the three different

management strategies?
6. Is there a difference in the incidence of complete (> 70%), and degree of, ST-segment resolution (STR)

between the three treatment arms?
7. Do the study agents affect overall MACE rates and their components at 6 months, namely death, need

for target lesion revascularisation, recurrent MI, severe heart failure and cerebrovascular event?
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Chapter 3 Methods

Study design

The REFLO-STEMI trial was a multicentre randomised controlled open-label clinical trial undertaken in four
regional cardiac centres in the UK. All patients presenting within 6 hours of symptom onset of STEMI, who
were suitable for reperfusion by PPCI and had a baseline corrected QT interval (QTc) of < 450 milliseconds
on admission electrocardiography (to limit the risk from the possible QT prolongation effect of the study
drugs), were provisionally eligible to participate in the study. TFG 0–1 in the IRA and no flow-limiting
bystander disease (i.e. no stenosis ≥ 70% in non-IRAs) were prerequisites for randomisation. Full eligibility
criteria are provided in Table 1. Following verbal consent (also referred to as assent75,76), patients were
randomised 1 : 1 : 1 to adjunctive IC adenosine, SNP or control (standard PPCI alone) by a member of the
research team using a dedicated 24/7 computerised telephone service (provided by the Sealed Envelope
Ltd, London, UK) with stratification by (1) symptoms to balloon of < 3 hours or ≥ 3 hours and (2) anterior
infarction or not.

In all cases PPCI was performed in line with accepted practice with transradial or femoral arterial access using
6 and 7 Fr sheaths. Patients were pretreated with dual antiplatelet therapy with aspirin (300-mg loading
dose and 75 mg/day maintenance dose) and prasugrel (60-mg loading dose and 10 mg/day maintenance
dose)77,78 or ticagrelor (180-mg loading dose and maintenance dose of 90 mg twice daily), given for up to
12 months.79–81 Bivalirudin was administered to all patients (0.75-mg/kg bolus plus infusion of 1.75 mg/kg/hour)
[as was standard practice then, i.e. prior to the HEAT-PPCI (How Effective are Antithrombotic Therapies in
Primary Percutaneous Coronary Intervention) trial82] in the absence of specific contraindication, with dose
reduction for renal insufficiency, and was discontinued at the completion of PPCI (but could have been
continued for 4 hours if clinically indicated). For patients randomised to an intervention arm, following
manual thrombectomy and thorough flushing of the catheter the first drug dose (adenosine 1 mg or SNP
250 µg) was injected as distally as possible via the thrombus aspiration catheter. Immediately following stent
deployment, and providing a repeat measure of QTc was < 450 milliseconds and remained < 60 milliseconds
above the baseline value, the second drug dose (1 mg of adenosine if the IRA was the right coronary artery
(RCA); otherwise, 2 mg of adenosine or 250 µg of SNP) was given by slow injection (> 1 minute) via the
guide catheter. Administering the second drug dose distal to the stent via the thrombectomy catheter had
been considered in the trial planning phase but the risk associated with crossing the stent with the
thrombectomy catheter was thought to outweigh the benefit of distal drug delivery.

TABLE 1 Eligibility criteria

Inclusion criteria Exclusion criteria

l ≥ 18 years of age
l Informed assent (verbal consent) prior to angiography
l STEMI presenting within 6 hours of symptom onset

requiring PPCI
l Single-vessel coronary artery disease (non-culprit

disease < 70% stenosis at angiography)
l TIMI flow 0/1 at angiography
l QTc < 450milliseconds

l Contraindications to PPCI, CMR imaging, contrast
agents or study medications

l SBP ≤ 90 mmHg
l Cardiogenic shock
l Previous Q-wave MI
l Culprit lesion not identified or located in a bypass graft
l Stent thrombosis
l Left main disease
l Known severe asthma
l Known stage 4 or 5 chronic kidney disease

(eGFR < 30ml/minute/1.73 m2)
l Pregnancy

eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure.
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The electrocardiogram (ECG) was recorded and retained at each angiography time point. The degree of
STR was determined from 12-lead ECGs acquired pre and post PPCI and categorised as complete (> 70%),
partial (30–70%) or no (< 30%) STR.17,83 The maximal sum of ST-segment elevation, measured
60 milliseconds after the J point, was calculated from three contiguous leads in the infarct territory.

Angiographic images were acquired at 30 frames per second with long acquisitions (to visualise the venous
phase in contrast passage) in orthogonal views before intervention and after stenting (at the time of the
final/optimal angiographic result) to enable determination of angiographic markers of MVO offline at a
core laboratory (Newcastle University); TIMI myocardial perfusion grade (TMPG) was assessed visually
as previously described84,85 (Table 2). Digital quantification of myocardial perfusion or ‘blush’ was
performed using QuBE (Quantitative Blush Evaluator) version 1.0 software (University of Groningen, the
Netherlands);86 corrected TIMI frame count (cTFC) was calculated as the number of cine frames needed for
the dye to reach standardised distal landmarks, to objectively evaluate coronary blood flow as a continuous
variable.87,88 The final TFG < 3 (Table 3) was also taken to represent angiographic MVO post PPCI.89

Thrombus score was reported according to TIMI criteria (Table 4).90 A list of angiographic markers of MVO
assessed is provided in Table 5.

TABLE 2 Thrombolysis in myocardial infarction myocardial perfusion grade84

TMPG Definition

0 Failure of dye to enter the microvasculature

1 Dye slowly enters but fails to exit the microvasculature

2 Delayed entry and exit of dye from the microvasculature

3 Normal entry and exit of dye from the microvasculature

TABLE 4 Thrombolysis in myocardial infarction thrombus score90

TIMI thrombus score Definition

0 No characteristics of thrombus

1 Possible thrombus, as reduced contrast density, haziness, irregular lesion contour
or a smooth convex ‘meniscus’ at the site of total occlusion suggestive but not
diagnostic of thrombus

2 Definite thrombus, with greatest dimensions less than half vessel diameter

3 Definite thrombus, greatest linear dimension greater than half but less than two
vessel diameters

4 Definite thrombus, largest dimension greater than two vessel diameters

5 Total occlusion

TABLE 3 Thrombolysis in myocardial infarction flow grade classification89

TFG Definition

0 No perfusion

1 Penetration without perfusion

2 Partial perfusion

3 Complete perfusion

METHODS
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Following the PPCI procedure, and when clinically stable, patients were provided with a detailed patient
information leaflet and were then asked for written informed consent to continue participation in the trial.
A 20% dropout rate (high allowance because of the CMR imaging component) between PPCI and CMR
imaging was allowed for. Studies on informed consent in acute MI patients have suggested that oral
information is far better received, processed and recalled by patients than written information.92,93 In the
ISIS-4 (Fourth International Study of Infarct Survival) patient cohort, 95% of participants recalled receiving
the oral information whereas only 37% recalled receiving the written consent form.92 Furthermore, only
18% of 346 patients prospectively studied reported reading the patient information sheet before providing
or refusing consent to participate in the Hirulog and Early Reperfusion or Occlusion (HERO)-2 acute MI
trial.93 Of particular note is that patients who gave consent were more likely to report good or partial
understanding of the written material than those who refused consent. This raises the possibility of
selection bias at the time of consent. Consequently, we believe that verbal explanation of a trial may be a
more effective and valuable source of information than a written consent form in the emergent situation
of STEMI, when treatment must be provided without undue delay. This approach has also been
successfully used in two recent STEMI trials.75,76

Blood samples were drawn at baseline and at 4, 12 and 24 hours after PPCI for cardiac enzyme [creatine
kinase MB isoenzyme (CK-MB) and troponin] estimation and pre discharge for N-terminal pro-brain
natriuretic peptide (NT-proBNP) estimation. Electrocardiographic recording was undertaken at 90 minutes,
24 hours and pre discharge. All patients were commenced on a beta-blocker, angiotensin-converting
enzyme (ACE) inhibitor and high-dose statin in addition to dual antiplatelet therapy, unless contraindicated,
according to international guidelines.1

Patients underwent CMR imaging at 48–72 hours after presentation with STEMI on a 3.0-T scanner with
retrospective electrocardiographic gating and dedicated cardiac receiver coils at each of the four participating
centres (Figure 1) to provide the primary end point.94,95 Prior to contrast administration, T2-weighted
short-tau inversion recovery (T2w-STIR) imaging with coil signal intensity correction was performed in long-axis
(LAX) views and contiguous short-axis (SAX) slices covering the entire left ventricle to assess for oedema
(AAR). Three SAX (base, mid and apical) tagged images were acquired using a prospectively gated spatial
modulation of magnetisation (SPAMM) gradient-echo sequence. Early gadolinium enhancement (EGE) imaging
was acquired 1–3 minutes after administration of 0.15mmol/kg of gadolinium-DTPA (diethylenetriamine
penta-acetic acid) (Magnevist®; Bayer) using a single-shot inversion-recovery gradient-echo sequence. Functional
assessment of LVEF and LV volumes and mass was according to current standards with the use of a steady-state

TABLE 5 Study outcome measures

Type of outcome measure Outcome measure

CMR imaging parameters l CMR-measured infarct size (%LVM) (primary outcome)
l Incidence and extent of MVO (%LVM)
l MSI
l Intramyocardial haemorrhage
l LVEF and LV volumes

Angiographic markers of MVO l TFG89

l cTFC87,88

l TMPG84,85,91

l Computer-assisted myocardial blush quantification using QuBE software86

l Incidence of angiographic slow-flow/no-reflow after PPCI

Electrocardiography l Degree of STR on electrocardiography17,83

Echocardiography l LV function at baseline and 3 months

Subanalyses l Overall MACE rate and its components at 1 month: death, need for TLR,
recurrent MI, severe heart failure and CVE

CVE, cerebrovascular event; TLR, target lesion revascularisation.
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free precession (SSFP) cine pulse sequence covering the whole left ventricle with 8–12 contiguous SAX slices.
Late gadolinium enhancement (LGE) imaging96 was then performed in LAX (two-/three-/four-chamber) views
and contiguous SAX slices covering the whole left ventricle. LGE images were acquired 10–15 minutes post
contrast using a segmented inversion-recovery gradient-echo sequence. The inversion time was progressively
adjusted to null unaffected myocardium. The full study outcome measures are listed in Table 5.

Cardiac magnetic resonance analysis, blinded to patient details, was undertaken in a central core lab
(University of Leicester) using cmr42 software (Circle Cardiovascular Imaging, Calgary, AB, Canada).
Anonymised CMR images were graded for image quality before analysis using a 4-point scale
(4 = excellent, 3 = good, 2 =moderate and 1 = non-analysable). Endocardial and epicardial borders were
manually contoured on contiguous SAX LV slices, excluding papillary muscles, trabeculae and blood-pool
artefact, for LV volumetric, AAR and infarct size analyses. Infarct was identified as enhancement on LGE
images and quantified using the full-width half-maximum (FWHM) technique.97 MVO was defined (and
quantified) as hypoenhancement within infarcted myocardium, as determined from LGE images, and was
included in the total infarct size. Myocardial oedema was quantified using semi-automatic thresholding,
defining AAR as enhancement within myocardium of signal intensity > 2 standard deviations (SDs) above
that of a region of interest contoured in remote myocardium. Hypoenhanced areas within the AAR were
regarded as intramyocardial haemorrhage (IMH). The MSI was calculated as 100 × [(AAR – infarct size)/
AAR]. Infarct size, MVO, AAR and IMH were expressed as %LVM and LV volumes were indexed to body
surface area. Intra- and interobserver variability is reported for the primary outcome measure. The tagging
data will be analysed as a separate substudy and presented in a separate publication.

LGE 4C, 2C, 3C, SAX
(10 minutes)

Gradient echo, 10-mm ST
(no gap), matrix 192 × 256, FOV
300 × 400 mm, flip angle 20º, 

TR = RR – 100 milliseconds,
TE 2.0 milliseconds, TI set to null myocardium

(typically 300 – 400 milliseconds)

3T

Localisers
(5 minutes)

Turbo/fast spin
echo, VLA, HLA, SA

localisers

START

Cine 4C, 2C, 3C
(5 minutes)

SSFP, 8-mm ST, matrix 256 × 80

T2w–STIR 4C, 2C, 3C, SAX
(10 minutes)

10-mm ST (no gap), TR = 2 × RR,
TE 60 milliseconds, matrix 256 × 80, 
FOV 260 – 310 mm × 350 – 400 mm,

ETL 20 – 35

Tagging
(5 minutes)

SPAMM,
base, mid and apex

temporal resolution – 
50 milliseconds

0.15 mmol/kg gadolinium contrast
(gadopentetate or gadoterate)

EGE
(5 minutes)

Gradient echo, fixed TI
440 milliseconds

Cine SAX
(10 minutes)

SSFP, 8-mm ST (2-mm gap),
 matrix 208 × 256,

 FOV 280 × 350 × 320 – 400 mm,
flip angle 46º, TR 4.3 milliseconds,

TE 1.5 milliseconds

FIGURE 1 Cardiac magnetic resonance imaging protocol. 2C, 3C, 4C, two-, three- and four-chamber LAX views.
EGE, early gadolinium enhancement; ETL, echo train length; FOV, field of view; HLA, horizontal long axis; RR, ECG
RR interval; SA, short axis; SPAM, spatial modulation of magnetisation; SSFP, steady-state free precession; ST, slice
thickness; TE, echo time; TI, inversion time; TR, repetition time; VLA, vertical long axis.

METHODS
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All patients were followed up for at least 1 month following randomisation and throughout the course
of the study until the last patient recruited to the trial had completed the 1-month follow-up. Median
follow-up is reported. Patients were also flagged with the Office for National Statistics to ensure capture
of mortality data. Most adverse events were expected as recognised complications of STEMI or the
revascularisation procedure. Such events were recorded for the evaluation of outcome measures and for
safety monitoring. Definitions of important adverse events are provided in Table 6. Investigators were
required to notify the co-ordinating centre (University Hospitals of Leicester NHS Trust, UK) within 24 hours
if any of the following adverse events occurred: death; a serious deterioration in a patient’s health that
resulted in a life-threatening injury or illness; an event resulting in permanent impairment of a body
structure or function; an event resulting in medical or surgical intervention to prevent permanent
impairment to a body structure or function; or an event prolonging inpatient hospitalisation. On receipt of
notification of any trial adverse or clinical event, the co-ordinating centre requested additional details
specific to the nature of the event and carefully monitored the episode. A clinical events committee was
established to review and adjudicate key trial adverse events, blinded to patient details and treatment
allocation, using original source documents.

Statistical methods

Demographics are presented and values of infarct size and MVO are summarised, both overall and by
treatment group. The distribution of continuous variables, including infarct size, was investigated and
when found to be non-normally distributed was log-transformed prior to analysis. Normally distributed
continuous variables were expressed as mean ± SD and compared using linear mixed models.

TABLE 6 Definitions of adverse events

Adverse event Definition

Cardiogenic shock Systolic blood pressure < 90mmHg for at least 30 minutes (or the need for supportive
measures to maintain a systolic blood pressure of > 90mmHg) in the presence of a heart
rate of > 60 beats/minute in association with signs of end-organ hypoperfusion (cold
extremities, low urinary output of < 30ml/hour and/or mental confusion)

MI MI was defined differently in specific clinical situations in this trial. The European Society of
Cardiology (ESC) and American College of Cardiology (ACC) criteria for acute, evolving or
recent MI were applied98

Reinfarction Further chest pain during the index admission lasting > 20 minutes accompanied by new
electrocardiographic changes (new Q waves > 0.04 seconds or ST-segment elevation
> 0.1 mV in two leads for > 30 minutes), further enzyme rise or both

Recurrent MI A ≥ 20% rise in the value of the biomarker measured serially 6–12 hours apart, provided the
absolute value was greater than the 99th percentile upper reference limit. For patients who
died and for whom no cardiac markers were obtained, the presence of new ST-segment
elevation and new chest pain would meet criteria for MI

Contrast-induced
nephropathy

A 25% increase in serum creatinine concentration from the baseline value or an absolute
increase of at least 0.5 mg/dl (44.2 µmol/l), appearing within 48 hours of administration of
contrast media and maintained for 2–5 days99–101

Cerebrovascular events Stroke was defined as a new focal neurological deficit of presumed vascular aetiology
persisting for > 24 hours combined with a neurological imaging study that did not indicate a
different aetiology. Transient ischaemic attack was any focal ischaemic neurological deficit of
abrupt onset, which resolved completely within 24 hours

Severe heart failure Early heart failure: any new-onset cardiogenic shock or heart failure occurring after
randomisation and during the index admission with radiographic evidence of pulmonary
oedema requiring intravenous diuretic therapy. Late heart failure: admission to hospital for
treatment for documented New York Heart Association (NYHA) class III or IV heart failure

Major bleeding Defined according to the TIMI criteria as fatal bleeding, any intracranial bleeding or clinically
overt signs of haemorrhage associated with a drop in haemoglobin of ≥ 50 g/l
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Non-normally distributed data were presented as median (25th–75th quartiles) and compared using
non-parametric methods such as the Mann–Whitney or the Kruskal–Wallis test.

Primary analysis was by intention to treat (ITT) with a secondary analysis by treatment received, that is, per
protocol. Patients entering into the study but not completing the CMR imaging continued to be followed
up for MACEs on an ITT basis. For continuous outcomes, including infarct size, t-tests were used to
compare means between groups; comparison between the groups for categorical outcomes was
undertaken using chi-squared tests. Each drug was compared with the control (i.e. adenosine vs. control
and SNP vs. control). Multivariable analysis using linear regression took into consideration possible
confounders such as sex, age and other comorbidities. The major confounders of location of infarct
(anterior/non-anterior) and time from symptom onset to reperfusion were addressed by the stratified
randomisation process. Other important confounders, such as collateral blood flow to the infarct territory
determined by the Rentrop score,98 were assessed in the statistical analysis using a forward selection
procedure using a statistical significance level of 5%.

Secondary end point analysis employed time-to-event Cox proportional hazards regression models to
investigate potentially important predictors of first MACE (both at 30 days and at the end of the study)
and obtain unadjusted and adjusted hazard ratios (HRs) together with 95% confidence intervals (CIs) for
adenosine compared with control and SNP compared with control. Further analyses investigating the
incremental benefit of infarct size in predicting first MACE at 30 days used Cox proportional hazards
regression models to derive a linear predictor, which was then summarised using a receiver operating
characteristic curve together with the area under the curve and 95% CI.

Sample size

Sample size was based on previous observations of a significant correlation between the extent of
CMR-measured MVO and infarct size (which on average is 20% of LVM as detected by CMR imaging after
PPCI).17 As there were no available data regarding the incidence of MVO with the study drugs assessed
by CMR imaging, and because of the wealth of published data on infarct size following PPCI, we chose
infarct size as the primary end point of the trial. Infarct size is a powerful predictor of ventricular function,
adverse LV remodelling and short- to medium-term clinical outcome.14,16,17,102–114 Furthermore, new infarct
size of 4% of LVM has been shown to be associated with adverse prognosis in patients with coronary
artery disease undergoing revascularization-related injury.115 To detect a reduction in infarct size from 20%
to 15% of LVM, assuming a SD of 10%,19,105,111,112,116–120 α of 0.05, two-tailed, 80% power and a drop-out
rate of 20% between PPCI and CMR, 80 subjects per group (240 in total) were required. It should be
noted that the original sample size was set at 297 patients (99 in each group) based on 90% power.
There were many challenges during the recruitment phase, which was difficult for this study. Consequently,
we approached the funding body for an extension to the trial with an associated request for additional
funding. Unfortunately the request was denied and, hence, to deliver a meaningful trial, the power and
sample size of the study were reduced. However, our statistician, and the National Institute for Health
Research (NIHR) study progress review body, felt that the reduction in power from 90% to 80% would not
affect the final results.

Patient and public involvement

As this grant application went through a fast-track application there was limited time to involve service
users. However, the study was presented to the patient and public involvement (PPI) group of the NIHR
Leicester Cardiovascular Biomedical Research Unit and was welcomed. A layperson from the public
volunteered to join the Trial Steering Committee (TSC) and regularly attended meetings. Co-investigators
spoke at regional PPI meetings about active CMR studies and heart disease, including the REFLO-STEMI trial.

METHODS
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Patients who were recruited to the study were given the opportunity to have a one-to-one meeting
following their CMR imaging to discuss their CMR and angiographic images. They also had the
opportunity to ask any questions that they had in a relaxed atmosphere, which was well received
and appreciated.

Once the study results have been published the study will be presented at our local and regional PPI
meetings to help disseminate the findings.

Study organisation

This project was funded by the Medical Research Council (MRC) through the Efficacy and Mechanism
Evaluation (EME) Board (project number 09/150/28) and managed by the NIHR on behalf of the
MRC–NIHR partnership. The trial sponsor was the University Hospitals of Leicester NHS Trust. Trial support
was provided by the Leicester Clinical Trials Unit [UK Clinical Research Collaboration (UKCRC) ID 43],
which was responsible for database provision, data management and statistical analysis. The study was
overseen by a TSC, with an independent chairperson and two additional independent members. Safety
data (particularly unexpected adverse events and protocol violations) were scrutinised by an independent
Data and Safety Monitoring Board (DSMB), who reported back to the TSC. The DSMB assessed whether
adverse events were complications of study treatments or expected consequences of having a STEMI.
The DSMB had the remit to terminate the study early in the presence of trial safety concerns; members
convened when 115 patients had been recruited and at the end of recruitment. The DSMB remained
satisfied that the study was conducted appropriately and found no cause for concern regarding safety.
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Chapter 4 Results

Recruitment

The REFLO-STEMI trial began recruitment on 25 October 2011. In total, 247 patients were randomised
(last patient recruited on 8 April 2014). The study completed at the end of June 2014 (Figure 2). A total of
222 patients (89.9%) consented to CMR imaging post PPCI, although only 207 patients (83.8%) had CMR
imaging attempted, with further attrition during the scan (because of claustrophobia or musculoskeletal
discomfort) resulting in 197 patients (79.8%) completing CMR imaging for the primary outcome measure
of CMR-derived infarct size.

Interim analysis

An interim analysis of the CMR imaging data after 50 patients had been recruited was intended at the
outset. However, this could not be undertaken because, for various logistical reasons, the clinical fellow
responsible for the day-to-day running of the trial was not in place when recruitment began and then had
to be trained to an appropriate standard of practice. The recruitment phase of the study had progressed
considerably and hence it was no longer appropriate to perform an interim analysis of the CMR imaging
data. An interim safety analysis evaluating adverse events was performed and submitted to the DSMB
during this period.

Baseline characteristics

Baseline characteristics for randomised patients and those completing CMR imaging by treatment
allocation are presented in Table 7. There were no differences in characteristics between those who were
randomised and those who completed the CMR imaging. Groups were generally well matched. A reduced
incidence of hypercholesterolaemia and statin use was observed in the control group (standard PPCI
without adjunctive pharmacotherapy). There was also a trend towards a greater incidence of diabetes in
the SNP treatment arm. Groups were well matched for infarct territory and, in particular, for anterior MI
(randomisation stratified) and the remaining baseline characteristics, with no other statistically significant
differences between the groups.

Angiography and primary percutaneous coronary
intervention details

A high use of radial vascular access is noted in this contemporary PPCI study (Table 8). Thrombectomy was
mandated as a precursor to drug delivery and the slightly lower thrombectomy use observed in the control
arm was not statistically significant. Drug-eluting stent use was uniformly high across groups, in keeping
with a contemporary study. The median length of stented segment was similar in all groups and ranged
from 23 to 26 mm.

Intraprocedural complications were similar across all groups. However, the incidence of transient
atrioventricular (AV) block not requiring pacing was greater in the control arm. There was a low incidence
of AV block requiring pacing in this study (2.4% vs. 1.3% vs. 0% in the adenosine, SNP and control arms,
respectively). A significantly higher rate of transient hypotension (not requiring vasopressor or intra-aortic
balloon-pump support) was observed in the SNP arm (p = 0.028). Other complications were as expected as
a consequence of STEMI and were similar across the groups.
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Angiographic, electrocardiographic and enzymatic assessment
of myocardial injury

The incidence of angiographic slow-flow/no-reflow (TFG < 3 or final visual TMPG 0–1) was low and similar
across the groups and was consistent with the quantitative angiographic [myocardial blush grade (MBG)
and cTFC] and electrocardiographic (STR > 70%) assessment of microvascular tissue perfusion (Table 9).
There were no statistically significant differences between these markers of MVO post PPCI.

There was no statistically significant difference in enzymatic infarct size represented by peak creatine
kinase (CK) between the groups.

Assessed for eligibility
STEMI patients admitted 

for primary PCI
(n = 1973)

Excluded (n = 648)
• Multivessel disease, n = 376
• TIMI flow grade > 1, n = 65
• Left main stem disease, n = 18
• Stent thrombosis, n = 24
• No PCI required, n = 133
• CTO, n = 6
• POBA only, n = 7
• Occlusion in CABG, n = 12
• Procedure failure, n = 2
• Dissection, n = 2
• In-stent restenosis, n = 3

Stratified randomisation
(n = 247)

CMR completed
(n = 63)

Enrolment: assent
pre-angiography

(n = 1927) Excluded (n = 1032)
• Not meeting inclusion 
   criteria, n = 360
• Other reasons, n = 672
   • Active cancer, n = 9
   • Logistics/operator, n = 211
   • Other, n = 2
   • Out of office hours, n = 220
   • Research study, n = 16
   • Unable to assent, n = 114
   • Unknown, n = 100

Angiography
(n = 895)

Declined consent
(n = 46)

Enrolment

Allocation

6-month
 follow-up

Group 2: adenosine 1 mg into
the IRA via a microcatheter 
followed by 1 mg into the 

RCA or 2 mg into the LCA via 
a guide catheter

(n = 82)

Follow-up completed (n = 77)
• Withdrew consent, n = 4
• Lost to follow-up, n = 1
• Died, n = 3

CMR completed
(n = 65)

Group 1: no adjunctive
therapy

Control
(n = 86)

Follow-up completed (n = 81)
• Withdrew consent, n = 5
• Lost to follow-up, n = 0
• Died, n = 0

CMR completed
(n = 69)

Group 3: SNP 250 µg into the
IRA via a microcatheter 
followed by 250 µg via 

guide catheter
(n = 79)

Follow-up completed (n = 75)
• Withdrew consent, n = 3
• Lost to follow-up, n = 1
• Died, n = 1

FIGURE 2 Study recruitment flow chart. CABG, coronary artery bypass graft; CTO, chronic total occlusion; LCA, left
coronary artery; POBA, plain old balloon angioplasty. Patients who died during the follow-up period were deemed
to have completed follow-up and hence, ‘Follow-up completed’ includes deaths.

RESULTS
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Cardiac magnetic resonance imaging assessment of
myocardial injury

Cardiac magnetic resonance imaging characteristics of the study population are presented by treatment
arm in Table 10. There was no statistically significant difference in the primary outcome measure of
unadjusted infarct size (%LVM) between the adenosine- or SNP-facilitated PPCI groups and the control
group. On multivariable regression analysis, adjusting for significant confounders, there was a trend
towards a significant increase in mean infarct size in the adenosine group (mean difference 2.73, 95% CI
–0.18 to 5.64; p = 0.066) compared with the control group. This was not seen in the SNP group.

Microvascular obstruction was present on LGE images (late MVO) in 67% of patients. The presence of late
MVO was significantly higher in the SNP arm than in the control arm (75.4% vs. 56.9%; p = 0.029).
However, there was no statistically significant difference in quantitative late MVO between the two groups
(p = 0.244). Quantitatively, late MVO also appeared higher in the adenosine-treated arm than in the
control arm, although, again, this was not statistically significant. Other CMR parameters of microvascular
injury were similar between the groups. For both early and late MVO none of the potential confounders
was identified as being of statistical importance by the forward selection procedure.

TABLE 8 Procedural data and intraprocedural complications according to treatment groupa

Characteristics

Adenosine
(all subjects)
(n= 82)

SNP
(all subjects)
(n= 79)

Control
(all subjects)
(n= 86) p-valueb p-valuec

Procedural data

Femoral approach 12 (14.6) 9 (11.4) 7 (8.1) 0.184 0.481

Radial approach 70 (85.4) 70 (88.6) 79 (91.9) 0.184 0.481

Thrombectomy 81 (98.8) 75 (98.7)d 80 (93.0) 0.118 0.122

DES implantation 73 (89.0) 72 (91.1) 81 (94.2) 0.226 0.452

Number of stents, median
(IQR)

1.0 (1.0–2.0) 1.0 (1.0–2.0) 1.0 (1.0–2.0) 0.613 0.790

Diameter of stented segment
(mm), median (IQR)

3.5 (3.0–3.5) 3.5 (3.0–3.5) 3.0 (3.0–3.5) 0.465 0.649

Length of stented segment
(mm), median (IQR)

26.0 (18.0–39.0) 23.0 (18.0–38.0) 24.0 (18.0–34.5) 0.585 0.833

Intraprocedural complications

Transient AV block not
requiring pacing

7 (8.5) 2 (2.5) 10 (11.6) 0.507 0.034

AV block requiring pacing 2 (2.4) 1 (1.3) 0 (0.0) 0.237 0.479

Transient hypotension not
requiring vasopressor drugs
or IABP

5 (6.1) 13 (16.5) 5 (5.8) 0.938 0.028

Hypotension requiring
vasopressor drugs or IABP

5 (6.1) 3 (3.8) 6 (7.0) 0.818 0.499

Ventricular tachycardia/
fibrillation

5 (6.1) 3 (3.8) 5 (5.8) 0.938 0.722

AV, atrioventricular; DES, drug-eluting stent; IABP, intra-aortic balloon pump; IQR, interquartile range.
a Values are mean± SD or n (%) unless stated otherwise.
b Adenosine vs. control.
c SNP vs. control.
d The denominator is not 79 as these data were missing for three patients.
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TABLE 9 Angiographic, electrocardiographic and enzymatic data according to treatment groupa

Characteristics

Adenosine
(all subjects)
(n= 82)

SNP
(all subjects)
(n= 79)

Control
(all subjects)
(n= 86) p-valueb p-valuec

Angiographic

Final TFG < 3 4 (4.9) 6 (7.6) 3 (3.5) 0.652 0.313

Final TMPG 0–1 0 (0.0) 1 (1.3) 1 (1.2) 0.327 1.000

Quantitative MBG 10.0 (7.0–14.0) 11.0 (7.0–17.8) 12.0 (8.0–17.0) 0.144 0.481

Final cTFC 14.0 (9.0–20.0) 14.0 (10.0–21.0) 15.0 (10.0–22.0) 0.457 0.928

Electrocardiographic

Baseline maximal sum of
ST-segment elevation

9.0 (6.0–12.0) 9.0 (5.0–13.0) 9.0 (5.0–13.0) 0.931 0.686

Post-PPCI maximal sum of
ST-segment elevation

2.0 (0.0–5.0) 2.0 (0.0–5.0) 2.0 (0.0–4.0) 0.684 0.472

STR > 70% 56 (68.3) 48 (60.8) 56 (65.1) 0.662 0.562

Enzymatic

Peak CK (mg/dl) 1559 (601–2804) 1171 (430–2259) 1336 (511–2632) 0.601 0.393

CK, creatine kinase.
a Values are n (%) or median (interquartile range).
b Adenosine vs. control.
c SNP vs. control.

TABLE 10 Cardiac magnetic resonance data according to treatment groupa

Characteristics Adenosine SNP Control p-valueb p-valuec

Scar assessmentd n= 63 n = 69 n= 65

Infarct size (%LVM) 10.1 (4.7–16.2) 10.0 (4.2–15.8) 8.3 (1.9–14.0) 0.062 0.160

Microvascular injury n= 63 n = 69 n= 65

Presence of IMH, n/N (%) 20/38 (52.6) 19/43 (44.2) 16/38 (42.1) 0.358 0.850

Presence of early MVO, n/N (%) 41/60 (68.3) 42/59 (71.2) 38/63 (60.3) 0.452 0.254

Presence of late MVO, n/N (%) 43/63 (68.3) 52/69 (75.4) 37/65 (56.9) 0.205 0.029

Early MVO (%LVM) 1.2 (0.0–5.2),
n= 60/82

1.0 (0.0–5.0),
n = 59/79

1.4 (0.0–4.3),
n= 63/86

0.637 0.770

Late MVO (%LVM) 1.0 (0.0–3.7) 0.6 (0.0–2.4) 0.3 (0.0–2.8) 0.205 0.244

Salvage n= 34 n = 38 n= 37

AAR (%LVM) 30.6± 12.2 34.7 ± 14.4 30.3± 11.5 0.907 0.152

MSI (%) 60.2± 23.3 63.6 ± 24.7 67.5± 23.3 0.188 0.477

Function and volumes n= 63 n = 71 n= 68

LVEDVI (ml/m2) 91.3± 16.1 87.0 ± 16.9 84.4± 14.6 0.011 0.336

LVESVI (ml/m2) 52.3± 13.8 49.1 ± 12.7 46.1± 11.6 0.006 0.155

LVMI (g/m2) 59.1± 11.5 56.0 ± 11.2 53.6± 9.2 0.003 0.174

LVEF (%) 43.2± 7.9 43.9 ± 6.5 45.7± 8.0 0.080 0.165

EF, ejection fraction; LVEDVI, LV end-diastolic volume indexed to body surface area; LVESVI, LV end-systolic volume indexed
to body surface area; LVMI, LVM indexed to body surface area.
a Values are mean± SD or median (interquartile range) unless otherwise stated.
b Adenosine vs. control.
c SNP vs. control.
d Primary end point – comparison using an independent t-test on a log-transformed scale.
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An increase in LV volumes was observed in the adenosine arm compared with the control arm and this
was accompanied by a borderline significant reduction in ejection fraction. LV volumes and function were
similar in the SNP-treated and control arms.

Diagnostic quality T2w-STIR (oedema) imaging, required for AAR estimation and derivation of MSI, was
obtainable in only 109 patients (55%). In patients who had oedema assessed, there was no significant
difference between the groups in myocardial salvage.

Echocardiography

Echocardiography was performed at 3 months in 108 subjects (44%) (n = 44 adenosine group, n = 30 SNP
group, n = 34 control group). The ejection fraction [%, median, interquartile range (IQR)] was significantly
higher in the control arm (58.5, 54.5–64.0) than in the adenosine arm (53.5, 41.3–60.0; p = 0.010) and
the SNP arm (51.5, 45.0–61.0; p = 0.015).

Clinical outcomes

Patients were followed up for a median of 6 months. In total, 232 patients (94%) completed follow-up
(four patients died before follow-up was completed, four patients withdrew consent, five patients refused
follow-up and two patients were lost to follow-up). An overview of clinical events is presented in Table 11.
There was a significant increase in MACEs in patients undergoing adenosine-facilitated PPCI compared
with control patients, driven by heart failure, at 30 days (HR 5.39, 95% CI 1.18 to 24.60; log-rank
p = 0.04) and 6 months (HR 6.53, 95% CI 1.46 to 29.2; log-rank p = 0.01) post randomisation. There
was no statistically significant difference in bleeding between groups and the low bleeding event rate is
consistent with the use of predominantly radial vascular access and bivalirudin in this study.

TABLE 11 Clinical events to 6 months according to treatment groupa

Characteristics

Adenosine
(all subjects)
(n= 82)

SNP
(all subjects)
(n= 79)

Control
(all subjects)
(n= 86) p-valueb p-valuec

First event

MACE 12 (14.6) 5 (6.3) 2 (2.3) 0.01 0.261

Death 1 (1.2) 1 (1.3) 0 (0.0) 0.488 0.479

CVE 1 (1.2) 1 (1.3) 0 (0.0) 0.488 0.479

MI 2 (2.4) 1 (1.3) 1 (1.2) 0.614 1.000

HF 8 (9.8) 2 (2.5) 1 (1.2) 0.016 0.607

TLR 0 (0.0) 0 (0.0) 0 (0.0) 1.000 1.000

Composite of death, MI and HF 11 (13.4) 4 (5.1) 2 (2.3) 0.009 0.428

Number of patients with > 1 event 3 (3.7) 1 (1.3) 1 (1.2) 0.359 1.000

Bleeding

All bleeding 4 (4.9) 2 (2.5) 5 (5.8) 1.000 0.446

Fatal bleeding 0 (0.0) 0 (0.0) 0 (0.0) 1.000 1.000

CVE, cerebrovascular event; HF, heart failure; TLR, target lesion revascularisation.
a Values are n (%).
b Adenosine vs. control.
c SNP vs. control.
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Kaplan–Meier graphs of time to first MACE are shown in Figure 3. When adjusted for confounders
(age, sex, diabetes, anterior MI, ischaemia time and Rentrop score), the observed effect remains, with
similar HRs and log-rank p = 0.018 at 30 days and p = 0.01 at 6 months (see Table 14).
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FIGURE 3 Kaplan–Meier graphs showing clinical outcome in the three treatment arms at 30 days and 6 months
(ITT). (a) Time to first MACE within 30 days; and (b) time to first MACE (median follow-up 6 months).
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Per-protocol analysis

We observed a high rate of failed study drug delivery in the adenosine and SNP arms (Table 12). Almost
one in five patients randomised to drug-facilitated PPCI did not receive the second dose of the study drug
post stent deployment as a result of an increased QTc following the first dose. Consequently, secondary
analysis per protocol was performed (Table 13)

Patients in the adenosine arm who received both doses of the study drug per protocol had an even
stronger statistically significant signal of harm in CMR parameters than patients in the control arm. Infarct
size was increased in adenosine-treated patients compared with control patients (p = 0.031) and increased
LV volumes and a reduced ejection fraction were also observed in the adenosine arm.

Considering only patients who received both doses of the study drug and plotting Kaplan–Meier graphs
for time to first MACE again shows a statistically significantly increased HR for adenosine-facilitated PPCI
compared with the control at 30 days (HR 5.91, 95% CI 1.28 to 27.25; log-rank p = 0.036) and 6 months
(HR 7.31, 95% CI 1.62 to 33.0; log-rank p = 0.008) post randomisation (Figure 4).

TABLE 12 Failure of study drug administration

Reason study drug not administered n (%)

First dose N = 161

Hypotension 3 (1.9)

Unable to cross lesion 3 (1.9)

Coronary dissection 1 (0.6)

Total 7 (4.3)

Second dose N = 155

Prolonged or > 60-millisecond increase in QTc 30 (19.4)

Coronary dissection 1 (0.6)

Ventricular fibrillation 1 (0.6)

No stent deployed 1 (0.6)

Other SAE (operator decision) 1 (0.6)

Total 34 (21.9)

Either first or second dose N = 161

Prolonged or > 60-millisecond increase in QTc 30 (18.6)

Hypotension 3 (1.9)

Unable to cross lesion 3 (1.9)

Coronary dissection 2 (1.2)

Ventricular fibrillation 1 (0.6)

No stent deployed 1 (0.6)

Other SAE (operator decision) 1 (0.6)

Total 41 (25.5)

SAE, serious adverse event.
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TABLE 13 Main data according to treatment group: per-protocol analysisa

Characteristics
Adenosine
(N= 66) SNP (N= 53) Control (N= 86) p-valueb p-valuec

Angiographic

Quantitative MBG 11.0 (7.0–14.0) 11.0 (7.0–15.0) 12.0 (8.0–17.0) 0.165 0.134

Final cTFC 14.0 (9.0–21.0) 15.0 (10.0–21.0) 15.0 (10.0–22.0) 0.639 0.909

Echocardiographic

LVEF (3 months) (%) 53.0 (40.0–60.0) 54.0 (45.0–61.0) 58.5 (54.5–64.0) 0.006 0.038

Electrocardiographic

STR > 70%, n (%) 46 (69.7) 28 (52.8) 56 (65.1) 0.604 0.158

Enzymatic

Peak CK (mg/dl) 1664 (788–2886) 1333 (578–2247) 1336 (511–2632) 0.253 0.387

CMR data

Function and volumes n= 52 n= 48 n= 68

LVEDVI (ml/m2) 91.4± 14.1 87.3± 16.3 84.4 ± 14.6 0.009 0.304

LVESVI (ml/m2) 52.7± 11.6 49.0± 12.6 46.1 ± 11.6 0.003 0.203

LVMI (g/m2) 59.9± 11.5 56.7± 11.4 53.6 ± 9.2 0.001 0.109

LVEF (%) 42.5± 7.2 44.3± 6.8 45.7 ± 8.0 0.029 0.332

Salvage n= 30 n= 26 n= 37

AAR (%LVM) 31.6± 10.9 34.7± 14.4 30.3 ± 11.5 0.639 0.147

MSI (%) 59.0± 22.1 63.6± 24.7 67.5 ± 23.3 0.134 0.544

Microvascular injury n= 52 n= 47 n= 65

Presence of IMH, n/N (%) 19/33 (57.6) 14/30 (46.7) 16/38 (42.1) 0.238 0.807

Presence of early MVO,
n/N (%)

35/49 (71.4) 31/42 (73.8) 38/63 (60.3) 0.238 0.208

Presence of late MVO,
n/N (%)

38/52 (73.1) 37/47 (78.7) 37/65 (56.9) 0.083 0.025

Early MVO (%LVM) 1.6 (0.0–5.3),
n= 49/66

0.9 (0.0–3.3),
n= 42/53

1.4 (0.0–4.3),
n= 63/86

0.506 0.960

Late MVO (%LVM) 1.2 (0.0–3.7) 0.6 (0.0–2.3) 0.3 (0.0–2.8) 0.106 0.345

Scar assessment n= 52 n= 47 n= 65

Infarct size (%LVM)d 12.0 (4.8–16.5) 10.0 (7.3–13.8) 8.3 (1.9–14.0) 0.031 0.088

First event, n (%) N = 66 N = 53 N = 86

MACE 10 (15.2) 3 (5.7) 2 (2.3) 0.005 0.369

Death 0 (0.0) 1 (1.9) 0 (0.0) 1.000 0.381

CVE 1 (1.5) 1 (1.9) 0 (0.0) 0.434 0.381

MI 2 (3.0) 0 (0.0) 1 (1.2) 0.580 1.000

HF 7 (10.6) 1 (1.9) 1 (1.2) 0.021 1.000

TLR 0 (0.0) 0 (0.0) 0 (0.0) 1.000 1.000

Composite of death,
MI and HF

9 (13.6) 2 (3.8) 2 (2.3) 0.010 0.636

CVE, cerebrovascular event; EF, ejection fraction; HF, heart failure; LVEDVI, LV end-diastolic volume indexed to body surface
area; LVESVI, LV end-systolic volume indexed to body surface area; LVMI, LVM indexed to body surface area; TLR, target
lesion revascularisation.
a Values are mean± SD or median (IQR) unless otherwise stated.
b Adenosine vs. control.
c SNP vs. control.
d Primary end point – comparison using an independent t-test on a log-transformed scale.
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Survival analysis demonstrated a clear signal of increased hazard with adenosine-facilitated PPCI compared
with the control (Table 14). Our clinical outcome data are consistent with the CMR imaging data
(increased LV volumes, reduced ejection fraction and increased infarct size), which together suggest
possible adverse LV remodelling with adenosine treatment leading to worse clinical outcomes than with
standard PPCI (control).
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FIGURE 4 Kaplan–Meier graphs showing clinical outcome in the three treatment arms at 30 days and 6 months in
patients treated per protocol. (a) Time to first MACE within 30 days; and (b) time to first MACE (median follow-up
6 months).
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TABLE 14 Major adverse cardiac events at 30 days and 6 months by ITT and per-protocol analysis

Analysis
Adjusted or
unadjusted Comparison HR 95% CI p-value

Log-rank
p-value

First MACE within 30 days

ITT Unadjusted Adenosine vs. control 5.39 1.18 to 24.60 0.03 0.04

SNP vs. control 2.75 0.53 to 14.16 0.2

Adjusteda Adenosine vs. control 5.24 1.13 to 24.33 0.03 0.018

SNP vs. control 2.36 0.45 to 12.40 0.3

Per protocol Unadjusted Adenosine vs. control 5.91 1.28 to 27.25 0.02 0.036

SNP vs. control 3.12 0.57 to 17.04 0.2

Adjusteda Adenosine vs. control 5.76 1.21 to 27.35 0.03 0.1

SNP vs. control 2.94 0.52 to 16.60 0.2

First MACE after 6 months’ median follow-up

ITT Unadjusted Adenosine vs. control 6.53 1.46 to 29.20 0.01 0.01

SNP vs. control 2.76 0.53 to 14.21 0.2

Adjusteda Adenosine vs. control 6.54 1.45 to 29.64 0.01 0.01

SNP vs. control 2.53 0.48 to 13.24 0.3

Per protocol Unadjusted Adenosine vs. control 7.31 1.62 to 33.00 0.01 0.008

SNP vs. control 3.14 0.57 to 17.13 0.2

Adjusteda Adenosine vs. control 7.32 1.59 to 33.59 0.01 0.05

SNP vs. control 3.20 0.57 to 18.01 0.2

a Adjusted for age, sex, diabetes, anterior MI, ischaemia time and Rentrop score.

RESULTS
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Chapter 5 Discussion

The REFLO-STEMI trial was designed to test whether adjunctive pharmacotherapy with adenosine and/or
SNP could reduce the extent of myocardial injury (infarct size and MVO) as measured by the sensitive

CMR surrogate markers and, additionally, as a secondary end point, improve clinical outcome. In the
introduction the theoretical case for benefit of these agents was made. There is good basic science and
preclinical evidence that both drugs have the potential to attenuate the MVO process. The REFLO-STEMI
study is the first study to combine what are considered appropriate drug dosages, delivered optimally to
the site of maximal benefit, with the use of CMR imaging to robustly measure reperfusion success and scar
size in a group of patients treated with a contemporary reperfusion strategy. The study was powered
accordingly to deliver a definitive answer to the question of whether these agents can reduce infarct size.
Additional measures of myocardial perfusion (angiographic and electrocardiographic) and early clinical
outcome data provide further insight into the potential role of prophylactic adjunctive pharmacotherapy
administered universally for STEMI patients.

The trial was designed to ensure that account was taken of potential safety parameters. Thus,
prolongation of the QTc after the first dose resulted in the second dose not being given in 19% of
patients. This had some impact on the numbers in the two groups who completed the treatment strategy,
with only 66 of 82 (80%) patients in the adenosine group receiving both doses and only 53 of 79 (67%)
patients in the SNP group receiving both doses. All results are therefore presented as ITT analyses, as per
the statistical analysis plan, but also as per-protocol analyses.

Baseline characteristics and procedural detail

The groups were well matched in terms of baseline demographics in the trial overall and in those who
completed the CMR scan (see Table 7). There tended to be more diabetic patients in the SNP group but
this was not significant. There was a significant excess of patients with hypercholesterolaemia in both
treatment groups compared with the control group and to be expected a greater use of statins in these
patients. There were no differences between the groups in important potential confounders such as age,
site of infarct and total ischaemic time. As per the inclusion criteria most patients had TFG 0–1 at first
angiography.

In keeping with a study undertaken in expert centres there was a high rate of use of the radial approach
and a very high rate of drug-eluting stent usage, consistent with contemporary practice. Thrombectomy
was mandated as the device was subsequently used for local delivery of the drug and so the rate of
thrombectomy was high in each group. It is interesting to note that mean stent length was 23–26 mm.
Intraprocedural complications are shown in Table 8. We expected there to be a high incidence of AV block
in the adenosine group but this was higher (albeit not requiring pacing) in the control group. We suspect
that this is because of the natural incidence of AV block in such patients and we should note that a
proportion of the adenosine and SNP patients did not receive a second dose. Even so, this cannot be the
cause of the findings and so they must be regarded as a play of chance. Transient hypotension not
requiring resuscitative therapy was significantly higher in the SNP group and this may be a more expected
finding given the profound vasodilating properties of SNP.

Angiographic and electrocardiographic outcomes

Again, in keeping with a study undertaken in high-volume expert centres, the number of participants
with a final TFG of < 3 was in single digits (see Table 9). Importantly, despite the basic science and
observational data,46,63,66,121–127 there was no difference in this or other markers of microvascular blood flow
(final TMPG, quantitative MBG, final cTFC) between the treatment groups or between either treatment
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group and the control group. This is consistent with some42,44,51,52 but not all44,53,60,61,128,129 randomised trials.
Similarly, a surrogate marker of flow (resolution of ECG peak elevation to > 70%) was seen to be similar
in all three groups and was relatively high at 68.3%, 60.8% and 65.1% compared with previous
studies,44,51–53,129 probably reflecting the fact that recruitment was limited to those with a time from
symptoms to presentation of ≤ 6 hours. All of these markers are of course surrogates of flow and infarct
size that are less sensitive than our chosen end point.

Primary end point: infarct size and other cardiac magnetic
resonance imaging markers of reperfusion injury

Of the trial population, 20% of patients did not undergo the CMR assessment. The main reasons for
exclusion were early repatriation to a secondary care hospital (before CMR assessment could be
undertaken), lack of consent and patients being too unwell. Those completing the CMR assessment had
similar characteristics to those not completing the assessment (see Table 7).

The main finding was that there was no significant difference in infarct size between the groups, although
when the results were adjusted for infarct location there was a borderline significant increase in infarct size
in the adenosine group compared with the control group. Certainly, neither drug reduced infarct size.
Additionally, there was no decrease in MSI, early MVO or late MVO, indicating a lack of efficacy of
adenosine and SNP in terms of preventing reperfusion injury. These results are consistent with those of
the only other randomised trial that included CMR imaging;51 this trial also did not show any benefit of
high-dose IC adenosine. It is interesting to note that the adenosine-treated patients had increased
myocardial volumes and a non-significant trend towards a reduced ejection fraction compared with the
control group. The per-protocol analysis actually showed that patients who received both doses of
adenosine had an increased infarct size, increased LV volumes and a reduced ejection fraction (also seen
on follow-up echocardiography) on CMR imaging compared with the control group, which suggests not
only a lack of efficacy but also potential adverse effects on reperfusion.

Clinical outcomes

Clinical events were included in the study as an important safety consideration but the trial was not
powered to detect clinically meaningful differences in MACEs between groups. However, clinical
outcome was incidentally found to be significantly worse for the adenosine group than the control group
(see Table 11), largely driven by increased early heart failure events. Although this finding may have
occurred by chance and was not shown in previous trials, the HR is high, it fits with the infarct size
measures being increased and is consistent whether assessed in ITT or in per-protocol analysis, at 1 and
6 months’ follow-up and after adjustment for potential confounding variables (age, sex, ischaemia time,
diabetes, anterior MI or not and Rentrop score). Taken together with the CMR findings, the results suggest
that using adenosine to protect against MVO and its potential clinical consequence not only fails to do so
but may also in fact have significant clinical adverse outcomes. This finding of an adverse effect of
adenosine remains difficult to explain. One possible explanation is that ischaemia already induces high
levels of endogenous adenosine51,130 and that further doses, particularly high doses, have no additional
benefits and possibly detrimental effects because of distal embolisation, hypotension and bradycardia,
although we did not see any significant differences in these parameters in this study. The finding is
hypothesis generating. High-dose IC adenosine should not be used in the setting of PPCI to prevent
reperfusion injury. Whether this applies to IC adenosine given for angiographic clear no-reflow remains
contentious, as the risk/benefit ratio may be different.

DISCUSSION
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Limitations

The study was open label and this may have influenced the management of patients, particularly at the
time of PPCI; however, the primary outcome was assessed on blinded CMR scans. A major limitation of
T2w-STIR imaging for AAR is that the sequence is prone to artefacts and oedema may not be discernible.
In one previous study T2w-STIR identified only 64% of culprit arteries in 54 acute STEMI patients and the
AAR was less than the amount of LGE in 30% of patients.131 In our recently published CMR substudy of
CvLPRIT (Complete versus culprit-Lesion only PRimary PCI Trial), the AAR was only quantifiable in 75%
of the 203 patients who completed the baseline CMR assessment at 1.5T.132 In this study, using 3.0T CMR
with greater field inhomogeneity and the early scanning of patients post STEMI, diagnostic quality
T2w-STIR imaging was obtainable in only 55% of patients who completed the CMR assessment. In at least
one other multicentre trial with core laboratory analysis, T2w imaging obtained an even lower rate of
analysable images for oedema (≈50%) than we have reported.133 Although issues with T2w-STIR are well
recognised,134 in multicentre trials this sequence is still frequently used as the newer T1 and T2 mapping
sequences, which appear to be more robust for AAR detection, are not widely available. However, given
the importance of the MSI in the comparison of therapies in STEMI, such sequences should be used in
future studies.

A mechanistic substudy evaluating periprocedural platelet activity was planned but had to be abandoned
because of a lack of sufficient data (partly because of staffing issues including staff pregnancy) to make
any significant scientific statement.

The trial assessed whether or not MVO could be attenuated prior to PPCI and our negative results do not
imply that SNP and adenosine are ineffective if no-reflow occurs post PPCI.

Recommendations for research

Studies undertaken in the modern PPCI era have collectively shown a failure of therapies underpinned by
an extensive body of positive experimental data to prophylactically reduce MVO or infarct size. Future trials
could perhaps focus on limiting reperfusion injury when angiographic slow-flow/no-reflow is encountered,
utilising robust end points as in our study.

The MSI measures reperfusion success and predicts prognosis post STEMI.103 The MSI requires accurate
assessment of myocardial oedema and AAR. Oedema is typically imaged on pre-contrast T2w-STIR imaging,
as used in our study, but its use is hampered by its susceptibility to artefacts.135 We note that there was a
failure rate of 45% in achieving accurate oedema assessment in our study. This may have been exacerbated
by the use of 3.0T CMR imaging in our study but nonetheless should caution the general MRI community
against using T2w-STIR for routine oedema assessment following STEMI. Pre-contrast T1 mapping on
CMR may be superior to T2w-STIR for the identification of reversible myocardial injury and prediction of
functional recovery in acute MI.136 Using the former technique to detect myocardial oedema and evaluate
CMR surrogate markers of myocardial injury in future studies may also reduce the sample sizes required137

and this should perhaps be the first-choice CMR imaging technique for assessing AAR and MSI post STEMI
in future trials.
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Chapter 6 Conclusions

The REFLO-STEMI trial was a well-designed trial that tested two drugs, adenosine and SNP, in appropriate
doses and delivered locally, using a sensitive marker (CMR imaging) of the potential impact of these

drugs on flow and therefore infarct size. If these drugs were beneficial this trial should have shown it. There
was no demonstrated efficacy with either drug, a finding that will inform the interventional community.
Indeed, we will ask the community to note the adverse effects in the adenosine group. Outcomes after PPCI
are still far from optimal and this was an attempt to see whether adjunctive pharmacotherapy delivered
optimally would improve outcomes. As such, it was an important and worthy, albeit challenging, study.

We conclude that neither adenosine nor SNP reduce infarct size or reperfusion injury when administered
during PPCI treatment of STEMI. Furthermore, use of high-dose adenosine in STEMI may cause cardiac
toxicity and worsen clinical outcome. Current STEMI guidelines advocate the use of adenosine in
established angiographic MVO (slow-flow/no-reflow) and clinicians frequently give repeated doses of
adenosine in this setting. Our results should strongly discourage clinicians from using cumulatively high
doses of IC adenosine during PPCI to prevent reperfusion injury.
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Appendix 1 Main randomised controlled trials
investigating the role of adenosine and sodium
nitroprusside in attenuating or preventing
microvascular obstruction in ST-elevation myocardial
infarction treated with primary percutaneous
coronary intervention
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