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In patients presenting with ST-elevation myocardial infarction (STEMI), optimal stent deployment is challenging due to factors like thrombus formation and vasoconstriction. Post-dilatation (PD) with non-compliant (NC) balloons could optimise acute procedural results, but in the context of STEMI it has been associated with the no-reflow phenomenon and microvascular injury. This thesis aimed to investigate the impact of PD on coronary microcirculation in STEMI patients. Furthermore, it meant to explore the effect of PD on features of stent deployment and any potential relationship between post-stenting residual in-stent athero-thrombotic prolapse (ATP) and changes in microvascular function.
Consecutive STEMI patients undergoing primary PCI were recruited in the context of a prospective observational study (POSTDIL-STEMI, NCT02788396). Advanced physiological measurements and intracoronary imaging with optical coherence tomography (OCT) were performed immediately before and after PD. The index of microcirculatory resistance (IMR), coronary flow reserve (CFR) and fractional flow reserve (FFR) were measured. IMR was used as a marker of microvascular function before and after post-dilatation. OCT was used to assess stent expansion, malapposition, residual in-stent ATP and stent edge dissections. The potential correlation of residual ATP with changes in IMR (dIMR) was assessed. 
Overall IMR and CFR did not change significantly after PD, while FFR showed an increase. At individual patient level, microvascular function improved in half of the patients and deteriorated in the other half. Correlation analysis did not show any relation between different measures of ATP and dIMR. PD improved stent expansion, reduced malapposition, had a mixed effect on residual ATP and non-significant effect on stent edge dissections.
POSTDIL-STEMI study showed that PD in the context of STEMI did not result in consistent and predictable microvascular injury. There was no correlation found between the residual in-stent ATP and changes in microvascular function. Finally, PD significantly improved most of the features of stent expansion. 
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Primary percutaneous coronary intervention (PCI) with implantation of drug eluting stents (DES) is the gold standard treatment for patients suffering acute ST-segment elevation myocardial infarction (STEMI). When treating patients with stable coronary artery disease (CAD), post-dilatation of the recently implanted stents using typically non-compliant (NC) balloons at high inflation pressures is a common procedural step applied in order to optimise stent expansion and apposition against the vessel wall. By improving acute procedural results, interventional cardiologists aim to reduce the potential of future stent failure. In patients with STEMI, due to factors like high thrombotic burden and vessel vasoconstriction, stent under-deployment is not uncommon and post-dilatation could improve stent expansion and apposition. However, post-dilatation in patients with STEMI has been related, based on anecdotal evidence and clinical experience, with the no-reflow phenomenon. The no-reflow refers to the slow or absent coronary flow at coronary angiography when the epicardial vessel is patent and actually represents an extreme form of coronary microvascular injury (MVI). MVI is multifactorial and mechanical occlusion of micro-vessels by distal embolisation of thrombus and atherosclerotic material, invariably present in the human coronary artery during acute myocardial infarction, is one of the causes. In the highly thrombotic environment of STEMI distal embolisation is an important concern during any device manipulation including balloons used for post-dilatation. At the same time, future target vessel failure rates are higher in STEMI compared to stable CAD and every effort to optimise PCI acute result seems justifiable. At the moment there are no large scientifically robust studies supporting or opposing the use of post-dilatation in STEMI based on hard clinical outcomes. 

In everyday clinical practice, the interventional cardiologist performing PCI in a patient with STEMI faces a dilemma when it comes to the decision of post-dilating the recently implanted stents: is there a risk of inevitable MVI; would this risk be counterbalanced by stent optimisation reducing the risk of future stent failure? The idea behind this thesis stems from this clinically important dilemma, which I personally faced during my training as an interventional cardiologist. Iatrogenic embolisation of atherothrombotic material during PCI is an established phenomenon, however there are no mechanistic studies assessing its extent and impact during post-dilatation. Thus, the main aim of the research project behind this thesis was to explore the impact of stent post-dilatation on coronary microvascular function in patients with STEMI. Furthermore, it sounds intuitive that the higher the athero-thrombotic burden, the higher the possibility of distal embolisation and MVI, so a relation between changes in microvascular function and the athero-thrombotic burden was explored. Finally, in order to establish the potential benefit of post-dilatation, features of stent deployment were assessed before and after post-dilatation.  

The first part of Chapter 1 introduces the reader to the clinical setting and the clinical procedures consisting the background of this thesis; ST-segment elevation myocardial infarction, primary percutaneous coronary intervention, microvascular injury, optimal stent deployment and stent optimisation by balloon post-dilatation are presented.  Subsequently, the current knowledge on the rational, challenges and effects of stent optimisation by post-dilatation in patients presenting with STEMI is reviewed. Chapter 1 concludes with a presentation of the thesis aims. The remainder of the thesis is structured in four parts. Chapter 2 describes in detail the methods and tools used to deliver the research project consisting this thesis. In Chapter 3, the results of the research project addressing each one of the thesis specific aims are reported. In Chapter 4, these results are discussed in the context of existing scientific knowledge and clinical relevance. The thesis is concluded with Chapter 5 reporting final conclusions and future directions. 
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[bookmark: _Toc36737644]1.1.1 	Definition & Incidence of STEMI

Acute myocardial infarction is defined as myocardial necrosis caused by prolonged acute inadequate blood supply to the myocardium, a condition known as ischaemia (Thygesen, et al., 2012). Acute myocardial infarction can be recognised by clinical features, including electrocardiographic findings and elevated values of biochemical markers of myocardial necrosis, and by cardiac imaging. A timely electrocardiogram (ECG) is vital when acute myocardial infarction is suspected as it can confirm the diagnosis, differentiate between different types of infarction and guide subsequent management. Based on the ECG acute myocardial infarction is distinguished between ST-segment elevation myocardial infarction (STEMI) and non-ST-segment elevation MI (NSTEMI). This discrimination is crucial, as it determines further treatment. In the case of ST-segment elevation myocardial infarction, a total occlusion of the epicardial coronary vessel is highly likely necessitating special management as described in the following sections. 

Ischaemic heart disease is the single most common cause of death worldwide. In Europe, it accounts for almost 1.8 million annual deaths, or 20% of all deaths (Townsend, et al., 2016). However, the incidence of STEMI is decreasing and several recent studies have reported a fall in acute and long-term mortality following STEMI in parallel with more use of contemporary advanced treatments like reperfusion therapy, primary percutaneous coronary intervention, modern antithrombotic therapy, and secondary prevention (Ibanez, et al., 2018). Nevertheless, mortality remains substantial with the in-hospital mortality of unselected patients in national registries of European Society of Cardiology (ESC) countries varying between 1.2 % and 4%, while 1-year mortality among STEMI patients in angiography registries is around 10 % (Ibanez, et al., 2018). 

[bookmark: _Toc36737645]1.1.2 	Pathophysiology of STEMI

The commonest cause of acute myocardial infarction is coronary artery disease and the development of coronary atherosclerosis. The atherosclerotic plaques develop in the wall of epicardial vessels and contain large lipid cores. The rupture or erosion of a coronary atherosclerotic plaque is the more frequent underlying condition for myocardial infarction occurrence. In cases of plaque rupture the lipid core is exposed to the circulating blood in the arterial lumen (Davies, 2000).  In cases of plaque erosion, the process of endothelial denudation exposes large areas of the surface of the sub-endothelial connective tissue. Both conditions promote thrombus formation at the level of the lesion. The thrombi that occur are dynamic and evolve in stages (Davies, 2000). The formed thrombus starts protruding into the vessel lumen and may grow to completely occlude the vessel disrupting blood flow and leading to myocardial ischaemia. 

After the onset of myocardial ischaemia, histological myocardial cell death is not immediate, but takes a period of time to develop, though this can be as little as 20 minutes (Thygesen, et al., 2012). Complete necrosis of myocardial cells at risk requires at least 2 to 4 hours, or longer, depending on persistent or intermittent coronary arterial occlusion, the presence of collateral circulation to the ischaemic myocardium, the sensitivity of the myocytes to ischaemia, pre-conditioning, and individual demand for oxygen and nutrients (Thygesen, et al., 2007). The area with complete myocardial cell death will dictate the final infarct size. 

[bookmark: _Toc36737646]1.1.3	Reperfusion treatment & primary PCI

Seminal experimental work by Ross and co-workers in 1972 demonstrated that reperfusion after 3 hours of coronary occlusion reduces infarct size in animal models of myocardial infarction (Ginks, et al., 1972; Maroko, et al., 1972). Supported by this evidence, a number of studies showed the feasibility of reperfusion by pharmaceutical thrombolysis in humans (Van de Werf, 2014). Eventually, the large randomised control trials GISSI (Gruppo Italiano per lo Studio della Streptochinasi nell'Infarto Miocardico) (1986) and ISIS-2 (Second International Study of Infarct Survival) (1988) demonstrated improved outcomes in STEMI patients with intravenous thrombolysis.  

In 1993, Grines et al. demonstrated in a prospective randomised fashion on a large scale that immediate percutaneous coronary angioplasty for acute myocardial infarction resulted in lower hospital mortality and 6-month adverse event rates than intravenous thrombolysis without the risk of intracranial haemorrhage (Grines, et al., 1993). In the same issue of New England Journal of Medicine, Zijlstra et al., reported their own randomised control trial that further reinforced the concept of better clinical outcomes with immediate coronary angioplasty (Zijlstra, et al., 1993). 

The landmark meta-analysis by Keeley et al., published in 2003, confirmed the superiority of timely performed primary PCI over in-hospital thrombolysis (Keeley, et al., 2003). Currently, emergency coronary reperfusion with primary PCI is the gold standard treatment for ST-segment elevation myocardial infarction, as recommended by European and American guidelines (Ibanez, et al., 2018; O’Gara, et al., 2013). Based on this evidence and guidance, primary PCI pathways have been established across the developed world to provide immediate emergency mechanical reperfusion at a local level.

[bookmark: _Toc36737647]1.1.4 	Microvascular Injury in STEMI

Although primary PCI restores epicardial coronary flow in more than 90% of the cases of mechanical reperfusion in patients with STEMI (Stone, et al., 2009), optimal myocardial tissue perfusion is re-established in less than 50% (Niccoli, et al., 2009). The coronary arterial system comprises of the large epicardial coronary arteries (diameter ~500 μm to ~5 mm) and the microcirculation (pre-arterioles and arterioles with diameter ~100–500 μm and < 100 μm respectively) (Camici, et al., 2015). In contrast to the epicardial arteries, the microcirculation is below the resolution of current angiographic systems and, consequently, cannot be visualized using angiography (Camici, et al., 2015). The suboptimal myocardial reperfusion observed in STEMI patients undergoing primary PCI is the result of coronary microvascular injury (MVI) in terms of severe microvascular dysfunction and / or loss of structural integrity. This phenomenon is commonly called ‘no-reflow’ depicting the lack of restoration of myocardial blood flow. Another term that has been typically used to describe it is microvascular obstruction (MVO). This terminology is based on the original hypothesis of microvascular blockage as the sole cause of no-reflow (Betgem, et al., 2015). Indeed, obstructive emboli, myocardial cell swelling, endothelial protrusion, interstitial oedema, platelet-neutrophil aggregates and vasoconstriction cause mechanical obstruction of microvasculature during no-reflow (Niccoli et al., 2009). However, recent experimental studies combining histopathology and cardiac magnetic resonance imaging (CMR) imaging have shown that microvascular structural damage and intra-myocardial haemorrhage can co-exist with the above changes (Robbers, et al., 2013). Thus, the pathophysiology of MVI is complex and multifactorial. A number of mechanisms contribute to MVI development including ischaemic-related injury, reperfusion-related injury, distal embolization, individual susceptibility of the microcirculation to injury, and the presence of pre-existing coronary microvascular dysfunction, (Niccoli, et al., 2016). 

MVI during ST-segment elevation myocardial infarction has significant clinical consequences. Angiographic evidence of MVI carries an adverse prognosis, as the no-reflow phenomenon has been found to be a strong predictor of long-term mortality independent of infarct size (Ndrepepa, et al., 2010). CMR is the current gold-standard modality in detecting MVI and a recent pooled analysis of individual patient data from seven large randomised trials showed that MVI detected by CMR after primary PCI in STEMI patients was strongly associated with mortality and hospitalization for heart failure (de Waha, et al., 2017). This association remained significant even after further adjustment for infarct size. Furthermore, the study showed a graded response between the extent of MVI and subsequent clinical outcomes (i.e. mortality and heart failure). 

[bookmark: _Toc36737648]1.1.5 	Diagnosis of microvascular injury during acute myocardial infarction

The accurate and timely diagnosis of microvascular injury occurring during acute myocardial infarction is important for therapeutic and prognostic purposes. The methods used for its diagnosis can be divided into two categories: invasive and non-invasive. 

1.1.5.1	   Invasive assessment of microvascular injury

Coronary angiography
Coronary angiography has been traditionally used for the diagnosis of impaired microvascular blood flow. Angiographic assessment is based on the comparison of contrast media filling and clearance speed in epicardial vessels and microvasculature.  A number of grading scores have been used, including the Thrombolysis In Myocardial Infarction (TIMI) flow grade, the corrected TIMI frame count, and the Myocardial Blush Grade (MBG). These angiographic methods of assessing myocardial perfusion are easily accessible, as they do not require any special equipment. However, they have poor diagnostic accuracy, limited correlation with clinical outcomes and carry reproducibility concerns outside dedicated core laboratories (Carrick, et al., 2016a; Husser, et al., 2013; Nijveldt, et al. 2008; Reinstadler, et al., 2016).

Intracoronary Doppler
MVI during re-perfused STEMI directly affects microcirculatory functional ability. Microvascular function can be assessed invasively in the catheterization laboratory with the use of intracoronary Doppler. A Doppler guide wire has a piezoelectric transducer mounted at its distal end that emits and receives pulsed ultrasound waves. Furthermore, it has a pressure sensor. The velocity of red blood cells flowing past the transducer can be calculated from the difference between the frequency of emitted and returning signals (Kern, et al., 2006). Doppler flow velocities can be used as a surrogate for volumetric flow as an excellent correlation has been shown between Doppler derived flow velocity and absolute flow in in-vitro and in-vivo experiments (Doucette, et al., 1992; Labovitz, et al., 1993; Sudhir, et al., 1992). Using the Doppler guide-wire measurements of intracoronary pressure and blood velocity, a number of indices assessing microvascular function can be calculated: coronary flow reserve (CFR), hyperaemic microvascular resistance (HMR) and zero-flow pressure (Pzf) (Amier, et al., 2014) (fig. 1.1). Although Doppler derived physiology indices of microvascular function have been shown to correlate well with MVI (Teunissen, et al., 2015; Williams, et al., 2018), their application in the clinical setting has been limited.  This could be attributed, to a degree, to the limitations of the Doppler technique when applied in coronary procedures, such as high intrinsic variability of 15% to 20%, poor signal acquisition in 10–15% of patients, tendency to underestimate flow velocity in tortuous segments of the vessel and laborious wire manipulation (Doucette, et al., 1992; Kern, et al., 2006; Pijls, et al., 2002). 
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Figure 1. 1  Intracoronary doppler for microvascular function assessment.
The figure represents a screenshot of intracoronary measurements with doppler guidewire. Aortic (Pa) and distal coronary (Pd) pressures are shown as well as doppler traces. A number of physiological indices can be calculated.
APV=average peak velocity, CFR= coronary flow reserve, FFR=fractional flow reserve, HMR=hyperaemic microvascular resistance. 









Intracoronary thermodilution
Another invasive method using a coronary guide wire for the assessment of microvascular function is intracoronary thermodilution. This technique uses a wire with a combined pressure/temperature sensor and is based on the indicator dilution principle. According to this principle, injection of a certain amount of an indicator into the bloodstream and measurement of the indicator’s concentration distal to the injection site over time allows quantification of volumetric flow (Zierler, 1962). In the case of intracoronary use, instantaneous injections of a certain amount or a continuous infusion of saline are performed and a blood temperature versus time curve is used to calculate transit time, a variable inversely proportional to coronary blood flow (Amier, et al., 2014). Subsequently coronary flow reserve (CFR) and the index of microcirculatory resistance (IMR) can be calculated (fig 1.2). In STEMI patients, IMR has been strongly correlated with MVI and clinical outcomes (Carrick, et al., 2016a; Fearon, et al., 2013). Furthermore, using the thermodilution method, absolute microvascular resistance can be calculated in both stable and acute myocardial infarction patients (Wijnbergen, et al., 2016; Xaplanteris, et al., 2018). Intracoronary thermodilution has some technical limitations and practical issues that affect the accuracy of its measurements. In the study described in this thesis, IMR was used for microvascular function quantification, so the method will be discussed in detail in the next chapter (Chapter 2. Methods).  
[image: ]
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Figure 1. 2 Intracoronary thermodilution for microvascular function assessment.
Top: Schematic representation of measurements by injection of saline boluses and measurement of temperature by thermistor coronary guidewire. Bottom: Thermodilution curves during rest and hyperaemia and IMR calculation. 
IMR=index of microcirculatory resistance, Pd=distal coronary pressure, Tmn=mean transit time.





The big advantage of both Doppler and thermodilution methods is that they are readily available in the catheterization laboratory as part of the coronary diagnostic or interventional procedure and could facilitate early prognosis, assessment of dynamic changes and guidance of catheterization laboratory-based management.  However as discussed already, these techniques have limitations including operator dependency, the need for special equipment and technical skills. More importantly, they carry the inherent limitations of the physical principles that they are based on.  

1.1.5.2	   Non-invasive assessment of microvascular injury

Electrocardiography
Electrocardiography (ECG) is a simple investigation that is routinely performed in patients with STEMI and is continuously recorded during primary PCI. The ECG is the determinant for the diagnosis of STEMI but is also useful for assessing successful myocardial perfusion. Persistent ST-segment elevation after epicardial vessel patency re-establishment signifies impaired myocardial blood supply due to damage at a microvascular level. Several studies have suggested that a simple serial ECG analysis within STEMI patients, treated by primary PCI, can identify patients with persistent MVI (Infusino, et al., 2014; Santoro, et al., 1998; Schröder, et al., 1994; Shah, et al., 2000). Additionally, resolution of ST segment elevation on the ECG after primary PCI has been shown to have prognostic implications in a number of studies (Buller, et al., 2008; Farkouh, et al., 2013; Karamasis, et al., 2018). However, there is no consensus regarding which lead to analyse and the method and timing of the analysis (Niccoli, et al., 2016).  Furthermore, in contemporary studies, ST-segment resolution has failed to identify MVI (MVO or myocardial haemorrhage) as documented by CMR (Carrick, et al., 2016a).

Contrast-enhanced cardiac magnetic resonance
Contrast-enhanced cardiac magnetic resonance (CMR) imaging is currently considered the gold standard for the assessment of MVI in the context of myocardial infarction. CMR can detect MVI both in the forms of microvascular obstruction (MVO) and intra-myocardial haemorrhage (IMH) (fig 1.3). For MVO in particular, gadolinium enhancement imaging is applied.  It involves administration of an intravenous gadolinium-based contrast agent, serving as a paramagnetic tracer, with subsequent measurement of signal enhancement in the myocardium. The gadolinium cannot cross the intact myocardial cell membranes, but after acute myocardial necrosis, the cell membranes are ruptured, allowing the contrast agent to enter these cells and depict areas of cellular injury (Bulluck, et al., 2018). MVO can be identified as a dark hypo-intense core within the areas of hyper-enhancement on either early gadolinium enhancement (referred to as early microvascular obstruction) or conventional late gadolinium enhancement (referred to as late microvascular obstruction) sequences (Bulluck, et al., 2018). IMH occurs if the microvascular injury is particularly severe and the integrity of the vessels is disrupted, leading to extravasation of red blood cells into the extracellular space (Carrick, et al., 2016b). Specific CMR sequences can detect the breakdown products of haemoglobin within the myocardium (Bulluck, et al., 2018). T2*mapping has been shown to have the greatest sensitivity for detecting intramyocardial hemorrhage after STEMI (Hamirani, et al., 2014; Kali, et al., 2013). MVI as defined by CMR is strongly associated with major adverse clinical outcomes (mortality and heart failure) (de Waha, et al., 2017). Late MVO is shown to correlate more with adverse clinical events and left ventricle remodeling than early MVO (Hamirani, et al., 2014), while IMH emerges as a strong predictor of extensive myocardial damage and adverse clinical outcomes (Carrick, et al., 2016b). Although CMR is the gold standard for the diagnosis of MVI, it can only be performed after the patient has left the catheterization laboratory, limiting the potential therapeutic interventions. Furthermore, its availability close to the acute setting of myocardial infarction can be limited depending on the health care system and country. 

[image: ]

[bookmark: _Toc36741285]Figure 1. 3 Contrast-enhanced CMR for MVI assessment.
The image represents an example of MVI assessment by CMR. Late gadolinium contrast enhanced CMR (middle) shows MVO (red arrow) in an area of transmural anteroseptal myocardial infarction. T2*mapping (right) shows IMH within the infarct core, partially corresponding with the area of MVO. CMR= cardiac magnetic resonance, IMH=intramyocardial haemorrhage, MVI= microvascular injury, MVO = microvascular obstruction.


Myocardial contrast echocardiography
Myocardial contrast echocardiography (MCE) uses the properties of echogenic, gas-filled micro-bubbles that are similar in size and rheological properties to red blood cells (Camici, d’Amati and Rimoldi, 2015). After their intravenous administration, high-intensity ultrasound pulses are used to destroy the micro-bubbles in the myocardium followed by measurement of their replenishment rate. Micro-bubbles freely circulate within patent microcirculation while lack of intra-myocardial contrast opacification is seen in cases of MVO (Niccoli, et al., 2016). MCE exhibits several limitations including moderate spatial resolution, operator dependency, limited visualization of all cardiac territories, and semi-quantitative assessment of MVI and therefore its use is very limited (Niccoli, et al., 2016).

Positron emission tomography
Positron emission tomography (PET) perfusion imaging is the gold standard for noninvasive absolute quantification of myocardial blood flow (Kaufmann and Camici, 2005). It is based on administration of intravenous radiolabeled tracers with subsequent dynamic measurement of tracer activity concentration in the arterial blood and myocardial tissue. Combination of these values with the known tracer extraction fraction allows for quantification of flow (Amier, et al., 2014). Myocardial blood flow depends on microvascular function and performed measurements allow calculation of coronary vascular resistance. PET is a method for noninvasive assessment of perfusion and metabolism, but it does not provide the anatomical information obtained by CMR or echocardiography (Knaapen, et al, 2009). Availability of this method in every day clinical practice is very limited, and this fact, in combination with the need for ionizing radiation exposure limits its use to research purposes. 


[bookmark: _Toc36737649]1.2 	Optimal stent deployment 

[bookmark: _Toc36737650]1.2.1 	Introduction

Contemporary percutaneous coronary interventions for the treatment of stable coronary disease and acute coronary syndromes usually require the placement of metallic mesh scaffolds called stents. The purpose of stent implantation is to relieve luminal obstruction, prevent acute vessel recoil, prevent future negative vessel remodelling and seal vessel areas prone to thrombus formation or future atherosclerotic plaque rupture. The stent is crimped onto a deflated balloon of a special balloon catheter and is advanced down the coronary artery over a dedicated guide-wire. At the level of the lesion of interest the balloon is inflated, and the stent is delivered and implanted against the vessel wall. The procedure actually involves a number of steps with the ultimate goal being the optimal deployment of the stent in the coronary artery under treatment.

Stent underexpansion and malapposition (or incomplete apposition) are the two main aspects of suboptimal stent deployment (Mintz, 2014). The two terms are not interchangeable as underexpansion refers to the size of the stent post deployment in relation to the reference vessel, whereas malapposition refers to the contact of the stent struts with the vessel wall (Mintz, 2014). 

Other features of optimal stent deployment are related to the presence of untreated disease at the inflow or the outflow of the stented segment (i.e. dissections, significant vessel wall plaque burden, luminal stenosis). Landing of the stent at a vessel segment where the luminal area is small or the vessel wall contains a significant burden of lipid or calcified plaque has been related to future stent failure and worse clinical outcomes (Mintz, 2014; Prati, et al., 2015b). Avoiding such practice is an important step for optimal stent deployment, which should take place before stent implantation with careful ‘stent planning’ ideally with the use of intracoronary imaging in complex lesions (﻿Räber, et al., 2019). 

Even in the current era of advanced stent platforms and PCI equipment, suboptimal stent deployment is common. A recent large registry reporting results of post-PCI intracoronary imaging with optical coherence tomography (OCT) showed sub-optimal stent features including underexpansion, malapposition and geographical miss in up to 31 % of the cases (Prati, et al., 2015a). 

Stent deployment can be optimised even after the stent has been implanted with balloon post-dilatation. This procedure will be discussed in detail in the following sections. The features of suboptimal stent placement that can be corrected with this technique are underexpansion and malapposition. Any clinically relevant residual disease outside the stented segment would require further stent placement if to be optimised. The purpose of the study reported in this thesis was to assess the effects of stent optimisation by balloon post-dilatation in the special population of patients with STEMI. Thus, the following sections will focus on the features of suboptimal stent deployment that can be corrected with post-dilatation: stent underexpansion and malapposition.   

[bookmark: _Toc36737651]1.2.2 	Suboptimal stent deployment and stent failure

In the following section, the relation of suboptimal stent deployment in terms of underexpansion and malapposition with subsequent stent failure will be examined.

The two major forms of stent failure are in-stent restenosis and stent thrombosis. Both have been associated with suboptimal stent deployment. In the following paragraphs these two pathological entities are briefly discussed. 

[bookmark: _Toc36737652]1.2.3 	In-stent restenosis

Contemporary drug-eluting stents (DES), with thinner struts, biocompatible or bio-absorbable polymers and release of predominantly limus analogues, have significantly reduced in-stent restenosis (ISR) and the need for repeat revascularisation compared with bare metal stents (BMS) or first-generation DES (McKavanagh, et al., 2018). However, the incidence of in-stent restenosis in contemporary clinical registries and randomized studies remains significant. The rate of angiographic in-stent restenosis with current DES in surveillance coronary angiography is approximately 10%, while clinical in-stent restenosis (presenting as clinical events) is approximately 5% ( Byrne, Joner and Kastrati, 2015). 

A number of studies using intravascular ultrasound in BMS and first and second generation DES have shown that stent under-expansion and minimum stent area are predictors of future in stent restenosis (Choi, et al., 2012; de Feyter, et al., 1999; Hong, et al., 2006; Song, et al., 2014; Sonoda, et al., 2004). In a study specifically with second generation DES, Song et al. (2017) showed that in a cohort of patients with early (less than 1 year) in-stent restenosis nearly half of the cases were found to have stent underexpansion. Prati et al., (2015a, 2018) showed that suboptimal stent deployment as defined by specific OCT criteria including stent expansion (in-stent minimum lumen area <4.5 mm2) was an independent mid and long-term predictor of major adverse cardiac events, a composite endpoint of target lesion revascularisation, myocardial infarction and all-cause mortality. 

The clinical consequences of in-stent restenosis are important. It is usually associated with recurrence of stable angina symptoms. Furthermore, it is well recognized that up to a third of patients present with myocardial infarction or unstable angina (Chen, et al., 2006). Most of the patients will require a new coronary procedure and will undergo target lesion revascularization with repeat stenting with new-generation DES or angioplasty with drug-coated balloons (Alfonso, et al., 2014).  

[bookmark: _Toc36737653]1.2.4 	Stent thrombosis

Contemporary DES carry a very low risk of stent thrombosis (Kang, et al., 2016). Nevertheless, stent thrombosis remains a persistent complication of percutaneous coronary interventions with an incidence of less than 1% for the first year and approximately 0.2% to 0.4% per year thereafter (Byrne, Joner and Kastrati, 2015).  Its clinical consequences are devastating as it typically results in ST-segment myocardial infarction and carries mortality rates that can be as high as 20% - 40% ( Byrne, Joner and Kastrati, 2015). Depending on the time of occurrence after the index procedure, stent thrombosis is classified as acute (< 24 hours) sub-acute (≤ 30 days), late (> 30 days and ≤ 1 year), and very late (> 1year). 

Two recent large registries using intracoronary imaging with OCT attempted to elucidate the underlying conditions in the stented segment at the time of the stent thrombosis. The PRESTIGE study identified stent underexpansion (defined as a stent expansion index < 0.8) as one of the most common findings; stent under-expansion was observed in >40% of all patients, and in approximately two-thirds of patients with sub-acute stent thrombosis (Adriaenssens, et al., 2017). Furthermore, stent malapposition was commonly observed with an incidence of 26.7% in the cases of acute stent thrombosis. Similarly, the PESTO registry showed that malapposition and stent under-expansion were well-represented underlying mechanisms in cases of stent thrombosis (34% and 11% respectively) (Souteyrand, et al., 2016). Importantly, in patients with acute and sub-acute thrombosis, malapposition and under-expansion were the prominent findings in 48% and 26% of cases respectively.  Another study focused on very late stent thrombosis, showed that the most common intravascular imaging finding beyond 1 year was stent malapposition (34.5% of the cases) and identified the longitudinal extension of malapposed and uncovered stent as the most important correlate to thrombus formation (Taniwaki, et al., 2016).  An earlier OCT study, focusing on early stent thrombosis (sub-acute) showed that in almost all patients (95.2%) OCT findings were indicative of suboptimal stent deployment (Prati, et al., 2015a). 

The above studies suggest that better recognition and correction of suboptimal stent deployment (i.e. stent under-expansion and marked malapposition) is likely to significantly impact the rates of stent thrombosis especially in cases of early thrombosis.

It is important to mention that the risk factors of both stent thrombosis and in-stent restenosis extend well beyond sub-optimal stent deployment. A number of patient-related, stent type-related and procedure-related parameters increase the risk of stent failure. Stent thrombosis has been related to diabetes mellitus, impaired left ventricle, premature discontinuation of antiplatelet medications, co-morbid malignancies, genetic traits, high platelet reactivity, first generation DES, primary PCI, complex lesions and impaired coronary flow post PCI. In-stent restenosis has been related with diabetes mellitus, chronic kidney disease, BMS, first generation DES, stents with thick struts, small vessels, long stented segments, complex lesions morphology and bifurcation lesions  (Byrne, Joner and Kastrati, 2015).  Consequently, stent optimisation cannot abolish stent failure, but could potentially reduce the risk. 

Finally, regarding stent malapposition it is important to clarify that it can occur either acutely during the index procedure, or it may develop at a later time, the so called “late-acquired” malapposition. This phenomenon is possibly the result of vascular inflammation and positive remodelling of the vessel wall (Räber, et al., 2018). Regarding acute malapposition, it has been shown that it can be subsequently spontaneously resolved (Kawamori, et al., 2013). Therefore, when malapposition is detected at follow-up or during stent failure outside the acute period, it is impossible to know without previous intracoronary imaging during the index procedure, whether it is acute malapposition that persisted over time or late acquired malapposition. Two large OCT registries did not show acute malapposition detected by OCT imaging immediately post PCI as an independent predictor of stent thrombosis (Prati, et al., 2015a, 2018; Soeda, et al., 2015). Thus, a number of researchers challenge the role of acute malapposition in future stent failure (Mintz, 2014; Romagnoli, et al. 2017). 

[bookmark: _Toc36737654]1.2.5 	Causes of suboptimal stent deployment

There are a number of causes for suboptimal stent deployment.  Selection of an undersized stent compared to the size of the target vessel is probably the most common one. Simple visual assessment of the vessel size by coronary angiography can often underestimate its true dimensions as has been shown in studies using intravascular imaging (Briguori, et al., 2002).  In cases of diffuse or severe disease visual estimation might be even more difficult. The presence of a severe stenosis reduces blood flow and the pressure distal to the stenosis is lower than normal. Consequently, the normal distension forces are not applied to the artery leading to a decrease in size (Muller, et al., 2012). Furthermore, tight stenoses and total occlusions prevent or abolish increase in coronary blood flow, which leads to absence of endothelial stimulation by high shear stress and ultimately negative vessel remodeling (De Bruyne and Barbato, 2008). This process is reversible and it has been reported that in the case of recanalised chronic total occlusions there is a significant vessel diameter increase at follow-up (Gomez-Lara, et al., 2014; Park, et al., 2012).

Another reason for under-deployed stents is that the semi-compliant balloons used in stent delivery systems are often not adequate to guarantee full stent expansion at nominal pressures (Romagnoli, et al., 2008). Compliance charts are based on in vitro measurements and studies have found that stent delivery balloon diameters during stent deployment were smaller than expected (Chandrasekhar, et al., 2014; de Ribamar Costa, et al., 2007; Muraoka, et al., 2011). Therefore, the suggested inflation pressures might not be enough for the stent frame to expand properly. 

The underlying plaque at the level of the lesion is an important determinant of optimal stent deployment. The presence of calcified or fibrotic plaques can restrict distensibility of the vessel wall and the presence of high plaque burden behind the stent might represent major limitations to complete stent opening leading to stent underexpansion (Barbato, et al., 2017; Romagnoli, et al., 2008). In these situations lesion preparation prior to stent implantation, applying different techniques such as cutting or scoring balloons, rotational, orbital or laser atherectomy is necessary (Barbato, et al., 2017). However, even after this stent deployment might still not be ideal.  

Specific lesion characteristic may contribute to suboptimal stent expansion and apposition. In bifurcation lesions there is often significant size discrepancy between the main and the side branch and likewise the proximal and the distal segment of the main branch. These differences complicate optimal stent size selection and subsequent complete apposition. Furthermore, in cases where two stents are implanted adequate expansion at areas with two or three metallic strut layers is more difficult. In the case of long lesions, there is a risk of size mismatch between the proximal and distal segment of the target vessel. In such cases, the stent is usually sized according to the distal reference diameter and results in being undersized for the proximal reference diameter (Romagnoli, et al., 2008). Additionally, in cases where two stents are used, the presence of a layer of double stent struts can reduce vessel compliance and restrict stent expansion at the level of the overlap. In-stent restenosis is another special lesion that when treated with implantation of new stents carries an increased risk of stent underexpansion; the old stent and the new tissue developed inside it set an obstacle to easy expansion of the new stent frame. 

Even in the era of the contemporary well-developed metallic platforms of drug-eluting stents, acute stent recoil can occur. An in vitro study of different contemporary metallic platforms showed significant acute recoil in all stent types (Kitahara, et al., 2016). The degree of acute recoil varied according to stent materials and designs and post-dilatation strategies with multiple sequential post-dilatation balloon inflations improving stent expansion (Kitahara, et al., 2016). The role of inflation technique has been also shown in the clinical setting with prolonged inflation leading to better stent expansion and apposition (Ann, et al., 2014; Cook, et al., 2014). 


[bookmark: _Toc36737655]1.3 	Stent optimisation with post-dilatation

[bookmark: _Toc36737656]1.3.1 	Introduction

In the previous section, the importance of optimal stent deployment and the potentially devastating clinical consequences of under-deployed stents were discussed. Furthermore, the possible determinants of stent underexpansion or incomplete apposition were presented. Since optimal stent deployment is important and under-deployment is common, strategies to optimise the results of stent implantation are needed.  A commonly used strategy is balloon post-dilatation. This involves a new balloon over a balloon catheter which is inserted into the implanted stent and inflated in order to expand the stent frame further.  

[bookmark: _Toc36737657]1.3.2 	Historical perspective

Andreas Grüntzig performed the first percutaneous transluminal coronary balloon angioplasty in 1977 by successfully dilating a stenosed coronary artery with a balloon embedded over a catheter that could be introduced in the coronaries (Grüntzig, et al., 1979). Years later, metallic stents were introduced in order to prevent arterial recoil, stabilise acute vascular dissection and reduce rates of restenosis with plain balloon angioplasty (McKavanagh, et al., 2018). However, the rate of in-stent restenosis was high and there was a risk of subacute stent thrombosis in the absence of adequate anticoagulation (McKavanagh, et al., 2018). In 1995, Colombo et al. demonstrated that balloon post-dilatation of deployed stents guided by IVUS could achieve better stent expansion, larger lumen and subsequent reduced stent restenosis and thrombosis rates. Early-generation stents were delivered with a compliant balloon and systematically required further post-dilatation with a noncompliant balloon to higher pressures to optimise stent deployment (Brodie, 2006). In early 2000, the Post-dilatation Clinical Comparative Study (POSTIT trial) showed that in BMS, adjunctive post dilatation could improve the frequency of optimal stent deployment and achieve larger minimum stent areas (Brodie, et al., 2003). The later introduction of drug-eluting stents (DES), with new delivery systems using semi-compliant balloons facilitating higher pressure stent deployment, resulted in a dramatic reduction in the rates of restenosis and repeat target lesion revascularisation. Therefore, the use of balloon post-dilatation was no longer mandated by clinical guidelines and recommendations and its frequency was reduced (Brodie, 2006; Romagnoli, et al., 2008). 

As discussed, it has been suggested from the early studies on coronary interventions that post-dilatation with a non-compliant balloon can improve stent expansion and achieve larger stent areas, however there are no major randomised studies to prove that this translates into improved hard endpoints of clinical events (Seth, et al., 2017). Hence, post-dilatation in the contemporary clinical practice is variable and based on operator’s experience and preference. Many operators deploy the stent with the stent balloon inflated at the recommended nominal or higher inflation pressures and further post-dilatation is guided by the deployment outcome and their clinical judgement.  Other operators routinely post-dilate and a few use intracoronary imaging to guide post-dilatation (Seth, et al., 2017). In any case there is no universal standard practice and applied strategies could justifiably vary according to lesion complexity and other factors. In the next section, studies supporting post-dilatation in the current DES era will be presented. 

[bookmark: _Toc36737658]1.3.3 The case for post-dilatation with drug-eluting stents

As discussed before, stent under deployment remains common even with the contemporary use of second-generation stent platforms. However, the number of studies assessing the effect of optimization by post-dilatation is very limited. There are no randomized trials and any published results relate to observational small size studies. In the following paragraphs, two such studies will be presented. Although both are single centre observational studies, their findings are clear enough to exhibit that suboptimal deployment continues to be a potential problem of the modern stents and post-dilatation can improve features of under-deployment. 

The STent Optimization (STOP) study aimed to assess routine post-dilatation of second-generation drug eluting stents (DES) following implantation with intravascular ultrasound (IVUS) guidance (Rana, et al., 2014). Forty-eight patients were recruited in a prospective fashion in this single centre study. DES were deployed with the stent balloon inflated at a relatively high pressure (16 atm) for a relatively long duration (20 seconds). Subsequently, post-dilatation was performed with non-compliant balloons at a minimum pressure of 20 atm for at least 10 seconds. IVUS was performed after stent deployment (blinded) and post-dilatation (un-blinded) in order to measure stent cross sectional area (CSA) and stent expansion. Operators were blinded to the post stent deployment IVUS but could review and react on the one performed after post-dilatation. The investigators applied four criteria in order to define optimal stent deployment: distal stent CSA ≥ 60% of the distal reference CSA; mid stent CSA ≥ 70% of distal reference CSA, minimum stent CSA ≥ 70% of distal reference CSA and proximal stent CSA ≥ 60% of the proximal reference CSA. All four of the above should be reached to consider a stent optimally deployed. The study suggested that stent deployment even at relatively high pressure and long inflation duration resulted in stent under-expansion in the majority of cases if not followed by post-dilatation. Optimal stent deployment was achieved only in 21 % of DES after stent balloon deployment, compared to 54 % after post-dilatation. Furthermore, post dilatation increased minimum stent cross sectional area by 20% [7.3 (6.1-8.9) mm2 vs. 8.9 (7.4-10.3) mm2, p < 0.001]. This study does not report any clinical outcomes but provides a mechanistic rationale on how post-dilatation could benefit PCI results. Post-dilatation improved significantly absolute (minimum CSA) and relative stent (given CSA compared to a reference CSA) expansion. As discussed before, adequate stent expansion is one of the factors determining future stent failure. 

In another single centre study, Pasceri et al. (2014) compared clinical outcomes for DES-treated patients based on whether they received routine post-dilatation (n = 279) or selective post-dilatation after suboptimal results (n = 262). Quantitative coronary angiography showed that routine post-dilatation was associated with a significant improvement of minimum lumen diameter at the end of the procedure (2.60 ± 0.34 vs. 2.51 ± 0.37 mm, p = 0.003) with a significant increase in the acute gain (1.66 ± 0.22 vs. 1.59 ± 0.26 mm, p = 0.001). The incidence of MACE (death, myocardial infarction, target vessel revascularization and stent thrombosis) at 12 months was 19.5 % in the selective post-dilatation group and 12.5 % in the routine post-dilatation group (p = 0.04). This result was mainly driven by lower target vessel revascularization rates (10.7 % vs. 5.4 %, p = 0.03). The authors concluded that a strategy of routine post-dilatation with non-compliant balloons might improve clinical outcomes of DES. However, lack of prospective randomization between the two cohorts is a major limitation of the study allowing selection bias and adverse events under-reporting and its results should be interpreted with caution. Importantly, first-generation DESs were used up to 55% of the time and patients with STEMI were excluded. 

[bookmark: _Toc36737659]1.3.4 	Rationale for non-compliant balloons post-dilatation. 

The major discriminator among balloon catheters is their compliance. Compliance is defined as the ability of the balloon to increase in size or stretch as pressure is increased and is determined by the type of balloon material. Accordingly, balloons catheters can have compliant, semi-compliant or non-compliant properties. 

Most of the current stent delivery systems are based on semi-compliant balloon devices. The reason being to facilitate stent delivery, as semi-compliant balloons are made by soft materials and exhibit good flexibility, trackability and cross and re-cross performance.  Furthermore, they expand significantly in size as pressure increases; providing sizing flexibility and overexpansion potential for the deployed metallic stent frame. However, the compliant nature of these balloons causes significant deformation of profile and volume with increases in pressures, resulting in stretching of the balloon itself (Fröbert, et al., 2013a). When semi-compliant balloons grow as the inflation pressure increases, they conform to the areas of least resistance. As these areas are commonly at the proximal and distal end of the lesion intended to be treated, the so-called “dog bone” can be observed and vessel wall injury including dissection at the stent edges is more likely to occur (fig.1.4) (Romagnoli et al., 2008). Furthermore, semi-compliant balloons show limited dilatation force, as the force applied is not uniformly distributed but is transferred away from the most restricted area (area of high resistance) (De Bruyne and Barbato, 2008). 
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[bookmark: _Toc36741286]Figure 1. 4 Non-compliant and compliant balloons inflation at high pressure.
Bench test showing A) a non-compliant and B) a semi-compliant stent delivery balloon inflated at high pressure (>14 atm). As shown in figure B) there is a “dog bone” effect with the semi-compliant balloon that could damage the vessel wall in vivo. (Adapted from Romagnoli, et al., 2008). 

In contrast, non-compliant balloons have little change in volume; even when high pressures are applied, concentrating dilating force at the lesion site (Brodie, 2006). Bench tests and clinical studies have shown that non-compliant balloons exert more dilating force against a lesion or a stent than compliant balloons for a given balloon size and inflation pressure (Romagnoli, et al., 2008). A non-compliant balloon gives a predictable amount of pressure at the lesion without uncontrolled radial and longitudinal growth, avoiding “dog-bone” effect, as the diameter of non-compliant balloons is predictable and almost constant over their whole length, even at very high pressures. Furthermore, non-compliant balloons tolerate 50% greater inflation pressures than compliant balloons (De Bruyne and Barbato, 2008). Thus, post-dilatation with non-compliant balloons leads to a significant improvement of stent expansion compared with the semi-compliant stent deployment balloons in a more safe manner (Romagnoli, et al., 2008). 

Based on the above considerations, use of NC balloons for stent optimization by post-dilatation has been a standard recommendation within the PCI community (De Bruyne and Barbato, 2008).

[bookmark: _Toc36737660]1.3.5 	Risks of high-pressure non-compliant balloon post-dilatation 

Although post-dilatation improves stent expansion and stent apposition, potentially reducing the risk of future stent failure, it is not without risks. A list of potential complications can be found below: 


- Distal embolization. High inflation pressure with non-compliant balloons and stent overexpansion have been related to increased peri-procedural myocardial necrosis in early studies investigating PCI procedural techniques (Dirschinger, et al., 1999; Iakovou, et al., 2003). A more recent study reported that high-pressure post-dilatation following coronary stent deployment resulted in a significant increase of plasma brain natriuretic peptide (BNP) and troponin I (TnI) levels (Wu, et al., 2013). Athero-thrombotic debris formation caused by post-dilatation balloons and high pressure applied to the vessel wall with distal embolization affecting myocardial perfusion have been proposed as the potential mechanisms behind these results. Iatrogenic micro-embolisation caused by PCI especially in the context of acute myocardial infarction is a recognized entity (Di Mario and Ferrante, 2008). It has been proved with the entrapment of debris by protection devices placed distally within coronary arteries and the detection of the embolic particles as high-intensity transient signals (HITS) by intracoronary Doppler (Limbruno, et al., 2005; Okamura, et al., 2008).  Iatrogenic distal embolization will be discussed in more detail in the following sections, as it is directly relevant to the research project described in this thesis.

- Stent edge dissections. Although safer than compliant or semi-compliant balloons from this aspect, non-compliant balloons could cause stent edge dissections (Hur, et al., 2001). However, this usually can be avoided with proper in-stent balloon placement and use of shorter balloons (Brodie, 2006). 

- Vessel rupture/perforation. Post-dilatation has been associated with a risk of vessel rupture/perforation particularly if done at high pressure in small coronary vessels (Brodie, 2006). Like in the case of stent edge dissections, careful interventional technique with proper sizing of the balloon relative to vessel size can usually prevent this complication.

- Vessel wall trauma. A number of animal and human studies have suggested that high pressure stent inflation can cause deeper vessel wall injury with rupture of the intima or media (Schwartz, et al., 1992; Shi, et al., 1996), which results in a long-term inflammatory response (Brasselet, et al., 2007; Wu, et al., 2013) with a greater neo-intimal proliferative response and an increased restenosis rate (Uretsky, et al., 2000; Farb, et al., 1999). A large retrospective study using real world data from the Swedish Coronary Angiography and Angioplasty Registry (SCAAR) reported that the risks of stent thrombosis and restenosis appeared to be higher with low (≤15), but also very high (≥22 atm) inflation pressures (Fröbert, et al., 2013b). Furthermore, post-dilatation was related with increased restenosis risk, although the risk of death was lower following post-dilatation. The authors attributed their results to potential injurious effects of high pressures and post-dilatation on the vessel wall. However, possible unmeasured residual confounding factors (e.g. lesion complexity) and selection bias should be taken into consideration when interpreting these retrospective registry data. 

- Stent fracture. Stent fracture is not uncommonly observed after DES implantation and is correlated with increased rates of target lesion revascularization (Kan, et al., 2016). Aggressive post-dilatation of smaller stents at high pressures has been indicated as an operator-dependent procedural risk factor (Kan, et al., 2016).

- Longitudinal stent deformation. Modern drug-eluting stents have thinner struts, which make them easy to deliver and highly conformable. However, the longitudinal strength of the metallic frames could be lower and longitudinal stent deformation has been recognized as a rare complication of stent deployment. Post-dilatation has been identified as one of the contributing mechanisms both in vitro and at the clinical setting (Sumi, et al., 2018; Williams, et al., 2012).

- Acute stent recoil. Although rare, acute stent recoil caused by aggressive post dilatation has been described (Takagi, et al., 2013). 

[bookmark: _Toc36737661]1.3.6 	Specific clinical situations requiring post-dilatation 

Post-dilatation with non-compliant balloons has an extra role in a number of special conditions.

- Bifurcation lesions. Bifurcation lesions treatment is associated with a high incidence of non-uniform stent expansion especially in the side branch, resulting in higher target vessel revascularization rates (Lassen, et al., 2016). Simultaneous inflation of balloons placed in the main and the side branch after stent deployment is recommended especially in cases of two stents technique (Milasinovic, et al., 2018). This technique, called ‘kissing balloons’, corrects strut malapposition in the proximal main branch and achieves a central position of the carina formed by the two branches (Hildick-Smith, et al., 2010). Proximal stent optimization (POT) with further balloon post-dilatation is another step of bifurcation stenting, which improves stent deployment (Foin, et al., 2011).  The use of non-compliant balloons during bifurcation intervention has been associated with favorable procedural and long-term clinical outcomes (Park, et al., 2016). 

- Bioresorbable Vascular Scaffolds (BVS). BVS were developed as an alternative to metallic stents in order to overcome the risk of complications that emerge from the permanent metallic implant long after the hazards of vessel recoil and constrictive remodelling have passed (Stone, 2017). Although mid-term results of randomised controlled trials assessing safety and efficacy of the first generation device were promising, long-term follow-up showed increased rates of late scaffold thrombosis compared with contemporary DES (Ali, et al., 2018). Some studies suggested that optimal BVS deployment with lesion pre-dilatation, vessel sizing and post-dilatation with non-compliant balloons (PSP strategy) could reduce the risk of scaffold thrombosis (Ortega-Paz et al., 2017).  However, emerging data challenge this notion advocating that regardless of implantation techniques stent thrombosis rates remains high (Wykrzykowska, et al., 2017).

- Self-apposing stent. Self-apposing stents have the ability to appose themselves to the arterial wall in time, even after stent deployment. This ability theoretically accommodates vessel diameter changes due to positive remodeling and vasodilatation after the index event causing less wall trauma. However, recent results from the registry of STENTYS self-apposing stent (STENTYS S.A., Paris, France), showed that post-dilatation is a necessary step when the stent is used in the context of STEMI (Lu et al., 2017). 

- Ostial lesions. Ostial lesions are usually fibrotic and resilient, and post-dilatation with non-compliant balloons is performed for optimal expansion (Seth et al., 2017). 


[bookmark: _Toc36737662]1.4 	Post-dilatation in STEMI

[bookmark: _Toc36737663]1.4.1    Introduction

In the previous sections, stent post-dilatation, its effect on stent deployment and its potential risks in the general population were discussed. Earlier in this chapter, ST-segment elevation myocardial infarction (STEMI), its treatment with primary PCI and the importance of microvascular injury in the context of STEMI were presented. The impact of post-dilatation in STEMI patients is what the research project consisting this thesis is trying to explore. In the following sections, the challenges of stent deployment in STEMI supporting post-dilatation as a useful adjunctive step during primary PCI will be presented. This is going to be followed by a discussion regarding distal embolization which is the main potential disadvantage of post-dilating stents in the context of STEMI. Iatrogenic distal embolization during PCI has been established in experimental studies. However, there are no mechanistic studies assessing its extent and impact during post-dilatation in particular in the context of primary PCI for STEMI. Thus, clinical studies reporting procedural and clinical outcomes will be presented in the forthcoming literature review. Finally, mechanistic studies exploring the impact of primary PCI for STEMI on coronary microcirculation will be presented. 

[bookmark: _Toc36737664]1.4.2 	Challenges of stent deployment in STEMI 

The pathophysiology of lesions responsible for ST-segment elevation myocardial infarction is typically atherosclerotic plaque rupture or plaque erosion (Ino, et al., 2011; Kubo, et al., 2007). The main composition of the underlying atheromatic plaque at the level of the culprit lesion is usually lipid (Kajander, et al., 2016). Furthermore, there is significant amount of thrombus which accumulates as a result of the fibrous cap rupture or erosion (Virmani, et al., 2000). Calcified nodules as an underlying culprit pathology and general vessel wall calcifications are infrequent (Jia, et al., 2013; Yamaji, et al., 2017). Therefore, stent expansion and deployment against the soft material of lipid plaque and thrombus should be unrestricted, leading to optimal stent implantation in patients with STEMI. However, this is not always the case as a number of factors make stent deployment in STEMI challenging. In STEMI patients the culprit vessel is acutely totally occluded by definition and even after recanalization (spontaneous or by device manipulation during PCI) most of the times there would be a residual significant stenosis (Kajander, et al., 2016). In the presence of a stenosis the distal vessel size can be underestimated. Even when the stenosis is completely resolved by pre-dilatation or thrombus aspiration, circulating vasoconstrictors secondary to the extensive inflammatory response lead to vessel vasoconstriction. All these contribute to a potential underestimation of the true vessel size and hence stent size. This is not just a theoretical concern; it has been documented in real life clinical studies. Characteristically, in the DEFER-STEMI randomized control trial, where stenting was deferred up to 16 hours after the initial vessel recanalization, there was a statistically significant and clinically relevant increase in the actual final stent diameter compared with the intended stent strategy at the end of the first procedure [3.0 mm (IQR: 3.0 to 3.5) vs. 3.5 mm (IQR: 3.0 to 4.0); p < 0.0001] (Carrick, et al., 2014). It has been previously shown by studies with follow up OCT assessment that DES implanted during PCI for STEMI have a higher frequency of incompletely apposed struts (Gonzalo, et al., 2009). The dissolution of thrombus jailed by the stent implantation during primary PCI has been suggested to be one of the possible causes (Cook, et al., 2007). Another possible explanation is that stent implantation over a ruptured plaque with strut penetration into necrotic core could lead to incompletely apposed struts when the necrotic material would be cleared away by blood flow (Finn, et al., 2008). 

Taking into account the above considerations regarding the possibility of suboptimal stent deployment in the STEMI, stent optimisation with post-dilatation could be an appealing strategy in these patients. However, this is not the case as post-dilatation in the thrombus-rich environment of acute myocardial infarction has been associated with embolisation of athero-thrombotic material distally to the culprit lesion (Yamaji, et al., 2017). As distal embolisation has been described to be the major disadvantage of post-dilatation in STEMI patients, it will be discussed in detail in the next section. 

[bookmark: _Toc36737665]1.4.3 Distal embolization in STEMI 

In a previous section, a number of potential complications of post-dilatation after stent deployment were described, however in the context of STEMI the main concern is distal embolization of athero-thrombotic material. It is known that coronary micro-embolization of thrombi or other material from the ruptured or eroded atherosclerotic plaque occurs spontaneously in acute coronary syndromes (Heusch, et al., 2009). Moreover, iatrogenic distal embolization during PCI is a recognized phenomenon (Di Mario and Ferrante, 2008). Intracoronary manipulation of guide wires and devices during the mechanical recanalisation procedure can provoke distal embolisation of atherothrombotic material from the culprit lesion (Vrints and Haine, 2016). Coronary artery lesions responsible for STEMI commonly involve lipid-rich plaques and in-plaque necrotic cores. Furthermore, there is extensive thrombus formation, large enough to cause complete obstruction of the vessel (Virmani, et al., 2000; Srikanth and Ambrose, 2012). Mechanical crushing and fragmentation of the soft culprit lesion and thrombus during post dilatation can lead to thrombus and plaque debris embolization to the distal vessel (Biswas, Soon and Lim, 2012).  

Distal embolization during PCI is not without consequences, but before going into details about this we need to discriminate between angiographically visible and implicit distal embolisation. Distal embolization can be visible in coronary angiography defined as an angiographic filling defect with abrupt cut-off of a coronary artery or one of its branches distally to the culprit lesion. In the early times of primary PCI, its incidence was reported as being up to 15 % (Henriques, et al., 2002), but more recent data from an era of improved pharmacotherapy and lower profile coronary intervention devices showed an incidence of approximately 6% (Fokkema, et al., 2008). In any case, angiographically visible distal embolisation carries an adverse prognosis as shown by markers of myocardial perfusion (i.e. worse TIMI myocardial blush grade and ST segment resolution on 12-lead ECG), extent of myocardial injury  (i.e. higher myocardial enzymes levels), lower left ventricle ejection fraction and increased rates of re-infarction and mortality (Henriques, et al., 2002; Fokkema, et al., 2008). 

Distal embolization in patients treated with PCI, though, does not only happen when visible on coronary angiography; microemboli undetected by visual assessment can migrate to the distal microcirculation contributing to the no-reflow phenomenon. The no-reflow phenomenon refers to the lack of effective myocardial perfusion despite a patent epicardial coronary artery (Jaffe, et al., 2008) and it has been discussed earlier in this chapter. It is the result of multifactorial microvascular injury and dysfunction. Distal embolization is one of the contributing mechanisms along with pre-existing microvascular dysfunction, ischaemic injury, reperfusion injury and individual susceptibility (Niccoli, et al., 2016). It can be visible on coronary angiography as slow or no dye clearance, but in the majority of the cases it remains undetected by standard angiography and requires dedicated imaging techniques for its assessment (see sections 1.1.4 and 1.1.5 for a detailed description).   Emboli of different sizes can originate from epicardial coronary thrombus and / or from ruptured or eroded atherosclerotic plaques and cause mechanical obstruction of distal micro-vessels. Importantly, apart from the physical obstruction, the microemboli have an active thrombogenic, vasoconstrictor, and inflammatory potential that might extend microvascular obstruction (Heusch, et al., 2009). 

Iatrogenic embolization during PCI has been proven with the use of intracoronary Doppler. Experimental work in vitro showed that the intracoronary Doppler guide-wire could detect high-intensity transient signals (HITS) produced by injected microspheres ≥ 50 μm in diameter (Bahrmann, et al., 2005; Okamura, et al., 2008). Further work during PCI for patients with stable and acute coronary artery disease showed that HITS detection is feasible in the clinical setting (Bahrmann, et al., 2005, 2007; Okamura, et al., 2005, 2007, 2008). One of these studies provided further evidence that Doppler guidewire-detected HITS truly identified emboli, as in a cohort of STEMI patients, HITS were detected in all patients undergoing PCI with no distal filter protection device but in none of the patients randomised to receive a filter device (Okamura, et al. 2005). Furthermore, the above studies showed that in patients undergoing elective PCI distal embolisation as detected by intracoronary Doppler was more often after stent implantation than after balloon dilatation (Bahrmann, et al., 2005, 2007; Okamura, et al., 2007). In the study by Bahrmann, et al. (2007) a higher number of HITS was detected during balloon and / or stent advancement compared to pre-dilation and post-dilation. Similarly, in a cohort of exclusively STEMI patients, Okamura, et al., (2008) showed that the number of HITS was greatest after stenting, followed by balloon pre-dilatation, with post-dilatation being associated to the smallest HITS number.  Importantly, the impact of detected HITS on myocardial perfusion and necrosis has not been consistent across the studies. In some, there was a positive correlation between the number of detected microemboli and coronary flow reserve and myocardial damage detected by rise in myocardial enzymes (i.e. troponin and creatine kinase-MB) (Bahrmann, et al., 2007;  Okamura, et al. 2007). In contrast, other studies did not find a significant relation between HITS and post-procedural CFR or rise in myonecrosis markers (Bahrmann, et al., 2005; Okamura, et al., 2007). In a study that recruited only STEMI patients, the number of microemboli as quantified by the number of HITS did not correlate with MVO assessed by myocardial contrast echocardiography performed at the end of the PCI procedure (Okamura, et al. 2008). These findings need to be interpreted under the light of the method’s main limitation, which is that only microemboli above a specific size can be detected by Doppler.  However, they are in agreement with the notion that MVO is a multifactorial entity and that other factors like interstitial myocardial cell swelling and interstitial oedema and hemorrhage caused by ischaemia / reperfusion injury could be more important contributors to the extent of final MVI (Niccoli, et al., 2016). Furthermore, the embolization of small arteries and / or arterioles could be transient and not associated with terminal capillary obstruction and could therefore not have a marked impact on final infarct size and left ventricular recovery and remodeling (Okamura, et al., 2008). Finally, cardiac MRI and not myocardial contrast echocardiography is currently considered to be the gold standard method for MVI assessment.  

Another method that has been used to show iatrogenic distal embolisation during coronary interventions is the use of filter-based distal protection devices. Limbruno, et al. (2005) used such a device in patients undergoing primary PCI for STEMI (n=46). The device was advanced beyond the culprit lesion prior to any major manipulation of the coronary artery, ideally prior to initial pre-dilatation. After stent deployment, the device was retrieved, and embolic material was retrieved in 89% of the cases. Subsequently, histopathologic analysis was performed on the retrieved fragments embolised during the procedure. The analysis showed that the composition of the retrieved material was organized thrombus in 47% of the cases, fresh thrombus in 29%, and plaque fragments in 24%. An interesting finding of the study was that angiographic signs of high thrombus burden independently predicted the total debris volume at multivariate analysis (odds ratio 15.8, p< 0.005). This study might have underestimated the embolic burden as the passage of the device itself potentially embolized some of the material already and the filter might not have been able to collect all the amount of the subsequently embolised debris. Importantly, the contribution of post-dilatation in distal embolisation was not assessed. 

[bookmark: _Toc36737666]1.4.4 	Post-dilatation in acute myocardial infarction – Clinical studies

In the previous section, I discussed the theoretical concerns regarding distal embolisation by post-dilatation of stents placed in patients with acute myocardial infarction and the experimental studies that demonstrated iatrogenic embolization. As shown, there are no mechanistic studies focusing on the impact of stent post-dilatation on distal embolisation. Earlier in this chapter, I presented the devastating effects of sub-optimal stent deployment and the benefits of post-dilatation in acute procedural results. Naturally, the question that emerges is which one of the effects of post-dilatation is more important in clinical practice when PCI for acute myocardial infarction is performed: the risk of distal embolisation or the potential reduction of stent failure by stent optimisation.   Scientifically robust outcome studies providing adequate evidence in the subject are missing.   Only a limited number of studies with imperfect study designs have tried to address the issue and attempt to correlate post-dilatation with clinical outcomes post PCI for acute myocardial infarction. Their results are contradictory. In the following section, these studies are presented and discussed.

Zhang et al. (2010) used data from the multicenter national registry [National Heart, Lung, and Blood Institute (NHLBI) Dynamic Registry] collected between 2001 and 2006 to evaluate the effects of post-dilatation after stent deployment in patients presenting with and without acute myocardial infarction. In patients without acute myocardial infarction (n = 2,699) there was no difference in final procedural (angiographic no-reflow and TIMI flow grade) or clinical (death, myocardial infarction and repeat revascularization) outcomes between the two groups. In contrast among the 1,358 patients who presented with acute myocardial infarction, post-dilatation was associated with a significantly higher risk of death or myocardial infarction (HR = 1.78, 95 % CI 1.12-2.83, p = 0.01). Interestingly, there was no difference in the risk of repeat revascularization (HR = 1.15, 9 5% CI 0.81-1.62, p = 0.43). Furthermore, the no-reflow rate at the end of the procedure was not different between the two groups (1.7% vs. 1.3%, p = 0.53). The study was not designed to identify a mechanism for the differential association between post-dilatation and outcomes among AMI and non-AMI patients. However, the hypothesis made by the authors was that distal embolization due to aggressive mechanical expansion from post-dilatation was the responsible underlying mechanism. The retrospective design of this study sets a major limitation to any firm conclusion, as it makes it vulnerable to selection bias. The authors reported that a selection bias was possible as post-dilatation is in general more commonly used in complex coronary artery disease (e.g. presence of calcification), which has a worse prognosis itself. Indeed, patients receiving post-dilation in the study were more likely to have severe non-cardiac disease, history of congestive heart failure and more complex coronary disease (multi-vessel disease, calcified or ostial lesions). Thus, the increased risk of future death or myocardial infarction could be related to patient-related or coronary lesion-related factors and not post-dilatation. Furthermore, as data were collected retrospectively, events related to the study’s outcome measures might not have been captured or recorded. Finally, it is doubtful how relevant is this study in the current era, as stent and balloons design and technology have changed considerably since the early ‘00. 

Biswas, Soon and Lim (2012b) performed a single centre retrospective analysis of stent post-dilatation versus no post-dilatation on 160 patients with STEMI undergoing primary PCI. The endpoints of their study were angiographic markers of myocardial perfusion (TIMI coronary flow and myocardial perfusion grade) at the end of procedure and a composite endpoint of acute myocardial infarction, target vessel revascularisation or cardiac death (MACE) at one year. Seventy-one patients (44.4%) had stent post-dilatation and 89 patients (55.6%) did not. Although 26.8% suffered from suboptimal coronary flow (TIMI flow < III) immediately after post-dilatation, there was no significant difference between the post-dilatation and non-post-dilatation groups in terms of TIMI flow (84.5% vs. 83.2%, p > 0.05) and myocardial perfusion grade (73.2% vs. 71.9%, p > 0.05) at the end of the procedure. MACE-free survival probability by Kaplan–Meier estimate was not different between the two subgroups either (85.1% vs. 86.9%, p = 0.95). The authors concluded that in the era of primary PCI for STEMI, stent post-dilatation is justifiable if angiographically indicated to optimise stent deployment. The small number of patients for a study reporting clinical outcomes and its retrospective design are important limitations of this study. 

Another single centre retrospective observational study involved a cohort of 405 consecutive patients with STEMI undergoing primary PCI of which 52.8% underwent post-dilatation (Tasal, et al., 2013). The endpoints evaluated were post-procedural TIMI flow, corrected TIMI frame count (cTFC) and myocardial blush grade (MBG) and all cause death, target vessel revascularization (TVR) and stent thrombosis (MACE) at 6 months after PCI. Similar to the study by Biswas et al., there was no difference in angiographic parameters between the two groups at the end of the procedure (TIMI flow grade 3: 74.8% vs. 80.6%, p = 0.41; cTFC:  15.4 ± 5.2 vs. 14.3 ± 5.9, p = 0.24, MBG 3: 58.8 % vs. 64.6 %, p = 0.11). At 6‐months follow‐up, target vessel revascularization and stent thrombosis rates were lower in the post-dilatation group (3.3% vs. 7.9%, p = 0.03; and 0.2% vs. 4.8%, p = 0.04, respectively). Post-dilatation was found to be inversely related to MACE (β = - 0.47, p = 0.02). In the discussion of results, the authors supported that most of the iatrogenic distal embolization during primary PCI would happen after initial vessel recanalization and stent deployment, so the contribution of post-dilatation would be minimal and would not have any detrimental effect on clinical outcomes. Furthermore, they explained the difference in stent thrombosis and repeat revascularization in favor of post-dilatation by incomplete stent apposition after the resolution of thrombus trapped behind the stent in the absence of post-dilatation. Like with the previous studies, the retrospective design of the study and its relatively small sample size are major limitations.

Thrombus Aspiration in ST-Elevation myocardial infarction in Scandinavia (TASTE) trial was a multicenter, prospective, randomized, open-label trial (n = 7,244) that did not demonstrate a clinical benefit of thrombus aspiration compared to percutaneous coronary intervention alone (Fröbert et al., 2013a). The investigators used 1-year study data to analyze the impact of different invasive strategies including post-dilatation on death, new myocardial infarction, and stent thrombosis (Frobert et al., 2015). Post-dilatation was performed in 1,183 patients (32.7 %) randomized to thrombus aspiration and in 1,153 patients (31.8%) randomized to PCI only. Neither the risk of all-cause mortality (RR 0.74, 95% CI 0.51 to 1.07, p = 0.11), re-infarction (RR 0.86, 95% CI 0.51 to 1.46, p = 0.57), nor stent thrombosis (RR 0.67, 95% CI 0.26 to 1.77, p = 0.42) differed between the 2 patient groups. Equally, in patients with no post-dilatation there was no difference at the risk of all-cause mortality (RR 1.03, 95% CI 0.80 to 1.33, p = 0.84), re-infarction (RR 0.94, 95% CI 0.66 to 1.34, p = 0.73), or stent thrombosis (RR 0.78, 95% CI 0.40 to 1.49, p = 0.45) between the two randomized groups. No statistical interaction between randomized treatment and post-dilatation / no post-dilatation was found for any of the 3 outcomes. The authors concluded that post-dilatation did not confer a worse or better outcome on death, myocardial infarction, or stent thrombosis whether randomized to thrombus aspiration and PCI or to PCI only. However, they emphasized that their trial was not powered for this post-hoc sub-study analyses.

Karjalainen, et al. (2017) performed a post hoc analysis of the BASE ACS trial, a prospective randomized trial of 827 patients, comparing titanium-nitride-oxide-coated bioactive stents versus everolimus eluting stents in acute coronary syndrome (ACS). The primary endpoint was a composite of cardiac death, nonfatal myocardial infarction or ischemia-driven target lesion revascularization. The secondary endpoints were non-cardiac death and definite stent thrombosis. Of the 827 patients enrolled in the trial, 357 (43.2%) underwent post-dilatation. At a median follow-up of 5 years, their analysis showed that the rates of nonfatal myocardial infarction were significantly lower among those who underwent post-dilatation versus those who did not (4.5% vs. 8.5%, p = 0.02), while no significant differences were observed for other endpoints, including cardiac or non-cardiac death, ischemia-driven target lesion revascularization, or definite stent thrombosis. The authors attributed this difference to potential lower rates of stent failure due to better stent deployment in the post-dilatation group.  The results are interesting, but the study was not designed or powered a priori to explore specific differences in outcome based on post-dilatation and the decision for post-dilatation or not was based on treating clinician’s preference. 

The results of the above-described studies on post-dilatation in the context of acute myocardial infarction are contradictory. One study correlates post-dilatation with death and myocardial infarction, two are neutral and two associate post-dilatation with better clinical outcomes (less target vessel revascularization and stent thrombosis rates in one study and less myocardial infarction in the other). Interestingly, none of the three studies that assessed angiographic parameters of epicardial flow and myocardial perfusion at the end of the procedure found any difference between the post-dilatation and the no post-dilatation groups.  Nevertheless, one study reported temporal reduction of TIMI flow grade immediately after post-dilatation in up to one fourth of the patients. Of course, as already discussed earlier in this chapter, angiographic assessment of myocardial perfusion lacks accuracy and in case another modality (e.g. cardiac MR) has been used, the results could have been different.   Two of the studies (one with negative and one with positive results for post-dilatation) did not discriminate between STEMI and non-STEMI but pooled the results for all patients with an acute coronary syndrome.  However, STEMI and NSTEMI are two different pathophysiological entities (Rott and Leibowitz, 2007), where even thrombus composition could be different (Uchida, et al., 2011). Furthermore, the technical aspects and challenges of the PCI procedure differs between STEMI and the rest of ACS (Ibanez, et al., 2018). In STEMI the vessel has been by definition totally occluded and there is a high burden of thrombus on the basis of a usually soft underlying atheromatic plaque. In NSTEMI, the vessel is usually patent, there is less thrombus and calcification or tortuosity are more common. Therefore, the impact of stent post-dilatation in clinical outcomes might be different between the two types of myocardial infarction. More importantly, the retrospective design of these studies makes them prone to selection bias, confounding and potential lack of capture of all the factors contributing to the measured outcomes. Furthermore, even in the studies using data from randomized trials, the analysis was performed post-hoc and they were not designed or powered to explore difference between the groups based on post-dilatation. Finally, it is important to note, that data collected outside dedicated trials usually lack monitoring and adjudication, a fact that makes them less reliable. Thus, a definite study supporting or rejecting the use of post-dilatation in STEMI patients based on clinical outcomes is missing. 

[bookmark: _Toc36737667]1.4.5 	Impact of primary PCI for STEMI on coronary microcirculation

As discussed, the existing clinical studies leave unanswered the question regarding the overall benefit or harm of post stenting balloon dilatation in patients with STEMI due to limited scientific design and contradictory results. Iatrogenic embolisation of tissue fragments by coronary manipulation during percutaneous interventions is a proven phenomenon and the contribution of embolisation to microvascular injury is well described. Furthermore, anecdotal clinical experience supports the idea that aggressive post-dilatation in the context of STEMI can cause angiographic no-reflow (Yamaji, et al., 2017). However, as shown by the studies described in the previous section, the effect of post-dilatation on traditional angiographic markers of myocardial perfusion was neutral. Nevertheless, assessment of microvascular function by coronary angiography is qualitative with limited diagnostic accuracy.  As presented in the section on the diagnosis of MVI during acute myocardial infarction (1.1.5), there are more advanced tools for the assessment of the function/dysfunction of coronary microcirculation. The index of microcirculatory resistance (IMR) is such a tool. It is a quantitative invasive index of coronary microvascular function calculated with the use of a coronary guidewire and the thermodilution method (Fearon, et al., 2003). It has a strong correlation with microvascular injury in patients with STEMI and an IMR> 40 measured immediately after primary PCI has been associated with hard clinical endpoints (Carrick et al., 2016; Fearon, et al., 2013). 

Prior to the POSTDIL-STEMI study, IMR had not been used to assess specifically the impact of post stenting balloon dilatation in patients with STEMI. However, researchers from the John Radcliffe Hospital in Oxford, UK and Royal Papworth Hospital in Cambridge, UK have used serial measurements of IMR at different stages of the coronary intervention to study the effects of coronary instrumentation on coronary microcirculation during primary PCI in STEMI patients (De Maria, et al., 2015; Hoole, et al., 2015b). De Maria et al. measured IMR after restoration of coronary blood flow by thrombus aspiration and/or balloon pre-dilatation and at the very end of the PCI procedure after stent deployment in 85 patients undergoing primary PCI.  Median IMR was reduced from 67.7 [interquartile range (IQR): 56.2–95.8] to 36.7 (IQR: 22.7–59.5), p=0.001. The authors hypothesized that the increase in perfusion pressure after relief of coronary stenosis and restoration of coronary flow led to mechanical downstream relaxation of coronary and microvascular tone, consequent to the release of vasoactive factors, with subsequent reduction in microvascular resistance. However, the decrease in IMR was not universal as 15.4% of the patients had an increase in IMR and an IMR > 40 at the end of the procedure [IMR changed from 45.7 (31.1 – 120.9) to 129.3 (90.9–231.8), p=0.001]. The authors attributed this increase partly to distal embolization of athero-thrombotic material during PCI. They based their conclusion on the fact that thrombus burden was an independent predictor of a final IMR > 40 and thrombus burden and implanted stent volume were inversely related with IMR change. The main aim of the study by Hoole, at al. (2015b) was to assess the effect of thrombus aspiration on coronary microcirculation during primary PCI. 41 patients were randomized to either thrombus aspiration or balloon angioplasty after wire passage and blood flow restoration and IMR was measured at baseline, immediately after thrombectomy or balloon angioplasty and at the end of procedure after stenting. The effect of PCI on IMR was neutral in both groups (thrombectomy arm: baseline 30.7 ± 20.0, post thrombectomy 33.1 ± 20.5, post stenting 40.1 ± 28.5, p=0.32; balloon angioplasty arm: baseline 40.7 ± 40.7, post balloon angioplasty 45.4 ± 40.0, post stenting 41.6 ± 34, p=0.88).  However, in the subgroup of patients with IMR < 32, any instrumentation in the index vessel with thrombectomy or balloon angioplasty prior to stenting resulted in a significant increase in IMR (baseline: 21.7 ± 8.0 versus post device: 36.9 ± 25.9, p=0.006). This accounted for all the procedure-related microvascular injury, as there was no further IMR increase post-stenting.  The authors attributed these changes to iatrogenic microvascular injury due to micro-particles embolisation and concluded that STEMI patients who present with less microcirculatory dysfunction may be susceptible to acute iatrogenic microcirculatory injury from pre-stent coronary devices manipulation. 

The data from these studies support the notion that PCI and its individual procedural steps are significantly associated with distal embolization. Furthermore, they proved the feasibility and validated the use of serial IMR measurements in the assessment of the effects of percutaneous intervention procedural steps on coronary microcirculation. However, neither of the two studies assessed potential changes to microvascular function caused by stent post-dilatation specifically. IMR has been shown previously to be independent from epicardial stenosis when wedge coronary pressure is taken into account for its calculation (Aarnoudse, et al., 2004). In theory, any changes to the stented segment by stent post-dilatation should not affect its value and consequently any potential change in IMR could be attributed to iatrogenic release of residual in-stent athero-thrombotic material. Previous studies using Doppler guidewires and distal protection devices have documented the iatrogenic embolization of micro-particles during the different steps of percutaneous coronary intervention in the context of primary PCI for STEMI (Limbruno, et al., 2005; Okamura, et al., 2008). However, as shown elegantly by Okamura, et al., (2008) with the use of intracoronary Doppler, the number of embolised micro-particles does not necessarily correlate with microvascular obstruction, as the potential subsequent obstruction could be temporal. Therefore, using an index of microvascular function like IMR is more useful when attempting to assess clinical consequences of iatrogenic embolisation. Is then any change in IMR clinically relevant? The answer is probably no. In STEMI the prognostic relevance of IMR has been shown in a binary mode with a cut-off value of 40 units predicting adverse outcomes. Although a continuous relation of IMR with outcomes sounds intuitive, this has to been proven in future studies. However, even in this case small variations might still not be clinically relevant. For example, when discussing the design of the Trial of Low-dose Adjunctive alTeplase During prIMary PCI (T-Time) (a randomized controlled trial assessing intracoronary thrombolysis) the investigators used an average difference in IMR between treatment groups of 10 as a clinically meaningful effect of the intervention tested (Carrick, et al. 2016a). In POSTDIL-STEMI, IMR was used for quantification of microvascular function/injury before and after post-dilatation and therefore it will be presented and discussed in detail in the Methods chapter of this thesis. 

[bookmark: _Toc36737668]1.5 	Aim of the thesis

The aim of this thesis was to assess the effects of stent optimisation by post-stenting non-compliant balloon dilatation in patients presenting with ST-segment elevation myocardial infarction undergoing primary PCI. In particular, the primary aim was to investigate the impact of post–dilatation on the coronary microcirculation. 

In order to investigate the impact of post–dilatation on coronary microcirculation, microvascular function was assessed immediately before and after stent post-dilatation, using each patient as his own control. Invasive assessment of microvascular function using the index of microcirculatory resistance (IMR) was performed. At the same time, coronary flow reserve (CFR) and fractional flow reserve (FFR) were measured. Furthermore, angiographic (TIMI flow grade, TIMI frame count and myocardial blush grade) and electrocardiographic (ST-segment resolution and absolute ST deviation) markers of myocardial perfusion were assessed immediately before and after post-dilatation. 

The second aim of the thesis was to assess the relation of residual in-stent athero-thrombotic material with changes in microvascular function after post-dilatation. Intracoronary imaging with optical coherence tomography (OCT) was used in order to quantify the residual in-stent prolapsing tissue. Similar to the physiological measurements, OCT runs were performed immediately before and after stent post-dilatation. 

The third and final aim of this thesis was to assess the effects of post-dilation on features of stent deployment on second-generation drug eluting stents implanted in patients with ST-segment elevation myocardial infarction during primary PCI. Stent deployment features including absolute and relative stent expansion, stent struts apposition, in-stent prolapsing material and stent edge dissections were assessed by OCT immediately before and after stent post-dilatation. 



[bookmark: _Toc36737669]Chapter 2. 	Methods and Materials

[bookmark: _Toc36737670]2.1 	Study design and protocol

[bookmark: _Toc36737671]2.1.1 	Study overview

The POSTDIL-STEMI (The Impact of Post Stenting Balloon Dilatation in STEMI Patients Undergoing PPCI) was a prospective observational study on patients with ST-segment elevation myocardial infarction undergoing primary PCI. The study took place at a single tertiary cardiac centre (Essex Cardiothoracic Centre, Basildon & Thurrock University Hospitals NHS Foundation Trust, Basildon, United Kingdom) over a period of 10 months. The initial idea was the result of anecdotal clinical experience during my training as an interventional cardiologist and discussions with my supervisors regarding the challenges of emergency PCI for patients presenting with STEMI. After reviewing, the literature in detail, I designed the study, authored the study protocol and all other relevant documents and led the ethical submission and approval process. During the study period, I performed the screening and recruitment of all patients involved in the study. I attended the PCI procedure for all recruited patients and guided implementation of the research protocol [i.e. coronary physiology measurements, optical coherence tomography (OCT) studies and recording of angiographic and electrocardiographic markers of myocardial perfusion]. I personally collected all data and performed their review and analysis. For the purpose of the study, I was trained in physiological measurements using the thermodilution method in a centre with relevant clinical experience (John Radcliffe Hospital, Oxford University Hospitals NHS Foundation Trust, Oxford, United Kingdom) and in OCT analysis in a dedicated core laboratory (Centro per la Lotta contro l'Infarto- CLI Foundation, Rome, Italy). 

[bookmark: _Toc36737672]2.1.2 	Ethical approval

The POSTDIL-STEMI study protocol received ethical approval by the East of England-Cambridge South Research Ethics Committee (REC reference 16/EE/0096). A summary of the research protocol has been published at the Health Research Authority website.

[bookmark: _Toc36737673]2.1.3 	Clinical study registration

The POSTDIL-STEMI study has been registered with the ClinicalTrials.gov web based clinical studies database. It is under the identifier NCT 02788396. This is in accordance with the International Committee of Medical Journal Editors initiative requiring prior entry of clinical trials in a public registry as a condition for publication.

[bookmark: _Toc36737674]2.1.4 	Study hypothesis

The primary hypothesis of the study was that post-dilatation with NC balloons at high inflation pressure in the context of STEMI would lead to microvascular injury as depicted by an increase in IMR. Furthermore, it was hypothesized that the degree of this injury (i.e. change in IMR / dIMR) would be related to the residual in-stent prolapsing amount of thrombus/atheroma after stent deployment as assessed by OCT.  Finally, it was expected that post-dilatation would improve significantly features of stent deployment with a decrease in measures of stent underexpansion and malapposition. 

[bookmark: _Toc36737675]2.1.5 	Study objectives

The objectives of POSTDIL-STEMI study were:

a) To determine the effect of stent optimisation with NC balloons post-dilatation in coronary microcirculation in patients presenting with STEMI undergoing primary PCI. This was the primary objective of the study.

b) To investigate whether residual athero-thrombotic material as assessed by optical coherence tomography (OCT) would correlate with microvascular injury after stent post-dilatation.

c) To assess by OCT the effects of post-dilatation on features of stent deployment during primary PCI. Furthermore, the relation of the achieved stent expansion with post-PCI fractional flow reserve (FFR) was explored. 

The study was divided into three sub-studies designed to assess the above objectives.

[bookmark: _Toc36737676]2.1.6 	Study population

Study participants

Patients of both sexes presenting at Essex Cardiothoracic Centre with ST-segment elevation myocardial infarction within twelve hours of symptoms onset were screened against the study’s inclusion and exclusion criteria. In cases where they met the pre-specified criteria, they were recruited in the study prior to coronary angiography and primary PCI. All patients gave written informed consent prior to recruitment in the study.

Inclusion criteria

The study’s inclusion criteria were as follows:
· 18 years of age and above.
· Acute symptoms onset with duration > 20 minutes.
· ST-segment elevation ≥ 0.1 mV in ≥ 2 contiguous leads, signs of a true posterior infarction or documented newly developed left bundle branch block.
· Infarct related artery with a diameter of 2.5 mm or above. 
· Operator’s intention to proceed to stent deployment (i.e. not refer for CABG or defer PCI).

Exclusion criteria

The study’s exclusion criteria were as follows:
· Symptoms duration > 12h.
· Inability to provide written informed consent.
· Previous bypass graft surgery (CABG).
· Previous myocardial infarction at the same myocardial territory within current admission.
· Pregnancy. 
· Known severe chronic kidney disease (creatinine clearance ≤30 mL/min), unless the patient was on dialysis.
· Inability to receive antiplatelet medications or peri-procedural anticoagulation (i.e. coagulation disorders, bleeding etc.).
· Haemodynamic instability.
· Severe left main stem (LMS) disease.
· Contraindications to administration of adenosine [i.e. asthma, high degree atrioventricular (AV) block unless pacemaker in situ]
· Any study coronary lesion characteristic resulting in the expected inability to deliver OCT catheter across the lesion before and after post-dilatation (e.g. severe vessel calcification or tortuosity).

Patients withdrawal 

After stent deployment, if the operator decided not to proceed to post-dilatation the participant was withdrawn. In addition, a participant was discontinued from the study at any time if it was deemed necessary for clinical reasons. Finally, patients were able to withdraw from the study at any time at their request.

[bookmark: _Toc36737677]2.1.7 	Study’s protocol

Patients presenting with STEMI within 12 hours of symptoms onset were screened and recruited according to inclusion/exclusion criteria. Written informed consent was sought prior to coronary angiography. Primary PCI was performed according to international guidelines and local practice. All patients were loaded with Aspirin and Clopidogrel prior to the procedure. Right radial artery was the default access point.  Patients were anti-coagulated with heparin (70-100 U / kg) with a target ACT of > 250 seconds during the procedure. Use of glycoprotein (GIIb IIIa) inhibitors, thrombus aspiration and balloon pre-dilatation were at the discretion of the operator. Second generation everolimus-eluting drug eluting stent (DES) were used in all cases. Recommended stent balloon inflation pressure during stent deployment was at the level suggested by the device chart in order to achieve the desired size (nominal pressure).

After successful stent deployment the operator decided based on angiographic appearance and clinical judgement whether he would proceed to post-dilatation. If post-dilatation was not needed, the patient exited the study. In cases where post-dilatation was deemed appropriate, the operator continued with the study’s protocol. Prior to post dilatation, an OCT study was performed followed by physiological measurements including the index of microcirculatory resistance (IMR), coronary flow reserve (CFR) and fractional flow reserve (FFR). Furthermore, specific angiographic views needed for angiographic assessment of coronary flow, myocardial perfusion, collateral circulation and thrombus burden and 12-lead electrocardiography (ECG) were recorded. Subsequently, post-dilatation with NC balloons at high pressure (>16 atm) was performed with duration of inflation for at least 10 seconds. The size of the NC balloon, the number of balloon inflations and in-stent location of post-dilatation were left at the discretion of the operator and his clinical judgment. After post-dilatation, physiological measurements, OCT run, angiographic views and 12-lead ECG recordings were performed as before.

A detailed description of the physiological measurements, OCT acquisition and analysis and angiographic and ECG assessment is given at the relevant sections later in this chapter. 

The study protocol was completed at the end of primary PCI. Patients’ care was continued at a clinical base. Patients were followed up to hospital discharge and then exited the study. 

[bookmark: _Toc36737678]2.1.8 	Data collection

Based on the protocol, numerous data were collected including detailed demographic, baseline and procedural characteristics. During the procedure, a dedicated combined pressure / temperature guidewire (PressurewireTM X, St Jude Medical / Abbott Vascular, USA) was used for the assessment of haemodynamic parameters and the physiological measurements. Dedicated software was used online for recording the aortic, distal coronary and wedge pressure traces; the temperature curves and transit times, and for physiological indices calculation (Coroventis CoroFlowTM, Uppsala, Sweden) (fig. 2.1). Optical coherence tomography images were acquired using the FD-OCT Dragonfly OPTIS Catheter (St. Jude Medical/Abbott Vascular, USA) and stored at the proprietary console (ILLUMIENTM OPTISTM PCI Optimisation System, St Jude Medical/Abbott Vascular, USA) (fig. 2.2). Coronary angiography screenings and 12-lead electrocardiography recordings were also stored. Using the above recordings, multiple parameters were calculated and assessed offline as discussed later in the relevant sections of this chapter. 
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Figure 2. 1 Software used for physiological measurements.
Coroventis CoroFlowTM is a dedicated software that allows advanced coronary physiology measurements. It communicates wirelessly with PressurewireTM X and catheterisation laboratory haemodynamic recording system. This figure represents a screenshot from an actual POSTDIL-STEMI study case (case 23). Aortic (red) and distal coronary (green) pressure traces have been recorded real-time. The same applies for the resting (light blue) and hyperaemic (orange) thermodilution curves. Baseline (x3) and hyperaemic (x3) transit times (Tt) are recorded in individual boxes and a mean value is provided automatically. Physiological indices (FFR, CFR and IMR) are calculated automatically and projected at the left side of the screen. 
CRF = coronary flow reserve, FFR = fractional flow reserve, IMR = index of microcirculatory resistance.
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Figure 2. 2 Intracoronary imaging with OCT. 
A) OCT ILUMIEN™ OPTIS-System™. OCT images are stored on the system for offline analysis. B) OCT Dragonfly™ OPTIS™ Imaging Catheter The catheter is over-the-wire device, with 3 markers indicating the position of the lens when inside the coronary artery. OCT = optical coherence tomography.


[bookmark: _Toc36737679]2.1.9 	Outcome measures 

All measurements were performed immediately before and after post-dilation.  The primary endpoint of the main study (effect of post-dilatation on coronary microcirculation) was the change in the index of microcirculatory resistance (dIMR). For the purpose of the project, both IMR and wedge-corrected IMR were measured and the values were compared to assess any potential difference (for a detailed description of indices please see section 2.2.2 of this chapter).   Furthermore, the changes of all physiological measurements were calculated. For the second sub-study (correlation of thrombus with impact on microcirculation) multiple quantification variables of post stenting residual athero-thrombotic material by OCT were evaluated and their relationship with changes in microcirculation was assessed. Finally, for the third sub-study of the project (effect of post-dilatation on stent deployment features) variables of stent expansion, stent malapposition, in-stent atherothrombotic prolapse and stent edge dissections were assessed before and after post-dilatation. For a detailed description of all the measurements see the relevant sections later in this chapter. 

[bookmark: _Toc36737680]2.1.10	Statistical analysis

All quantitative variables were tested for normal distribution according to the Kolmogorov-Smirnov test. Continuous variables were reported as mean and standard deviation values. Categorical variables were expressed as frequency and proportion. Comparisons between before and after post-dilatation values were estimated using the paired t-test analysis for variables with normal distribution and the Wilcoxon test in case of non-normal distribution. For differences between independent variables, the independent samples t-test analysis was applied. Group differences of categorical variables were tested by a chi-square test. Association between two paired proportions was tested with the McNemar’s test. Pearson’s correlation coefficients or Spearman’s correlation coefficients were used to assess the relationship between two variables as appropriate. Agreement between indices was assessed by Bland-Altman plot. The level of statistical significance was set at 5% with two tails. Statistical analysis was carried out using SPSS 24 software (SPSS Inc., Chicago, Illinois, USA).

This study aimed to elicit exploratory data on the effect of post-dilatation during primary PCI. The primary endpoint of the study was the changes in coronary microcirculation as assessed by the index of microcirculatory resistance (IMR). No previous study has been performed looking specifically at post-dilatation using the same methodology. One of the strengths of the applied methodology was that each patient acted as his/her own control and as such a sample of 30 to 40 patients would be sufficient (Hertzog, 2008). However, studies that have reported IMR changes in STEMI were used to perform sample size calculation. In STEMI patients the clinical value of IMR has been shown when a binary cut-off point of 40 units is applied (Carrick, et al., 2016a; Fearon, et al., 2013).  A continuous relation of IMR with outcomes sounds intuitive but must be proven in clinical studies and even in this case small variations might have limited clinical importance. Previous STEMI studies using IMR as a treatment effect measure of different treatments (i.e. thrombus aspiration, Tirofiban, Ticagrelor, Streptokinase) have considered a difference of 20 to 30% between the treatment groups as clinically important (Hoole, et al., 2015; Kirma, et al., 2012; Park, SD., et al., 2016a; Sezer, et al., 2007). In this study, based on previous reports (Carrick, et al., 2016a), a change in IMR of 10 units was considered clinically significant. In order to detect the clinically relevant difference of at least 10 units between before and after post-dilatation and taking into account a standard deviation of ± 20, 32 patients were needed for the study to have 80% power with a significance level of 0.05 using a two-sided paired t-test (a = 0.05, power = 0.80). Frequency of post-dilatation in STEMI patients undergoing primary PCI varies between 30% and 60% in published studies (De Maria, et al., 2015, Fröbert, et al., 2015). In the Essex Cardiothoracic Centre, based on operator preferences and different clinical scenarios, post-dilatation takes place in around 50% of primary PCI cases. Thus, in order to have 32 cases that would undergo post-dilatation, 64 patients needed to be recruited. Furthermore, as shown in previous studies with physiological measurements in STEMI patients, 25% of the cases would not have physiological assessment for different reasons (De Maria, et al., 2015). Taking this into account, it was calculated that 85 patients were needed to be recruited in order to get the wanted sample size with complete physiological measurements. 

Regarding power calculations and statistical analysis in this study, formal advice was provided by Dr Jufen Zhang, medical statistician at Anglia Ruskin University. 

[bookmark: _Toc36737681]2.2 	Description of tools and methods 

[bookmark: _Toc36737682]2.2.1 	Introduction

In this section, the different tools and methods used in POSTDIL-STEMI study for data collection are described. The index of microcirculatory resistance (IMR) that was used for the assessment of coronary microvascular function and any potential microvascular injury caused by post-dilatation is discussed in detail. Subsequently, intracoronary optical coherence tomography (OCT) is described and discussed as it was used for the evaluation and quantification of stent deployment features; stent expansion, stent malapposition, in-stent athero-thrombotic prolapse and stent edge dissections.

[bookmark: _Toc36737683]2.2.2 	Index of microcirculatory resistance (IMR)

[bookmark: _Toc36737684]2.2.2.1 Overview, theory and validation

The index of microcirculatory resistance (IMR) is a quantitative wire-based method for invasive assessment of the coronary microvascular function in the cardiac catheterisation laboratory (Fearon and Kobayshi, 2017). It is a measure of the minimal achievable microvascular resistance and a reflection of the health of the coronary microcirculation (Fearon, et al., 2003). 

IMR is calculated using a combined pressure / temperature sensor guidewire, by applying the thermodilution method. This method is based on the indicator dilution principle, according to which injecting a certain amount of an indicator into the bloodstream and measuring its concentration over time distal to the injection site, can quantify volumetric flow, as flow equals volume divided by mean transit time (mTt) (flow = volume / mean transit time) (Meier and Zierler, 1954). The method is applied by continuous infusion or instantaneous injection of a certain amount of saline of a known temperature. Greater blood flow will cause more dilution of the saline and less temperature change. If the injected saline’s quantity and temperature are known, analysis of the blood temperature versus time curves allows the calculation of blood flow (Zierler, 1962). De Bruyne, Pijls and colleagues validated the use of thermodilution for calculation of blood flow in coronary circulation in vitro, in an animal model and finally in humans (De Bruyne, et al., 2001; Pijls, et al., 2002; Barbato, et al., 2004). Based on these experiments and moving from flow to resistance, Fearon, et al. (2003) introduced the index of microcirculatory resistance (IMR). IMR was defined as the distal coronary pressure divided by the inverse of the hyperaemic mean transit time during maximal hyperaemia. The derivation of IMR is based on Ohm’s law, which states that the potential difference across an ideal conductor is proportional to the current through the conductor, applied to the coronary microcirculation. IMR was validated in a porcine model and showed good correlation to true microvascular resistance as measured by an external ultrasonic flow probe (Fearon et al., 2003). Subsequently, it was tested in stable patients where it was proven to be independent of epicardial stenosis and haemodynamic state (Aarnoudse, et al., 2004; Ng, et al., 2006).

[bookmark: _Toc36737685]2.2.2.2   Standard Measurement Technique of IMR

The IMR is calculated using a guidewire with a combined pressure / temperature sensor attached close to its distal tip (Pressurewire X, Abbott Vascular, USA). The shaft of the guide wire acts as a proximal thermistor. The guidewire is calibrated and then advanced through a guide-catheter and equalised to aortic pressure with the pressure sensor positioned at the tip of the catheter. Subsequently, it is advanced to the distal third of the coronary artery, at least 60 mm distally to the coronary ostium. Hyperaemia is induced by intravenous infusion of adenosine and 3 ml bolus of normal saline at room temperature is injected down the coronary artery. The injection is repeated three times. The mean transit time is calculated by the created thermodilution curve (fig. 2.3). 
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[bookmark: _Toc20223266]Figure 2. 3 IMR measurement technique. 
A) Boluses of saline are injected via the guide catheter. Distal coronary pressure and temperature are measured by the sensor located 3 cm from the tip of the wire. The shaft of the wire acts as a second thermistor. B) Calculation of mean transit time from thermodilution curve (sensor – red line) and injection signal (shaft – blue line). IMR = index of microcirculatory resistance, Tmn = mean transit time. 

IMR is defined as distal coronary pressure multiplied by hyperaemic mean transit time (Fearon, et al., 2003). As hyperaemic mean transit time is inversely correlated to absolute flow, IMR provides a quantitative measure of coronary microvascular resistance: 
	            IMR = distal coronary pressure (Pd) / coronary flow
   	      	IMR = distal coronary pressure (Pd) x mean transit time (mTt) 
The above equation is a simplified form; assuming that coronary flow and myocardial flow are equal, and that the contribution of collateral flow and the effect of venous pressure are negligible. In the presence of a significant coronary stenosis there might be recruitable collateral supply, so both coronary flow and collateral flow contribute to overall myocardial flow (Amier, et al., 2014). Coronary wedge pressure (Pw) can be measured with the wire placed at the distal third of the vessel and by obstructing the vessel proximal to the wire tip with balloon inflation. In this case, IMR corrected (IMRc) for coronary wedge pressure (Pw) can be calculated by the following equation:

		IMRc = [(Pa–Pv) x mTt ] x [(Pd–Pw) / (Pa–Pw) ]  (Yong, et al., 2012)

with Pa, Pd and mTt measured during hyperaemia. Pv represents central venous pressure.
If we consider venous pressure negligible (usually 5mmHg so Pa >> Pv), the equation takes the following form:

		IMRc = (Pa x mTt) x [ (Pd–Pw) / (Pa–Pw) ]

with Pa, Pd and mTt measured during hyperaemia.

Specific prerequisites are needed for thermodilution measurements to be valid (De Bruyne, et al., 2001). Firstly, the epicardial blood volume should remain the same so the pressure / temperature sensor should have the same position between repeated measurements. For the same reason, changes in the epicardial vessel diameter by flow-mediated vasodilation between hyperaemia and baseline should be avoided by intracoronary nitrates given prior to baseline measurements. Especially in the context of bradycardia, injections of saline at different time points of the cardiac cycle (systole or diastole) could lead to different results as flow varies accordingly. In order to control for these variations, the transit time is calculated as the average of three measurements. Injection of the indicator should not affect the coronary blood flow, which was not shown when saline injections of 3 ml or less were used in animal and human studies. Finally, the indicator should be adequately mixed with blood before reaching the temperature sensor, so the distal wire should be placed more than 60 mm distally to the injection site. 
	
[bookmark: _Toc36737686]2.2.2.3   IMR in STEMI

In patients with STEMI, IMR can be easily and safely measured during primary PCI and has been used in a number of studies to assess coronary microvascular function in the acute setting. It has been tested against non-invasive reference standards [i.e. echocardiography (Fearon, et al., 2008; Lim, et al., 2009; Park SD, et al., 2016b); FDG-PET (Lim, et al., 2009); CMR  (McGeoch, et al., 2010; Payne, et al., 2012; Patel, et al., 2015; Ahn, et al., 2016; Carrick, et al., 2016a)] and has shown that it is a reliable predictor of microvascular injury, final infarct size and recovery of left ventricular function post myocardial infarction. Furthermore, an elevated IMR at the time of primary PCI can predict short- and long-term clinical outcomes like major cardiac complications, future hospitalization for heart failure and mortality (Fearon, et al., 2013; Park SD, et al., 2016b; Carrick, et al., 2016a; Fahrni, et al., 2017). 
At the seminal study introducing IMR as a prognostic biomarker in STEMI patients, Fearon, et al. (2008) showed in a small cohort of patients (n=29) that IMR correlated significantly with peak creatinine kinase (CK) (r=0.61, p=0.0005) while the other measures of microvascular dysfunction (i.e. CFR, ST-segment resolution and angiographic markers of myocardial perfusion) did not. Furthermore, the study suggested that an IMR 32 at the end of primary PCI predicted recovery of left ventricular function, as assessed by echocardiography. IMR  32 correlated with improvement in wall motion score index (WMSI) (from 25.4  6.6 at baseline compared to 19.5  3.6 at 3 months; p = 0.0002), while patients with IMR >32 had no change in WMSI. This original work had a small sample size, used outcome measures that are not specific for the microcirculation and did not report clinical outcomes. Subsequently, much larger studies involving hundreds of STEMI patients and using CMR, which is the contemporary gold-standard modality to assess cardiac structure, function and tissue, supported the close association of IMR with microvascular pathology and left ventricular remodeling (Payne, et al., 2012; Carrick, et al., 2016b). More importantly, IMR was shown to be associated with hard clinical endpoints. In a prospective multicenter study of 253 STEMI patients, IMR >40 at the end of the procedure was independently associated with all-cause death (hazard ratio: 4.3, 95% confidence interval [CI]: 1.3 to 15.0; p=0.02) or all-cause death or rehospitalization for heart failure at 1 year (hazard ratio: 2.2; 95% CI: 1.1 to 4.5; p=0.03) (Fearon, et al. 2013). In a prospective single centre study of 283 STEMI patients, Carrick, et al., (2016a) showed that IMR >40 independently correlated with all-cause death or heart failure readmissions at 2 years (odds ratio: 4.36; 95% CI: 2.10 to 9.06; p < 0.001). Furthermore, Fahrni, et al., showed in a cohort of 261 STEMI patients that IMR >40 immediately after primary PCI predicted major cardiac complications (i.e.  cardiac death, cardiogenic shock, pulmonary edema, malignant arrhythmias, cardiac rupture, and presence of left ventricular thrombus) 30 days post-STEMI (16.7% vs. 0%; p < 0.001). The above studies established an IMR of 40 as the contemporary cut off value for prediction of adverse outcomes. 

There is a limited number of studies, where serial IMR measurements have been performed in the context of primary PCI for STEMI to assess sequential changes in microcirculation caused by PCI procedural steps. Hoole, et al. (2015b) randomized STEMI patients to balloon angioplasty or manual thrombectomy prior to stenting and performed serial IMR measurements at baseline and after each step of the procedure. In patients with less microcirculatory dysfunction at baseline, device instrumentation pre-stent led to acute iatrogenic microcirculatory injury, while thrombectomy did not appear to be superior to balloon angioplasty in maintaining microcirculatory integrity (Hoole, et al., 2015b).  De Maria, et al. (2015) performed IMR measurements pre and post PCI (stent deployment) in 85 STEMI patients. Considering IMR as a marker of myocardial perfusion, they found that perfusion is not universally improved by PCI and that late presentation and location and extent of thrombus burden may lead to impaired microvascular function at the end of the procedure (De Maria, et al., 2015). However, overall IMR improved after PCI (49.7 pre-stenting vs. 29.2 at the end of PCI; p <0.001).

[bookmark: _Toc36737687]2.2.2.4   IMR in POSTDIL-STEMI study

In POSTDIL –STEMI study, IMR was used to quantify microvascular injury and its measurement was performed immediately before and after stent post-dilatation. 

As discussed in Chapter 1, intracoronary Doppler is another method to assess microcirculation invasively. Recently published reports have shown that indices of microvascular function derived by Doppler measurements like zero-flow pressure (Pzf) and hyperaemic microvascular resistance (hMR) might correlate better with myocardial and microvascular injury post STEMI than IMR (Patel, et al., 2015; Williams, et al., 2018). However, the challenge to obtain high quality Doppler measurements is well described and insufficient quality of Doppler traces has been reported to occur in up to 30% of measurements (Barbato, et al., 2004; Everaars, et al., 2018). It is characteristic that in a recent study where flow velocity measurements by Doppler wire were performed by operators with ample experience, 14% of the Doppler traces had to be excluded because of poor quality and only in 54% of the traces the quality was described as good. Furthermore, Doppler measurements are more time consuming and require offline analysis. Thus, in POSTDIL-STEMI, the thermodilution technique for microcirculation assessment was adopted in order to maximise quality of data acquisition and use a method potentially transferable to clinical practice. 

In a study on stable patients (98 vessels of 40 consecutive patients) the intraobserver variability of thermodilution transit time (Tt) was 11.5%  7% at rest and 14.6%  9% during hyperemia (p=0.016) (Everaars, et al., 2018). The technique of manual bolus injection accounts for some variance as discussed already and Tt measurement is affected by quality of the injections, sensor wire position, adequate guide seating without damping, and the phasic (cardiac systole vs. diastole) coronary flow rate (Kern, and Seto, 2018). In the same study by Everaars, et al., (2018), intraclass coefficient for intraobserver variability of thermodilution (1/transit time) measurements was excellent both at rest and hyperaemia (ICC=0.97, p<0.001 at rest and ICC=0.96, p<0.001 at hyperaemia). In STEMI patients, the repeatability of IMR measurements has been reported to be excellent. In a large series of STEMI patients, repeated IMR measurements obtained by 4 different operators in 12 STEMI patients were highly correlated (r=0.99, p<0.001), with a mean difference between IMR measurements of 0.01 (mean standard error 1.59 [95% CI −3.52 to 3.54], p=0.48) (Payne, et al., 2012). 

For the purpose of the study, both IMR and wedge-corrected IMR (IMRc) were measured. As discussed earlier in this section, in the presence of significant epicardial stenosis, IMR needs to be corrected for wedge pressure as collateral flow should be taken into account (Aarnoudse, et al., 2004). In the setting of STEMI and primary PCI, when IMR is measured after stenting, there is usually no residual epicardial stenosis and corrections are not required (Maznyczka, et al., 2019). However, it has been shown that a suboptimal stent result, not detectable by angiography but apparent in intravascular imaging, can affect coronary physiology measurements like FFR (Wolfrum, et al., 2018). Furthermore, during acute coronary occlusion in the context of STEMI, collateral blood supply by a contralateral vessel is not uncommon and it has been suggested that functional regression of the collateral circulation is not instant after recanalisation of the occluded vessel (Lee, et al., 2017).  Thus, both IMR and IMRc were measured and their values compared to assess any potential difference.

[bookmark: _Toc36737688]2.2.3   Other physiological indices

The other physiological indices calculated in POSTDIL-STEMI study were Coronary Flow Reserve (CFR) and Fractional Flow Reserve (FFR).

[bookmark: _Toc36737689]2.2.3.1 Coronary Flow Reserve (CFR)

Coronary flow reserve (CFR) is defined as the ratio between coronary blood flow at maximal hyperaemia and at baseline condition (Gould, 1974). It reflects the capacity of the coronary circulation (both the epicardial vessel and the microcirculation) to satisfy a physiological increase in oxygen demands with a corresponding increase in blood flow (Johnson, et al., 2016). CFR can be measured invasively using coronary Doppler (Doucette, et al., 1992) or the thermodilution method (De Bruyne, et al., 2001; Pijls, et al., 2002). As described in the IMR section, a pressure/temperature guide wire can be used to calculate mean transit time (mTt), which inversely relates to flow. CFR is calculated by the ratio of mTt at rest (baseline) to mTt at hyperaemia:

CFR = mTt (baseline) / mTt (hyperaemia)

CFR = coronary flow reserve, mTt = mean transit time

In animals and healthy subjects CFR is usually over 3.0, meaning their coronary circulation can triple the baseline flow when needed (Díez-Delhoyo, et al., 2016). However, a cutoff value of 2.0 has been widely used for CFR in the clinical practice (Kern, 2006). Low CFR has been associated with worse long-term clinical outcomes in large observational studies (Cortigiani, et al., 2012; Lee, et al., 2018; Murthy, et al., 2011). 

[bookmark: _Toc36737690]2.2.3.2   Fractional Flow Reserve (FFR)

Fractional flow reserve (FFR) is an invasive index for the assessment of coronary stenosis severity and lesion-level ischaemia measured at the catheterisation laboratory and validated in a number of randomised controlled trials (Pijls, et al., 2007; Tonino, et al., 2009; De Bruyne, et al., 2012). It is calculated as the ratio of distal coronary pressure to aortic pressure during hyperaemia. 

FFR= Pd / Pa (during hyperaemia)

FFR = fractional flow reserve, Pd = distal coronary pressure, Pa = aortic pressure.

Recent studies have shown that FFR measurements might have a prognostic role even after PCI (Piroth, et al., 2017; Rimac, et al., 2016; Wolfrum, et al., 2016) and the final post PCI FFR has been used as a surrogate of PCI optimisation (Agarwal, et al., 2016; Meneveau, et al., 2016).  

In STEMI patients, FFR measurements of the culprit artery are not accurate for epicardial stenosis significance as the microcirculation of the supplied territory is acutely injured; a fact that will compromise its response to adenosine. However, serial measurements during the primary PCI can be used for the relative assessment of the intervention’s effect (De Maria, et al., 2015, Hoole, et al., 2015b). 

FFR used in the recent clinical trials and in contemporary clinical practice equals the FFR myocardium (FFRmyo) introduced in the original FFR validation study by Pijls et al. (1993). FFRmyo represents the maximally achievable flow in the myocardium supplied by a given artery in the presence of a stenosis divided by the maximum flow expected in the same myocardial territory in the absence of that stenosis. In that study FFRmyo equation included central venous pressure (Pv), which is omitted in current clinical practice. This had been validated in a large study comparing FFR calculation with and without Pv (Toth, et al., 2016). Furthermore, in that original work, another index FFR coronary (FFRcor) was calculated using wedge pressure (Pw) by the equation:

FFRcor = Pd - Pw / Pa – Pw (at max hyperaemia)

Pa = aortic pressure, Pd = distal coronary pressure. 

FFRcor was used to express the pressure gradient across the epicardial vessel. In POSTDIL-STEMI, both FFR and FFRcor were used for post-PCI physiological measurements. 

[bookmark: _Toc36737691]2.2.4 	Optical coherence tomography (OCT)

[bookmark: _Toc36737692]2.2.4.1 General

Optical coherence tomography (OCT) is a light-based intracoronary imaging modality that generates high-resolution cross-sectional images of tissue microstructure (Tearney, et al., 2012). Its fundamental concept is analogous to ultrasound, but it uses light instead of sound; cross-sectional images are generated by measuring the echo time delay and intensity of light that is reflected or back-scattered from internal structures in tissue (Prati, et al., 2010b).  OCT light is in the near infrared (NIR) range, typically with wavelengths of approximately 1.3 μm, which is not in the range visible to the human eye. It offers a high spatial resolution of 10-15 μm. The total width of the image (maximum field of view) is up to 11mm. The penetration depth of OCT in arterial walls depends on the attenuation ability of the underlying tissue and usually ranges from 0.1-2.0 mm. OCT cannot image through blood, because blood attenuates the OCT light before it reaches the arterial wall. As a result, OCT images are acquired as blood is flushed from the field of view. The contemporary used frequency-domain (FD) OCT systems are capable of obtaining imaging at high speeds, facilitating rapid, 2D and 3D pullback imaging. 

[bookmark: _Toc36737693]2.2.4.2   OCT use in clinical practice

OCT initially emerged as a research tool, used in particular for the assessment of coronary plaque morphology and tissue response to stents or other types of intracoronary scaffolds in experimental models and clinical studies. Technological advances of much higher speed OCT technology with non-occlusive flushing and high-quality 3D image acquisition transformed OCT to a practical tool used by interventional cardiologist in the catheterisation laboratory to visualize the structure of the coronary artery wall and the features of implanted devices (Tearney, 2018). Currently, it is a standard intracoronary imaging tool along with IVUS for everyday clinical practice. Its clinical applications include delineation of angiographically ambiguous lesions, planning and optimisation of PCI, follow-up stent assessment, investigation of stent failure and assessment of plaque morphology in acute coronary syndromes (Räber, et al., 2018). Although OCT can accurately measure intracoronary dimensions and degree of stenosis, a function assessment of stenosis severity with pressure derived indices (i.e. fractional flow reserve, instantaneous wave free ratio) is supported by current scientific evidence. 

Use of OCT has been proved to be safe in unselected and heterogeneous groups of patients with varying clinical settings (van der Sijde, et al., 2017). Reported complications are rare and self-limited after retrieval of the imaging catheter (i.e. transient ischaemia, bradycardia, coronary spasm and thrombus formation). 

In summary, OCT acquisition has been proved to be safe, effective and highly reproducible for the assessment of the intracoronary luminal areas and stent features. 

[bookmark: _Toc36737694]2.2.4.3   OCT acquisition

For the purpose of this study, OCT imaging acquisition and assessment were performed according to international expert standards and guidance (Prati, et al., 2010b; Prati, et al., 2012b; Tearney, et al., 2012). OCT images were acquired using the FD-OCT Dragonfly OPTIS Catheter (St. Jude Medical / Abbott Vascular, USA). Prior to advancing the catheter, 200 μg of intracoronary nitrates were given intracoronary. Subsequently, the imaging catheter was advanced in the interrogated artery with the lens more than 5mm distal to the stent’s distal edge. The entire length of the area of interest (stented segment and at least 5mm from both the proximal and distal stent’s edge) was scanned using a pullback speed of 10mm/s. During image acquisition, blood was cleared by manual injection of contrast media directly from the guiding catheter. Each run was digitally stored and assessed for quality (adequate blood clearance for image interpretation) and capture of area or interest (stented segment and 5mm from both the proximal and the distal stent edge). If any of the two was inadequate the run was repeated. In case of the stented segment being longer than 54mm, two OCT runs were performed in order to capture the whole area of interest. 

[bookmark: _Toc36737695]2.2.4.4 OCT analysis 

I performed the analysis of OCT recordings offline at a certified central core laboratory (Centro per la Lotta contro l'Infarto - CLI Foundation, Rome, Italy), using the IlumienOptis System (St. Jude Medical. St Paul, MN, USA), a dedicated OCT images analysis software. Analysis was performed in a step-wise fashion: for cases 1-5, I observed the analysis / measurements performed by permanent staff of the core lab; for cases 6-10, I performed the analysis / measurements under direct supervision; for cases 11-15, I performed the analysis / measurements independently and my assessment was evaluated later by the core laboratory director and for cases 16-32 I performed the analysis / measurements independently. The methodology used for measurements has been previously shown to have an excellent reproducibility in serial OCT runs (Paoletti, et al., 2016).  In order to assess reproducibility, FD-OCT pullbacks were acquired twice from the same coronary artery segment at an interval of 5 minutes and were analysed off-line, showing excellent correlation coefficients for the inter-pullback parameters explored. For lumen area, the correlation coefficient was r=0.992, p<0.001for the per-frame analysis and r=0.997, p<0.001 for the per segment analysis (Paoletti, et al., 2016).  Accordingly, the Bland–Altman estimates of bias showed non-significant differences in the inter-pullback comparisons. Centro per la Lotta contro l'Infarto - CLI Foundation core laboratory has published excellent reproducibility in OCT analysis, with low intra-observer and inter-observer variability (Fedele, et al., 2012). In this study by Fedele, at al., (2012), the per-segment and per-frame analyses showed very high and significant correlation coefficients for the interobserver, intraobserver, and inter-pullback comparisons for the lumen area and lesion length (r 0.95 and p <0.001 in all cases) and the Bland-Altman estimates of bias showed nonsignificant differences in the interobserver, intraobserver, and inter-pullback comparisons at all levels, with average biases never >0.150 mm2 for the lumen area or 0.200 mm for the lesion length.

OCT images were analysed at 0.2 mm intervals for the entire stented segment (Muramatsu, et al. 2012). For the purpose of the analysis, lumen area and stent area where measured by planimetry. The lumen area (LA) was obtained by automated lumen-detection software and additional manual corrections, when necessary (fig. 2.4.). The stent area (SA) was obtained manually by a multiple point detection function (fig. 2.4). The maximum distance between the two measured areas if not overlapping was measured automatically by the dedicated software application. In the case of co-existing stent malapposition and in-stent tissue prolapse (for definition see forthcoming sections), the intra-stent flow area was drawn manually by the multiple point detection function. Intraluminal material which was not clearly attached at any point to the vessel wall in that frame was measured by multiple point trace function and labelled as free-floating thrombus. In cases of extra-long stented segments (>54 mm) using two OCT runs to capture the area of interest, anatomical landmarks were used to merge acquired recordings and analyse the whole stented segment. 
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[bookmark: _Toc20223267]Figure 2. 4 Lumen and stent area detection by OCT. 
A) OCT cross-section with demarcation (green line) of the lumen area (LA). LA was obtained by automated lumen-detection software and additional manual corrections, when necessary. B) OCT cross-section with demarcation (white line) of the stent area (SA). SA was obtained manually by a multiple point detection function. OCT = optical coherence tomography. 


[bookmark: _Toc36737696]2.2.4.5 Stent deployment assessment by OCT 

In the following section, the different stent deployment features assessed by OCT in this study are presented. Their definitions and methods applied in order to quantify them are described in detail.

[bookmark: _Toc36737697]2.2.4.5.1 Stent expansion

Definition

Stent expansion is a major feature of stent deployment as under-expansion has been associated with stent failure (Byrne, Joner and Kastrati, 2015). In simple terms, stent expansion refers to the size of the stent post-deployment and can be defined as absolute or relative (Mintz, 2014). Absolute expansion describes the area outlined by the stent borders at a cross-sectional level. Relative stent expansion is defined as the ratio of the area achieved after stent deployment to a reference vessel area (usually the average of the areas proximal and distal to the stent areas) (fig. 2.5). 
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[bookmark: _Toc20223268]Figure 2. 5 Relative stent expansion. 
The distal and proximal reference zone areas are 10.04 mm2 (a) and 12.94 mm2 (b) respectively. The minimum lumen area across the stented segment is 7.40 mm2 (c), leading to an area of stenosis of 35.6 % or a relative expansion of 64.4 %. 

However, adequate expansion is controversial and the acceptable threshold for optimal expansion varies between different studies. In the MUSIC (Multicenter Ultrasound Stenting in Coronaries) study, optimal stent deployment was defined as in-stent minimal lumen area ≥ 90 % of the average reference lumen area, plus symmetrical expansion and complete apposition of the stent over its entire length along the vessel wall (de Jaegere, et al., 1998). Although, this study was performed 20 years ago and used IVUS as the intravascular modality, the “MUSIC” criteria are still often referenced when expansion is assessed. However, the significant resolution difference between OCT and IVUS (10-15 μm versus 100-150 μm respectively) results in detection of more subtle features of stent under-deployment with OCT. The contemporary large CLI-OPCI (Centro per la Lotta contro l’Infarto-Optimisation of Percutaneous Coronary Intervention) registry (n = 1211) has used an in-stent minimum lumen area of <70% of the average reference lumen areas as cut-off for significant residual stenosis (Prati, et al. 2015b; Prati, et al. 2018). Regarding absolute stent expansion, this study identified a post-stent MLA of 4.5 mm2 as a threshold predictive of future cardiac adverse events for non-left main stem lesions. The DOCTORS (Does Optical Coherence Tomography Optimize Results of Stenting) randomized trial, which compared OCT versus angiography-guided PCI in non-ST-segment elevation ACS, considered stent under-expansion to be present when the ratio of minimal stent area to reference lumen area was ≤ 80% (Meneveau, et al. 2016). In the recent ILLUMIEN III: OPTIMIZE PCI trial (OPtical Coherence Tomography Compared to Intravascular Ultrasound and Angiography to Guide Coronary Stent Implantation: a Multicenter RandomIZEd Trial in Percutaneous Coronary Intervention), the investigators did not use the average of the reference areas to assess expansion but instead divided the stent length into 2 equal segments (proximal and distal) (Ali, et al. 2016). Minimum stent area (MSA) was determined in each segment and compared to proximal or distal reference accordingly. Stent expansion was considered optimal when MSA was ≥ 95% for both proximal and distal segments, acceptable when MSA was ≥ 90% and < 95% and unacceptable if MSA was < 90% for either of the two. The recent expert consensus of the European Association of Percutaneous Cardiovascular Interventions (EAPCI) proposed a relative expansion of > 80% (MSA divided by reference lumen area) and absolute expansion of MSA > 4.5 mm2 (measured by OCT) as stent optimisation targets in non-left main stem lesions (Räber, et al. 2018). 

 Measurements and quantification 

In order to assess stent expansion, the following measurements were performed for the whole stented segment and the proximal and distal stent edges: 

1. Proximal and distal reference cross-sectional lumen areas defined as the areas bounded by the lumen border just proximal and distal to the end of the stented segment.

2. Stent cross-sectional area/stent area (SA) defined as the area bounded by the stent border. Minimum (MSA) and mean SA across the stented segment were identified.

3. Lumen cross-sectional area/lumen area (LA) defined as the area bounded by the lumen border. Minimum (MLA) and mean SA across the stented segment were identified.

4. Intra-stent flow Area (ISFA) defined as stent area minus any protrusion area (for definition see next section). Minimum (MISFA) and mean ISFA across the stented segment were identified.

Using the above measurements, the following parameters were calculated:

1.  Stent expansion (%) defined as the minimum stent area divided by the average of proximal and distal reference lumen areas x 100 % (Ali, et al. 2016, Meneveau, et al. 2016).

2. Mean stent expansion (%) defined as the mean stent area divided by the average of proximal and distal reference lumen areas x 100 % (Ali, et al. 2016). 

3. Stented segment lumen expansion (%) defined as the minimum lumen area divided by the average of proximal and distal reference lumen areas x 100 % (Prati, et al., 2016).

4. Mean stented segment lumen expansion (%) defined as the mean lumen area divided by the average of proximal and distal reference lumen areas x 100 %.

5.  Proximal segment stent expansion (%) defined as the minimum stent area of the proximal half-stented segment divided by the proximal reference lumen area x 100 % (Ali, et al. 2016).

6. Distal segment stent expansion (%) defined as the minimum stent area of the distal half-stented segment divided by the distal reference lumen area x 100 % (Ali, et al. 2016).

Three methods were used to categorise adequate expansion:

1. Using a cut-off threshold of 70 % (Prati, et al. 2015b):

- Unacceptable when stent expansion < 70 %
- Acceptable when expansion ≥ 70 % and < 90 %
- Optimal when expansion ≥ 90 % 

2. Using the ILUMIEN III criteria (Ali, et al. 2016):

- Unacceptable when any of proximal or distal stent halves expansion < 90 %.
- Acceptable when both of proximal or distal stent halves expansion ≥ 90 % and < 95 %.
- Optimal when both of proximal or distal stent halves expansion ≥ 95 %.

3. Using the thresholds proposed by the recent expert consensus of the EAPCI (Räber, et al. 2018):

- MSA divided by reference lumen area > 80%.
- MSA > 4.5 mm2.

[bookmark: _Toc36737698]2.2.4.5.2 Stent malapposition

Definition 

Stent malapposition or incomplete stent apposition occurs when there is a clear separation of a stent strut from the vessel wall without any tissue behind it (Prati, et al., 2012b) (fig. 2.6). 
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[bookmark: _Toc20223269]Figure 2. 6 Stent struts malapposition. 
Optical coherence tomography cross section. Stent struts are clearly visible with some of them are apposed to the vessel wall. However, a number of stent struts are malapposed (between 4 and 9 o’clock) (red arrow). 

The OCT can only show the endo-luminal (adluminal) border of a stent strut due to limited penetration through the metal (Tanigawa, Barlis and Di Mario, 2007). Thus, in order for malapposition to be present, the axial distance between the adluminal strut’s surface to the luminal surface must be greater than the strut thickness (including polymer, if present) (Tearney, et al., 2012). The stent strut thickness of the stent used in the current study (Xience Apline, Abbott Vascular, USA) is 81μm, thus only struts with a distance > 0.1mm from the vessel wall were considered malapposed (0.02 mm was added to correct for strut blooming) (Prati, et al., 2012b). The role of malapposition in stent failure is controversial and some researchers challenge its clinical relevance based on registries with OCT post stent placement (Prati, et al., 2015b & 2018; Romagnoli, et al., 2017; Soeda, et al., 2015). However, malapposition is one of the main features of failed stents in large stent thrombosis registries (Adriaenssens, et al., 2017; Souteyrand, et al., 2016; Taniwaki, et al., 2016) and in vitro investigations have shown its direct impact on thrombus formation (Foin, et al. 2017). When its clinical relevance is investigated, malapposition should not be approached as a binary phenomenon, but its extent should be taken into account. The recent expert consensus of the European Association of Percutaneous Cardiovascular Interventions (EAPCI) proposed an axial distance of incomplete stent apposition of ≥ 0.4 mm and a consecutive length of malapposed stent struts of ≥ 1 mm as thresholds to guide malapposition correction in the clinical setting (Räber, et al., 2018).  

Malapposition quantification 

For the purpose of the analysis, the extent of malapposition (MA) across a deployed stent was quantified by a number of different methods (fig. 2.7): 
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[bookmark: _Toc20223270]Figure 2. 7 Stent malapposition quantification. 
A) Malapposition distance (mm); defined as the maximum axial distance (red arrow) of malapposed struts from the adjusted vessel wall at cross-sectional level B) Malapposition area (mm2); defined as the area demarcated between the malaposed struts and the adjusted vessel wall (dashed lines).

1. Malapposition (MA) distance (mm); defined as the maximum axial distance of malapposed struts from the adjusted vessel wall at cross-sectional level (Prati, et al. 2015b; Soeda, et al. 2015). 
Maximum MA distance across the stented segment and mean maximum MA distance across the length of segments with mallaposed struts were measured. 

2. Malapposition (MA) length (mm) across the stented segment (Prati, et al. 2015b). 
Maximum consecutive and total MA length across the stented segment were measured at the longitudinal axis.

3. Malapposition (MA) area (mm2); defined as the area demarcated between the mallaposed struts and the adjusted vessel wall. (Nakatani, et al., 2015).
Maximum MA area across the stented segment and mean MA area across the length of mallaposed struts were measured. 

4. Malapposition (MA) volume (mm3); defined as the mean MA area multiplied by the total MA length (Nakatani, et al., 2015).

5. Number of malapposed stent struts in the analysed cross-sections (Soeda, et al. 2015). 

Regarding the clinical relevance, I categorized malapposition using the following thresholds:

- Axial distance > 0.2 mm
- Axial distance > 0.5 mm
- Axial distance ≥ 0.4 mm and consecutive length ≥ 1 mm (Räber, et al., 2018).  

[bookmark: _Toc36737699]2.2.4.5.3 Intra-stent plaque/thrombus prolapse 
Definition
Tissue prolapse is defined as the projection of tissue into the lumen between stent struts after implantation (Tearney, et al., 2012) (fig. 2.8). In this study, I aimed to quantify the residual intra-stent thrombotic burden post-stent deployment and its change after post-dilatation. Even with the high definition of the current OCT catheter, it can be difficult or even impossible to distinguish thrombus from the fragmented plaque protruding within the stent struts. (Tearney, et al., 2012; Prati, et al. 2016). For this reason, I applied the comprehensive terms plaque/thrombus or atherothrombotic material to describe tissue prolapse. In any case, it was very likely that the residual in-stent tissue observed in the STEMI setting was mainly made of thrombus or lipid necrotic debris components (Prati, et al. 2016).
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[bookmark: _Toc20223271]Figure 2. 8 Plaque/thrombus prolapse. 
Optical coherence tomography cross section. Atherothrombotic material prolapsing through stent struts (red arrows). 

Intra-stent plaque/thrombus prolapse quantification (fig. 2.9)
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[bookmark: _Toc20223272]Figure 2. 9 Intra-stent plaque/thrombus prolapse quantification. 
Intra-stent plaque/thrombus prolapse area defined as stent area (white line) minus intra-stent flow area (green line) plus floating thrombus area.


1. Intra-stent plaque/thrombus prolapse (PTP) thickness (mm) defined as the thickness of tissue prolapsing between stent struts into the vessel lumen (Prati, et al., 2016). 
Maximum PTP thickness across the whole stented segment and mean PTP thickness across the segment with PTP were calculated.

2.  Intra-stent plaque/thrombus prolapse area (PTP) (mm2) defined as stent area (SA) minus intra-stent flow area (ISFA) plus floating thrombus area (FTA) (Magro, et al. 2013; Onuma, et al. 2013; Kajander, et al., 2015):
PTP area = SA – ISFA + FTA 
PTP = plaque/thrombus prolapse, SA = stent area, ISFA = intra-stent flow area, FTA = floating thrombus area

3. Intra-stent plaque/thrombus prolapse (PTP) length (mm) defined as the cross-sections with PTP across the stented segment.

4. Intra-stent plaque/thrombus prolapse (PTP) volume (mm3) defined as the mean PTP area multiplied by the length of the segment with PTP (Magro, et al. 2013; Amabile, et al. 2015):
PTP Volume = PTP area x PTP length
PTP = plaque/thrombus prolapse

5. Intra-stent plaque/thrombus prolapse (PTP) burden (%) defined as the percentage of PTP volume over stent volume x 100 % (Magro, et al. 2013):

PTP burden = PTP volume / stent volume x 100 %
PTP = plaque/thrombus prolapse
Stent volume (SV) was calculated as:
SV = mean SA x stent length (as measured by OCT)
SV = stent volume, SA = stent area

6. Intra-stent plaque/thrombus prolapse (PTP) area/stent area (%) at site of max PTP area x 100 % (Ali, et al. 2016). Cases of ≥ 10 % PTP were described as major according to ILUMIEN III criteria. 

7. COCTAIL thrombus score (Prati et al., 2010a; Parodi, et al., 2013, Amabile, et al. 2015). Each cross-section across the stented segment was subdivided in 4 quadrants and the presence or absence of plaque/thrombus tabulated per quadrant. The total number of quadrants containing plaque/thrombus was summed providing the final score.

[bookmark: _Toc36737700]2.2.4.5.4 Stent edge dissections

Definition

Stent edge dissections were defined as disruptions of the arterial lumen surface in the stent edge, up to 5 mm proximally or distally seen in at least 2 consecutive cross-section images (Chamie, et al., 2013). Dissections were morphologically classified as flaps, cavities, double-lumen dissections or fissures (Radu, et al., 2014). Fissures were present when a split was visible delineating a flap-like structure not lifted from the vessel wall, which otherwise displayed an uninterrupted luminal contour (Radu, et al., 2014).

Quantification 

The longitudinal and circumferential extension and the axial (depth) of vessel injury were assessed. The longitudinal extension was measured along the stented segment, using the longitudinal OCT view. The circumferential extension of the dissection was expressed as the number of quadrants involved and the angle of the arc containing the dissection.

Qualitative assessment of the depth of vessel injury estimated the dissection severity: 1) intimal (limited to the intima layer or atheroma); 2) medial (extending into the media layer); and 3) adventitial (extending through the external elastic membrane).  When the media was not visible the dissection was classified as involving only the intima (Radu, et al., 2014). 

Specific morphometric parameters for each flap and cavity identified were assessed. In detail we measured the width, length, opening and area for each flap using the cross-sectional image where the dissection was most extensive. In the case of a cavity, we measured the width, depth and area of the cavity using the cross-sectional image where the cavity was most extensive (fig. 2.10).  Due to previous studies that have shown that “double lumen cap” dissections and fissures are extremely unlikely to exist as the sole or predominant morphological type of a dissection (without a flap or a cavity) (Radu, et al., 2014), we did not perform specific measurements on them.
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[bookmark: _Toc20223273]Figure 2. 10 Qualitative assessment of stent edge dissections. 
A) Dissection flap and the morphometric parameters assessed; a: width, b: opening, c: length, d: area. B) Dissection cavity and the morphometric parameters assessed; a: depth, b: width, c: area. C) Qualitative assessment based on depth of vessel injury; left: intima, centre: media, right: adventitia. (Adapted from Chamie, et al., 2013). 

Previous studies have shown a relationship between the presence of atherosclerosis at stent edges and stent edge dissections (Gonzalo, et al., 2011; Chamie, et al., 2013), so the presence of atherosclerotic disease at the stent edges was investigated. The vessel wall at both stents edge was characterized as:
1. Normal in the presence of a 3-layered architecture comprising the evidence of intimal, medial, and adventitial layers with an intimal thickness < 0.25 mm (Tearney, et al., 2012).
Or containing: 
2. Fibrous plaque defined as an area of the vessel wall with loss of the layered structure with high backscattering and a relatively homogeneous OCT signal (Tearney, et al., 2012).
3. Calcific plaque defined as an area of the vessel wall with loss of the layered structure, containing a signal-poor or heterogeneous region with sharply delineated borders (Tearney, et al., 2012).
4. Lipid-rich plaque defined as an area of the vessel wall with loss of the layered structure, containing a signal-poor region with poorly delineated borders, a fast OCT signal attenuation, and little or no OCT signal backscattering (Tearney, et al., 2012). 
In cases of calcified plaque the following were measured:
a. Arc of calcified plaque to assess circumferential distribution (Chamie, et al., 2013).
b. Number of quadrants of the cross-section, where the calcified plaque was present to assess circumferential distribution.
c. Calcium-to-lumen distance defined as the distance between the edge of the calcified plaque closure to lumen border and the lumen border (Chamie, et al., 2013). 
In cases of lipid-rich plaque the following were measured:
a. Arc of lipid-rich plaque to assess circumferential distribution (Chamie, et al., 2013).
b. Number of quadrants of the cross-section, where the calcified plaque was present to assess circumferential distribution.
c. Presence of thin-cap fibroatheroma (TCFA), which was defined as a lipid-rich plaque with fibrous cap thickness < 65 μm (Otsuka, et al., 2014). 

[bookmark: _Toc36737701]2.2.5   	Angiographic markers of epicardial flow and myocardial perfusion

I performed recordings and offline analysis of coronary angiography views for assessment of coronary epicardial flow (i.e. TIMI flow, corrected TIMI Frame Count) and myocardial perfusion (i.e. Myocardial Blush Grade). 

[bookmark: _Toc36737702]2.2.5.1   TIMI flow

The TIMI flow classification was developed by the TIMI (Thrombolysis In Myocardial Infarction) study group to semi-quantitatively assess coronary artery patency and myocardial perfusion beyond a point of obstruction on coronary angiography (Table 1). Grading is performed with visual assessment of coronary angiography. Slow antegrade flow or contrast clearance is judged by comparison with unobstructed vessels and TIMI 3 is described as "opacification of the vessel within three cardiac cycles (Chesebro, et al., 1987). 

[bookmark: _Toc20226050]Table 2. 1 Thrombolysis In Myocardial Infarction (TIMI) flow grades.
	TIMI flow grade
	Description

	TIMI 0 – no perfusion
	No antegrade flow beyond the point of obstruction.

	TIMI 1 - penetration without perfusion
	Contrast material passes beyond the area of obstruction but fails to opacify the entire coronary bed distal to the obstruction for the duration of the cine-angiographic filming sequence.

	TIMI 2 - partial perfusion
	Contrast material passes across the obstruction and opacifies the coronary artery distal to the obstruction. However, the rate of entry of contrast material into the vessel distal to the obstruction or its rate of clearance from the distal bed (or both) is perceptibly slower than its flow into or clearance from comparable areas not perfused by the previously occluded vessel (e.g., opposite coronary artery or the coronary bed proximal to the obstruction).

	TIMI 3 – complete perfusion
	Antegrade flow into the bed distal to the obstruction occurs as promptly as antegrade flow into the bed proximal to the obstruction, and clearance of contrast material from the involved bed is as rapid as clearance from an uninvolved bed in the same vessel or the opposite artery.





[bookmark: _Toc36737703]2.2.5.2   Corrected TIMI Frame Count

The TIMI frame count has been introduced as a quantitative index for standardisation of TIMI flow grades. For its calculation, the number of frames required for the contrast media injected during coronary angiography to reach a standardized distal coronary artery landmark is counted. Corrected TIMI frame count (CTFC) derives after adjustment of the frame count number for vessel length (Gibson, et al., 1996). In the case of the left anterior descending artery (LAD) ), a correction factor is used (i.e. the number of frames required for dye to traverse the LAD is divided by 1.7), as it has a longer length when compared with the circumflex and right coronary arteries. The first frame during measurements of CTFC is the one in which the contrast media touches both borders of coronary artery, covers at least 70% of the width of the lumen and moves forward. The last frame is the one in which contrast media first enters the distal landmark point. The landmark points are standardised for each vessel: the distal bifurcation for the LAD, the most distal branch of the obtuse marginal branch for the circumflex, and the first branch of the postero-lateral artery for the right coronary artery. High reproducibility with low inter-observer and intra-observer variability has been reported (Gibson, et al., 1996). 

[bookmark: _Toc36737704]2.2.5.3	 Myocardial Blush Grade

The myocardial blush grade (MBG) is an angiographic parameter introduced by the Zwolle Myocardial Infarction Study Group in order to describe the effectiveness of myocardial reperfusion (table 2.2). It is based on visual assessment of coronary angiography. The best angiographic projection needs to be chosen to assess the myocardial region perfused by the coronary artery of interest (usually the infarct related artery), preferably without superimposing of non-infarcted myocardium. Angiographic runs have to be long enough to allow some filling of the venous coronary system, and backflow of the contrast agent into the aorta has to be present to ensure adequate contrast filling of the epicardial coronary artery (van 't Hof, et al., 1998). The method was reported to have > 90% inter-observer and intra-observer reproducibility (van 't Hof, et al., 1998), but subsequent studies have shown that reproducibility outside dedicated diagnostic core laboratories is limited.

[bookmark: _Toc20226051]Table 2. 2 Myocardial Blush Grade (MBG) grades.
	Myocardial blush grade (MBG)
	Description

	MBG 0
	No myocardial blush or contrast density; or persistent “staining”, suggesting leakage of the contrast medium into the extravascular space.

	MBG 1
	Minimal myocardial blush or contrast density.

	MBG 2
	Moderate myocardial blush or contrast density but less than that obtained during angiography of a contralateral or ipsilateral non-infarct-related coronary artery.

	MBG 3
	Normal myocardial blush or contrast density, comparable with that obtained during angiography of a contralateral or ipsilateral non-infarct-related coronary artery.



[bookmark: _Toc36737705]2.2.6 	Angiographic assessment of thrombus burden

A thrombus grading system has been introduced by the TIMI study group for qualitative visual assessment of angiographic evident thrombus (Gibson, et al., 2001). As shown in table 2.3, thrombus grade 5 occurs when there is total occlusion of the vessel. Sianos, Papafaklis and Serruys, (2010) adjusted the grading system to reclassify grade 5 thrombi to a different grade once flow is achieved either with a guidewire or a small size balloon.

[bookmark: _Toc20226052]Table 2. 3 Angiographic thrombus grades.
	Thrombus grade
	Description

	Grade 0
	No angiographic characteristics of thrombus are present.

	Grade 1
	Possible thrombus present, with such angiography characteristics 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. 

	Grade 2
	Definite thrombus, with greatest dimensions ≤ 1/2 the vessel diameter. 

	Grade 3
	Definite thrombus but with greatest linear dimension > 1/2 but < 2 vessel diameters. 

	Grade 4
	Definite thrombus with the largest dimension ≥ 2 vessel diameters.

	Grade 5
	There is total occlusion.



[bookmark: _Toc36737706]2.2.7 	Angiographic assessment of coronary collateral circulation

Coronary angiography views were analysed for grading of coronary collateral circulation by Rentrop grading. Rentrop collateral grading is a scale used to grade the filling of coronary collateral channels, using visual assessment of coronary angiography (table 2.4), (Rentrop, et al., 1985).


[bookmark: _Toc20226053]Table 2. 4 Rentrop collateral circulation grading.
	Rentrop collateral grading
	Description

	Rentrop 0
	No visible collateral channel filling.

	Rentrop 1
	Collateral filling of branches of the occluded vessel without any dye reaching the distal segment of that vessel.

	Rentrop 2
	Partial collateral filling of the epicardial segment of the occluded vessel.

	Rentrop 3
	Complete collateral filling of the epicardial segment of the occluded vessel.



[bookmark: _Toc36737707]2.2.8	12-lead electrocardiographic (ECG) assessment of myocardial perfusion

Electrocardiography (ECG) is a quick and simple investigation that is routinely performed for patients with suspected STEMI. Furthermore, a 12-Lead ECG is continuously recorded during primary PCI. Incomplete ST segment resolution (STR) after recanalization of the occluded artery signifies inadequate perfusion at a myocardial level. At the time when thrombolysis was considered the first line therapy for STEMI, a 12-lead ECG performed 60 to 90 minutes post-thrombolytic therapy guided the need for rescue PCI (Van de Werf, et al., 2003). In the era of primary PCI, ST-segment resolution (STR) on the post-PCI ECG compared to baseline has been shown to have prognostic implications by predicting clinical outcomes.  (Buller, et al., 2008; Farkouh, et al., 2013; Karamasis, et al., 2018). 

Multiple methods of assessing ST resolution / recovery in patients with STEMI have been used. STR can be assessed in a single lead or using the sum of multiple leads. Furthermore, absolute resolution measured in mm or relative resolution compared to baseline measurements can be used. Two large previous studies (McLaughlin, et al., 2004; Buller, et al., 2008) have compared a number of different methods and found that the simple method of using a single lead performs equally well compared with more complex methods using multiple leads or requiring multiple comparisons. More recently, a small study using CMR comparing 8 different STR variables confirmed that assessment of a single lead of an ECG taken 30 minutes after reperfusion allows accurate identification of patients at high risk for left ventricular dysfunction (Bekkers, et al., 2011). Regarding the degree of STR, 3-category (i.e. > 70%, 30% - 70%, and < 30% or < 1 mm, 1 to 2 mm, and > 2 mm) and 2-category measures (i.e. ≥ 50% and < 50%) have been used, with the former providing better discrimination.

For the purpose of POSTDIL-STEMI study, I recorded 12-lead ECGs at the end of primary PCI with the patient still on the catheterisation table and 60 minutes later. These ECG recordings were compared with a baseline ECG recorded on hospital presentation. STR was measured at a single lead with the highest ST-segment elevation on admission. STR was graded as complete (> 70%), incomplete (between 30 % and 70%), and none (< 30%).

[bookmark: _Toc36737708]2.2.9 	Biochemical assessment of infarct size

Cardiac troponins (T and I) are specific indicators of cardiomyocytes necrosis (Thygesen, et al., 2012).

In POSTDIL-STEMI trial, Troponin T was measured as a biochemical indicator of infarct size (Giannitsis, et al. 2008). Samples were collected on presentation and every 6 hours for the first 24 hours. The peak troponin T value for each patient was recorded. Furthermore, cumulative enzyme release was calculated by the area under the curve (AUC) of serial troponin measurements over time. 
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Chapter 3. 	Results

[bookmark: _Toc36737710]3.1 	General

[bookmark: _Toc36737711]3.1.1 	Screening and recruitment

Between September 2016 and June 2017, a total of 107 patients presenting with first ST-segment elevation MI at Essex Cardiothoracic Centre were assessed for eligibility. Thirty-one (31) patients did not fit the inclusion / exclusion criteria and were excluded. The reason for this were haemodynamic instability, symptoms > 12 hours, patient’s unwillingness to participate, previous myocardial infarction, logistical reasons with second emergency case awaiting to go to the catheterisation laboratory, clinician’s decision to treat medically and not to proceed to coronary angiography and inability to give informed consent due to heavy sedation. Seventy-six (76) patients gave signed informed consent and were recruited in the study. Thirty-nine (39) of these patients were excluded after diagnostic angiography or during PCI based on the pre-specified exclusion criteria and five (5) were withdrawn from the study after initiation of the research protocol (table 3.1). The main reasons for exclusion were: no post-dilatation (n = 9), no stent use (n = 9), unobstructed coronaries / no acute culprit (n = 7), peri-procedural haemodynamic instability (n = 5) and logistic issues with second emergency case waiting to go to the catheterisation laboratory (n = 5). Five (5) cases were withdrawn from the study after initiation of the research protocol. In three (3) cases, the operator was unable to deliver the OCT catheter due to vessel tortuosity and calcification, while one (1) patient suffered a coronary rupture and one (1) cardiac arrest (pulseless electrical activity – PEA) during the procedure. Both patients with coronary perforation and PEA arrest made a good recovery and were discharged home. The remaining 32 patients completed the study with physiological measurements before and after post-dilatation. Patients’ flow chart is shown in figure 3.1. 

[image: Macintosh HD:Users:grigorioskaramasis:Desktop:Screen Shot 2018-11-12 at 13.17.04.png]

[bookmark: _Toc20223880]Figure 3. 1 POSDTIL-STEMI study participants’ flow chart.
PD = post dilatation, STEMI = ST-segment elevation myocardial infarction, MI = myocardial infarction, PPCI = primary percutaneous coronary intervention, OCT = optical coherence tomography, PEA = pulseless electrical activity.    

[bookmark: _Toc36737712]3.1.2 Baseline and procedural characteristics 

Baseline, presentation and procedural characteristics are shown in tables 3.2, 3.3 and 3.4 respectively. 

[bookmark: _Toc36743341]Table 3. 1 Reasons exclusion or withdrawal after recruitment. 
	Reasons for exclusion
	n = 39

	No post-dilatation
	9

	STEMI but no stent used
	9

	                            POBA 
	5

	                           Medical therapy
	2

	                          Spontaneous dissection
	1

	                          Coronary spasm
	1

	Unobstructed coronaries / no acute culprit
	7

	Haemodynamic instability
	5

	2nd STEMI needing emergency procedure
	5

	Expecting OCT issues
	2

	                           Tortuosity
	1

	                          Aorto-ostial lesion
	1

	No co-operative/restless patient
	1

	Technical (research equipment) issues 
	1

	Reasons for withdrawal
	n = 5

	Unable to deliver OCT catheter
	3

	                           Due to tortuosity 
	2

	                           Due to calcification
	1

	Vessel rupture during procedure
	1

	PEA arrest during procedure
	1


STEMI = ST elevation myocardial infraction, POBA = plain balloon angioplasty
OCT = optical coherence tomography, PEA = pulseless electrical activity





[bookmark: _Toc36743342]Table 3. 2 Study subjects’ baseline characteristics.
	Demographics

	Age (years)
	66.0 ± 11.0

	Male sex (%)
	25 (78)

	BMI (Kg / m2)
	29.2 ± 4.7

	Past medical history

	Diabetes mellitus (%)
	4 (12.5)

	Hypertension (%)
	15 (46.8)

	Hypercholesterolemia (%)
	14 (43.7)

	Family history of premature CAD (%)
	4 (12.5)

	Current smoker (%)
	7 (21.8)

	Ex-smoker (%)
	11 (34.3)

	Previous MI (%)
	2 (6.2)

	Previous PCI (%)
	2 (6.2)

	Previous CVA (%)
	1 (3.1)



BMI = body mass index, CAD = coronary artery disease, MI = myocardial infarction, PCI= percutaneous coronary intervention, CVA = cerebrovascular accident





[bookmark: _Toc36743343]Table 3. 3 Study subjects’ presentation characteristics.
	Presentation characteristics

	Symptoms to device time (hours)
	252 ± 175

	Culprit vessel (%)
	

	LAD (%)
	14 (43.7)

	Cx (%)
	5 (15.6)

	RCA (%)
	13 (40.6)

	Culprit lesion at proximal segment (%)
	19 (59.3)

	Number of diseased vessels (%)
	

	1 (%)
	10 (31.2)

	2 (%)
	15 (46.8)

	3 (%)
	7 (21.8)

	TIMI flow presentation (%)
	

	0 (%)
	26 (81.2)

	1 (%)
	2 (6.2)

	2 (%)
	4 (12.5)

	3 (%)
	0 (0)


LAD = left anterior descending, Cx = circumflex artery, RCA = right coronary artery.








[bookmark: _Toc36743344]Table 3. 4 Study subjects’ procedural characteristics.
	Procedural Characteristics 

	Peri-procedural medications (%)
	

	Aspirin (%)
	32 (100)

	Clopidogrel (%)
	32 (100)

	Ticagrelor (pre-procedure) (%)
	4 (12.5)

	Heparin (%)
	32 (100)

	GPIIbIIIa inhibitors (%)
	

	Total adopted (%)
	19 (59.3)

	Bailout (%)
	1 (3.1)

	
	

	Radial access (%)
	31 (96.8)

	Thrombus aspiration (%)
	23 (71.8)

	
	

	Pre-dilatation (%)
	26 (81.2)

	Pre-dilatation maximum balloon diameter (mm)
	2.6 ± 0.3

	Length of pre-dilatation balloon (mm)
	17.3 ± 3.8

	Pre-dilatation balloon inflation pressure (atm)
	13.1 ± 3.4

	Number of pre-dilatation balloon inflations
	1.6 ± 1.1

	
	

	Drug eluting stents
	32 (100)

	Number of stents
	1.2 ± 0.5

	Stent diameter (mm)
	3.1 ± 0.5

	Stent length (mm)
	29.9 ± 10.1

	Stent max inflation pressure (atm)
	14.68 ± 2.68

	Post stent TIMI flow
	

	0-1 (%)
	1 (3.1)

	2 (%)
	1 (3.1)

	3 (%)
	30 (93.7)

	
	

	Post-dilatation with NC balloons
	32 (100%)

	Post dilatation balloon diameter (mm)
	3.6 ± 0.6

	Post dilatation balloon length (mm)
	15.8 ± 3.4

	Number of post dilatation inflations
	2.0 ± 0.6

	Maximum post dilatation balloon pressure inflation pressure (atm)
	19.3 ± 2.0

	Maximum duration of balloon post dilatation (sec)
	17.6 ± 6.7

	Location of post dilatation 
	

	Proximal stented segment (%)
	30 (93.7)

	Mid stented segment (%)
	28 (87.5)

	Distal stented segment (%)
	4 (12.5)

	TIMI flow after post dilatation (%)
	

	0 (%)
	0 (0)

	1 (%)
	1 (3.1)

	2 (%)
	3 (9.3)

	3 (%)
	28(87.5)

	
	

	Contrast medium volume (ml)
	225.0 ± 57.2

	Radiation DAP (cGycm2)
	13816.9 ± 5348.1

	Radiation skin dose (mGy)
	2012.3 ± 655.1

	Radiation screen time (min)
	11.9 ± 3.9

	Procedure time (min)
	79.0 ± 12.9

	
	

	Troponin T peak (ng/L) *
	5530.0  3219.4

	Troponin T AUC *
	96341  60535

	Creatinine baseline (μmol/L)
	80.4 ± 21.9

	Creatinine 48h (μmol/L)
	86.8 ± 24.7

	Left Ventricle EF (%)
	45.5 ± 11.4


GPIIbIIIa inhibitors = glycoprotein IIbIIIa inhibitors, NC balloons = non-compliant balloons, DAP = dose area product, AUC = area under the curve, EF = ejection fraction.
* The biochemical laboratory of our centre does not provide exact values for Troponin results >10,000. In these cases, for the calculation of Troponin peak and AUC a value of 10,000 was used. 


Mean age was 66 ± 11 years, 78% were men and 12.5% diabetic. Time form symptoms to balloon was 251 ± 175 minutes. LAD was the most common culprit vessel (43.7%) and in 81.2% of the cases the culprit vessel was completely occluded with TIMI flow 0 at presentation. All patients were pre-treated with Aspirin (300 mg) and Clopidogrel (600 mg) before arrival at the cardiac centre as this was the clinical protocol of the emergency ambulance service at the time. Four (4) patients had Ticagrelor loading (180 mg) pre-procedure as per operator preference. The use of upfront Glycoprotein IIbIIIa inhibitors was relatively high (59 % of the cases), as was thrombus aspiration (72%). 1.2 ± 0.5 stents were implanted with a maximum diameter of 3.1 ± 0.5 mm and a final length of the stented segment of 29.9 ± 10.7 mm. Post-dilatation was performed in all patients with NC balloons with a maximum diameter of 3.6 ± 0.6 mm inflated at 19.3 ± 2.0 atm. Mean number of NC balloons inflations was 2.0 ± 0.6 and usually the balloon was placed at the proximal and mid part of the stent. 

[bookmark: _Toc36737713]3.2 	Results I: effect of post-dilatation on coronary microcirculation

[bookmark: _Toc36737714]3.2.1 	Haemodynamic status during measurements pre and post post-dilatation 

Basic haemodynamic parameters (i.e. heart rate, systolic and diastolic blood pressure) at rest and during maximum hyperaemia before and after post-dilatation are shown in table 3.5. As shown, patients’ haemodynamic status when physiological measurements were performed did not differ before and after post-dilatation.  
[bookmark: _Toc36743345]Table 3. 5 Basic haemodynamic parameters before and after post-dilatation. There was no difference in these parameters during the two stages of the research procedure (before and after post-dilatation), suggesting comparable haemodynamic status during coronary physiology measurements. Paired t-test was used for statistical analysis.
	
	Before 
Post-dilatation
	After
Post-dilatation
	p value

	Baseline Heart rate
	71.3  10.9
	72.7  12.5
	0.37

	Hyperaemic Heart rate
	81.9  11.7
	80.7  13.9
	0.58

	Baseline SBP
	117.3  23.4
	116.1  21.4
	0.45

	Hyperaemic SBP
	98.8  17.2
	100.3  16.8
	0.28

	Baseline DBP
	65.3  14.0
	67.0  12.5
	0.30

	Hyperaemic DBP
	56.1  12.0
	59  13.9
	0.16


SBP = systolic blood pressure, DBP = diastolic blood pressure.
3.2.2 Coronary physiology parameters before and after post-dilatation

A significant reduction between resting and hyperaemic Pa and Pd both before and after post-dilatation was observed suggesting an adequate response to adenosine driven vasodilatation (table 3.6). Resting and hyperaemic Pa were similar pre and after post-dilatation (resting Pa: 85.9 ± 16.2 mmHg vs. 86.1 ± 14.5 mmHg, p = 0.85; hyperaemic Pa: 74.0 ± 16.3 mmHg vs. 75.1 ± 15.7 mmHg, p = 0.23, respectively). Similarly, resting Pd did not change (81.7 ± 14.9 mmHg vs. 81.9 ± 13.7 mmHg, p = 0.84). In contrast there was a significant increase at hyperaemic Pd after post dilatation (67.1 ± 15.6 mmHg vs. 69.4 ± 14.8 mmHg, p = 0.01). During balloon inflation mean wedge pressure (Pw) was 21.2 ± 8.3 mmHg. There was no statistically significant change between the resting and the hyperaemic transit time (mTt) pre and after post-dilatation (0.96 ± 0.96 vs. 0.98 ± 0.58, p = 0.74; and 0.68 ± 0.39 vs. 0.72 ± 0.53, p = 0.41, respectively). The above results are shown in table 3.7. 










[bookmark: _Toc36743346]Table 3. 6 Coronary physiology parameters at baseline (rest) and hyperaemia. There was a significant reduction in Pa, Pd and mTt during hyperaemia both before and after post-dilatation signifying adequate response to adenosine.   Paired t-test was used for statistical analysis.
	
	Baseline
	Hyperaemia
	p value

	Before Post-Dilatation

	Pa (mmHg)
	85.9  16.2
	74.0  16.3
	<0.001

	Pd (mmHg)
	81.7  14.9
	67.1  15.6
	<0.001

	mTt (sec)
	0.96  0.96
	0.68  0.39
	<0.001

	After Post-Dilatation

	Pa (mmHg)
	86.1  14.5
	75.1  15.7
	<0.001

	Pd (mmHg)
	81.9  13.7
	69.4  14.8
	<0.001

	mTt (sec)
	0.98  0.58
	0.72  0.53
	<0.001


Pa = aortic pressure, Pd = distal coronary pressure, mTt = mean transit time.


[bookmark: _Toc36743347]Table 3. 7 Coronary physiology parameters before and after post-dilatation. Hyperaemic Pd was the only coronary physiology parameter that changed (increase) after post-dilatation. Paired t-test was used for statistical analysis.
	
	Before 
Post dilatation
	After 
Post dilatation
	p value

	Resting Pa (mmHg)
	85.9  16.2
	86.1  14.5
	0.85

	Resting Pd (mmHg)
	81.7  14.9
	81.9  13.7
	0.84

	Resting mTt (sec)
	0.96  0.96
	0.98  0.58
	0.74

	Hyperaemic Pa (mmHg)
	74.0  16.3
	75.1  15.7
	0.23

	Hyperaemic Pd (mmHg)
	67.1  15.6
	69.4  14.8
	0.01

	Hyperaemic mTt (sec)
	0.68  0.39
	0.72  0.53
	0.41


Pa = aortic pressure, Pd = distal coronary pressure, mTt = mean transit time.

[bookmark: _Toc36737715]
3.2.3 IMR pre and post post-dilatation

IMR before post-dilatation was 44.9 ± 25.6 and after post-dilatation was 48.8 ± 34.2 (p = 0.26) (Fig. 3.2). Similarly, there was no significant change in IMRc before and after post-dilatation (43.5 ± 25.6 vs. 48.4 ± 33.9 respectively, p = 0.16) (Fig. 3.3). At an individual level, there was a variable response with IMR increasing in half of the patients and decreasing in the other half (Fig. 3.2). ΔIMR in the group of patients with increased IMR was 18.4 ± 14.9 compared to 10.5 ± 10.1 in the group with decreased IMR (p < 0.001). Tables 3.8 and 3.9 present the baseline and procedural characteristics of patients stratified according to the observed change in IMR (decrease or increase) after post-dilatation. More patients with the LAD as the culprit vessel had an increase in IMR after post dilatation (68.8 % vs. 18.8 %, p = 0.016). Patients with an increase in IMR had a lower BMI. Otherwise, there was no difference in baseline characteristics or PCI procedural steps between patients with an increase or a decrease after post-dilatation. Post-procedure, patients with an increase in IMR had lower ejection fraction. 



[image: Macintosh HD:Users:grigorioskaramasis:Desktop:Screen Shot 2018-11-15 at 10.35.58.png]
[bookmark: _Toc20223881]Figure 3. 2 IMR before and after post-dilatation. A) IMR values before and after PD. There was no significant change in mean IMR. B) Individual changes in IMR before and after post-dilatation. At an individual level, there was a variable response with IMR increasing in half of the patients and decreasing in the other half. IMR = index of microcirculatory resistance, PD = post dilatation. Paired t-test was used for statistical analysis. 

[bookmark: _Toc20223882][image: Macintosh HD:Users:grigorioskaramasis:Desktop:Screen Shot 2018-11-29 at 11.01.50.png]Figure 3. 3 IMRc before and after post-dilatation. A) IMRc values before and after post-dilatation. There was no significant change in mean IMRc. B) Individual changes in IMRc before and after post dilatation. At an individual level, there was a variable response with IMRc increasing in half of the patients and decreasing in the other half. IMRc = index of microcirculatory resistance corrected for wedge pressure, PD = post dilatation. Paired t-test was used for statistical analysis. 

[bookmark: _Toc36743348]Table 3. 8 Baseline characteristics in patients stratified according to IMR change (decrease or increase) after post-dilatation. There were no differences in the baseline characteristics between patients with a decrease or an increase in IMR after post-dilatation, except of lower BMI and higher incidence of LAD as culprit vessel in the group with an increase in IMR. Patients with an increase in IMR had lower left ventricle ejection fraction (LVEF) as assessed by echocardiography performed within 24 hours post the procedure. Independent samples t-test (continuous variables) and chi-square test (categorical valuables) were used for statistical analysis. 
	
	Whole cohort (n=32)
	Decreased IMR group (n=16)
	Increased IMR group (n=16)
	p-values

	Male gender, n (%)
	25(78.1)
	13(81.3)
	12(75)
	1

	Age
	66.010.9
	62.310.2
	69.610.6
	0.056

	BMI
	29.24.7
	31.726.7
	26.73.0
	0.001

	Hypertension, n (%)
	15(46.9)
	8(50)
	7(46.7)
	0.72

	Hypercholesterolaemia, n (%)
	14(43.8)
	8(50)
	6(42.9)
	0.48

	Diabetes, n (%)
	4(12.5)
	4(25)
	0(0)
	0.1

	Active smoker, n (%)
	7(21.9)
	3(18.8)
	4(25)
	1

	Family history of IHD, n (%)
	4(12.5)
	2(50)
	2(50)
	1

	Previous myocardial infarction, n (%)
	2(6.3)
	0(0)
	2(12.5)
	0.48

	Previous PCI, n (%)
	2(6.3)
	0(0)
	2(12.5)
	0.48

	Previous CVA, n (%)
	1(3.1)
	1(6.3)
	0(0)
	1

	Symptoms to device time (minutes)
	251.7 175.7
	251.3  90.9
	252.2 165.4
	0.5

	Culprit vessel, n (%)
	
	
	
	0.016

	LAD
	14(43.8)
	3(18.8)
	11(68.8)
	

	LCx
	5(15.6)
	4(25)
	1(6.3)
	

	RCA
	13(40.6)
	9(56.3)
	4(25)
	

	Culprit lesion at the proximal segment, n(%)
	19(59.4)
	10(62.5)
	9(56.3)
	0.72

	TIMI flow at presentation, n(%)
	
	
	
	0.34

	0
	26(81.3)
	12(75.0)
	14(87.5)
	

	1
	2(6.3)
	2(12.5)
	0(0)
	

	2
	4(12.5)
	2(12.5)
	2(12.5)
	

	3
	0(0)
	0(0)
	0(0)
	

	Baseline thrombus score, n (%)
	
	
	
	0.61

	0-1-2
	14(43.8)
	7(43.8)
	7(43.8)
	

	3
	6(18.8)
	2(12.5)
	4(25)
	

	4
	12(37.5)
	7(43.8)
	5(31.3)
	

	Number vessel disease, n(%)
	
	
	
	0.57

	1
	10(31.3)
	6(37.5)
	4(40)
	

	2
	15(46.9)
	6(37.5)
	9(56.3)
	

	3
	7(21.9)
	4(25)
	3(18.8)
	

	Troponin peakSD
	5530.03219.4
	4462.92695.3
	6530.53426.7
	0.071

	Troponin AUCSD
	9634160535
	79452.951702.0
	113230.565512
	0.116

	LV ejection fraction
	45.58.2
	48.55.3
	42.69.5
	0.04

	CreatinineSD
	80.422.0
	78.122.4
	82.821.9
	0.55


IMR = index of microcirculatory resistance, BMI = body mass index, IHD = ischaemic heart disease, PCI = percutaneous coronary intervention, CVA = cerebrovascular accident, LAD = left anterior descending artery, LCx = left circumflex artery, RCA = right coronary artery, AUC = area under the curve, LV = left ventricle. 


[bookmark: _Toc36743349]
Table 3. 9 Procedural characteristics in patients stratified according to IMR change (decrease or increase) after post-dilatation. There were no differences in the procedural characteristics between patients with a decrease or an increase in IMR after post-dilatation. Independent samples t-test (continuous variables) and chi-square test (categorical valuables) were used for statistical analysis. 
	
	Whole cohort (n=32)
	Decreased IMR group (n=16)
	Increased IMR group (n=16)
	p-values

	Peri-procedural medications, (%)
	
	
	
	

	Aspirin
	32(100)
	16(100)
	16(100)
	1

	Clopidogrel
	32(100)
	32(100)
	16(100)
	1

	Ticagrelor
	4
	3(18.8)
	1(6.3)
	0.6

	Heparin
	32(100)
	16(100)
	16(100)
	1

	GPIIbIIIa inhibitors, (%)
	
	
	
	

	Total adopted
	19 (59.4)
	11 (68.8)
	8 (50)
	0.28

	Bailout
	1 (3.1)
	0 (0)
	1 (6.3)
	1

	Thrombus aspiration, (%)
	23 (71.9)
	11 (68.8)
	12 (75)
	1

	Pre-dilatation, (%)
	26 (81.3)
	13 (81.3)
	13 (81.3)
	1

	Pre-dilatation max balloon diameter (mm)
	2.6  0.3
	2.7  0.3
	2.5  0.4
	0.29

	Length of pre-dilatation balloon (mm)
	17.3  3.8
	15.7  2.7
	18.8  4.2
	0.26

	Number of pre-dilatation balloon inflations
	1.6  1.0
	1.4  0.8
	1.8  1.2
	0.9

	Number of stents
	1.2  0.5
	1.4  0.6
	1.1  0.3
	0.93

	Stent length (mm)
	29.9  10.7
	30.3  11.5
	29.6  10.1
	0.86

	Stent diameter (mm)
	3.1  0.5
	3.2  0.5
	3.0  0.6
	0.5

	Max stent inflation pressure (atm)
	14.7  2.7
	15.3  2.6
	14.1  2.7
	0.24

	Number of post-dilatations
	2.0  0.6
	2.1  0.6
	1.8  0.6
	0.79

	Max post-dilatation balloon pressure (atm)
	19.3  2.0
	19.6  2.1
	18.8  1.7
	0.07

	Max post-dilatation balloon diameter (mm)
	3.6  0.6
	3.8  0.6
	3.5  0.6
	0.27

	Max duration of balloon post-dilatation (sec)
	17.6  6.7
	17.8  7.3
	17.3  6.2
	0.84


IMR = index of microcirculatory resistance.





[bookmark: _Toc36737716]3.2.4 CFR, Pd/Pa and FFR pre and post post-dilatation

There was no difference in CFR between pre and post post-dilatation (1.60 ± 0.89 vs. 1.58 ± 0.71, p = 0.87) (fig. 3.4). Resting Pd/Pa did not show any difference either (0.95 ± 0.05 vs. 0.95 ± 0.04, p = 0.95). However, FFR significantly increased from 0.91 ± 0.08 to 0.93 ± 0.06 (p = 0.037) (fig. 3.5). FFRcor, defining the pressure gradient across the epicardial vessel, increased from 0.87 ± 0.11 to 0.90 ± 0.08 (p = 0.017). 


[image: Macintosh HD:Users:grigorioskaramasis:Desktop:Screen Shot 2018-11-15 at 13.51.14.png]
[bookmark: _Toc20223883]Figure 3. 4 CFR before and after post-dilatation. A) CFR values before and after PD. There was no significant change in mean CFR. B) Individual changes in CFR before and after post dilatation. At an individual level, there was a variable response with CFR increasing in almost 1/3 of the cases. CFR = coronary flow reserve, PD = post dilatation. Paired t-test was used for statistical analysis. 
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[bookmark: _Toc20223884]Figure 3. 5 FFR before and after post-dilatation. A) FFR values before and after PD. There was a significant increase in FFR after post-dilatation. B) Individual changes in FFR before and after post dilatation. At an individual level, there was a variable response with FFR remaining within its repeatability margins in most of the cases, but also increasing significantly in a number of cases. FFR = fractional flow reserve, PD = post dilatation. Paired t-test was used for statistical analysis. 


[bookmark: _Toc36737717]3.2.5 Effect of post-dilatation on angiographic markers of coronary flow and myocardial perfusion

TIMI flow, TIMI frame count and Myocardial Blush Grade (MBG) were assessed. As shown in table 3.10 there was no difference in any of the indices before and after post-dilatation. 

[bookmark: _Toc36743350]Table 3. 10 Effect of post-dilatation on angiographic markers of coronary flow and myocardial perfusion. There was no difference in any of the indices before and after post-dilatation. Wilcoxon signed-rank test and paired t-test were used for statistical analysis.
	
	Before 
Post dilatation
	After 
Post dilatation
	p value

	TIMI flow, (%)
	
	
	0.132

	0
	0 (0)
	0 (0)
	

	1
	0 (0)
	1 (3.1)
	

	2
	8 (25)
	11 (34.4)
	

	3
	24 (75)
	20 (62.5)
	

	Corrected TIMI frame count
	13.10  7.44
	13.77  6.73
	0.58

	MBG (%)
	
	
	0.317

	0
	1 (3.1)
	1 (3.1)
	

	1
	5 (15.6)
	5 (15.6)
	

	2
	13 (40.6)
	16 (50)
	

	3
	13 (40.6)
	10 (31.3)
	


MBG = myocardial blush grade.



[bookmark: _Toc36737718]3.2.6 Effect of post-dilatation on ECG assessment of myocardial perfusion

For the electrocardiographic assessment, the lead with maximum ST segment deviation at presentation was used. The absolute change in ST-segment deviation and ST-segment resolution compared to baseline before and after post-dilatation was assessed. The results are shown in figure 3.6. There was a significant decrease in mean absolute ST-segment deviation between initial ECG and ECG before post-dilatation (5.4 ± 4.9 mm vs. 3.0 ± 3.2 mm, p < 0.001) as a result of vessel recanalisation and stent placement. The decrease continued after post-dilatation leading to a further significant change between before and after post-dilatation (3.0 ± 3.2 mm vs. 2.1 ± 1.8 mm, p < 0.001). Similar were the results in ST segment resolution classification compared to baseline ECG; patients with ST resolution < 30% and 30% to 70% were reduced from 41% and 48% to 22% and 37% respectively (p < 0.001) after post-dilatation. Consequently, cases with > 70% resolution increased from 11% to 41% (p < 0.001) of the whole cohort. 
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[bookmark: _Toc20223885]Figure 3. 6 Effect of post dilatation on ECG ST-segment deviation (STSD). A) ST-segment deviation in the single lead with maximum STSD at presentation at baseline (before PCI), before post-dilatation and after post-dilatation. There was a gradual decline in STSD with the largest change after stent placement (i.e. before PCI compared to before post-dilatation). B. Percentage of cases with ST-segment resolution (STR) < 30%, STR 30-70% and STR > 70% before and after post dilatation. STR significantly improved as shown by the changes in the prementioned individual categories. One-way ANOVA test and chi-square test were used for statistical analysis. 

[bookmark: _Toc36737719]3.2.7 Agreement of IMR and IMRc

In total 64 measurements of IMR and IMR corrected (IMRc) for Pw were performed pre and after post-dilatation. There was a mean difference of 1.4 ± 1.6 between IMR and IMRc (47.4 ± 30.3 vs. 45.9 ± 29.9, p < 0.001, respectively) (fig. 3.7). The difference between IMR and IMRc became greater with increasing Pw (r = 0.340, p = 0.007). However, IMR and IMRc had a very strong positive correlation (r2 = 0.997, p = <0.001). Importantly, IMR did not cross the prognostic cut off value 40 in any of the measurements when corrected for Pw.
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[bookmark: _Toc20223886]Figure 3. 7 Agreement of IMR and IMRc.  A) Comparison of mean values of IMR and IMRc. There was a statistically significant difference between the two values. B) Correlation between IMR and IMRc. There was an excellent correlation as shown be a correlation co-efficient of r2 = 0.997.  C) Bland-Altman plot of IMR and IMRc. D) Correlation of dIMR (IMR – IMRc) with Pw. IMR = index of microcirculatory resistance, IMRc = index of microcirculatory resistance corrected for wedge pressure. Pw = wedge pressure. Paired samples t-test, Pearson’s correlation and Bland-Altman plot were used for statistical analysis. 

[bookmark: _Toc36737720]3.3 	Results II: residual athero-thrombotic burden and changes on coronary microcirculation

Any potential relationship between changes in IMR (dIMR) and IMR measured after post-dilatation with parameters of prolapsing athero-thrombotic material (plaque/thrombus prolapse – PTP) inside the stent after stent implantation was assessed. The following parameters measured by OCT before stent post-dilatation were used: maximum PTP area (mm2) at cross-sectional level, mean PTP area (mm2) across the stented segment, total PTP longitudinal extension (mm), PTP volume (mm3), stent volume (mm3),  PTP burden (%), maximum PTP thickness (mm), mean PTP thickness (mm), and the COCTAIL score. As shown in table 3.11, there was no correlation between dIMR or IMR measured after post-dilatation with any of the plaque/thrombus prolapse quantification parameters. 
[bookmark: _Toc36743351]
















Table 3. 11 Correlation of dIMR and after post-dilatation IMR with PTP. Bivariate correlation analysis exploring any potential correlation of dIMR (change of IMR after post-dilatation) and IMR measured after post-dilatation with different measures of plaque-thrombus prolapse (PTP) as assessed by OCT before post-dilatation. There is no significant correlation with any of the measured parameters. Pearson’s correlation analysis was used.
	Plaque-thrombus prolapse (PTP) before post-dilatation
	dIMR
	IMR after
post-dilatation

	Max PTP area
	r=-0,073, p=0.698
	r=-0.042, p=0.821

	Mean PTP area
	r=-0.059, p=0.751
	r=0.006, p=0.976

	Total PTP length
	r=-0.319, p=0.08
	r=0.193, p=0.298

	PTP volume
	r=-0.115, p=0.536
	r=0.232, p=0.209

	Stent volume
	r=-0.235, p=0.203
	r=-0.074, p=0.694

	PTP burden
	r=-0.051, p=0.786
	r=0.179, p=0.334

	Max PTP thickness
	r=-0.152, p=0.414
	r=-0.202, p=0.277

	Mean PTP thickness
	r=-0.08, p=0.664
	r=-0.237, p=0.199

	Cocktail score
	r=-0.147, p=0.431
	r=0.283, p=0.123


PTP = plaque-thrombus prolapse, IMR = index of microcirculatory resistance, OCT = optical coherence tomography. 

Furthermore, the different measured plaque-thrombus prolapse (PTP) parameters were compared between patients with a decrease in IMR > 10 units, a change in IMR (dIMR) between -10 and 10 and an increase in IMR > 10 units after post-dilatation. There was no statistical difference between the three groups for any of the PTP parameters (figure 3.8). Finally, dIMR was not found to be related to any baseline characteristics or procedural factors.

A)							B)
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[bookmark: _Toc20223887]Figure 3. 8 Plaque-thrombus prolapse (PTP) burden and volume and dIMR. A) PTP burden before post-dilatation in patients with dIMR < -10 (decrease in IMR), dIMR between > -10 and < 10 and dIMR > 10 (increase in IMR). B) PTP volume before post dilatation in patients with dIMR < -10 (decrease in IMR), dIMR between > -10 and < 10 and dIMR > 10 (increase in IMR). There was no statistically significant difference between the groups for any of the two PTP parameters. PTP = plaque-thrombus prolapse, IMR = index of microcirculatory resistance. Kruskal–Wallis H test was used for statistical analysis.


[bookmark: _Toc36737721]3.4 	Results III: effects of post-dilatation on stent deployment 

[bookmark: _Toc36737722]3.4.1 	Stent expansion

Stent post dilatation increased minimum and mean stent areas (MSA and mean SA) significantly (5.6 ± 1.9 mm2 vs. 5.9 ± 2.2 mm2, p = 0.017 and 7.3 ± 2.4 mm2 vs. 8.6 ± 2.6 mm2 p < 0.001). The significant increase in MSA applied for both the proximal and the distal stented segments, although being more prominent for the former (6.0 ± 2.0 mm2 vs. 7.2 ± 2.1 mm2, p < 0.001 and 5.9 ± 2.2 mm2 vs. 6.3 ± 2.5 mm2, p = 0.007, respectively). The cross-sectional lumen area across the stented segment was calculated too, as in STEMI the increased presence of thrombus makes SA not necessarily representative of the achieved final lumen /flow area due to athero-thrombotic tissue prolapse through the stent struts. Post-dilatation led to significant increase in both minimum and mean values (in-stent MLA 5.3 ± 1.8 mm2 vs. 5.8 ± 2.0 mm2, p < 0.001; in-stent mean LA 7.3 ± 2.4 mm2 vs. 8.3 ± 2.5 mm2, p < 0.001, respectively). However, the percentage of patients with an in-stent MLA < 4.5 mm2, did not change after post dilatation, as the same 11 patients who had in-stent MLA < 4.5 mm2 before PD continued to have it afterwards. 

As expected in a cohort of STEMI patients, MSA and in-stent MLA were not identical. Across all measurements (62 measurements before and after post-dilatation) MSA was 5.8 ± 2.0 mm2 and in-stent MLA 5.6 ± 1.9 mm2 (p < 0.001). In 27 (43%) of the measurements the two minimum areas were the same and occurred at the same OCT frame. In half of the measurements (n = 31), however, MSA was larger than MLA and there were four (n=4) cases where MLA was larger than MSA. Yet, the two measurements showed a strong correlation (r = 0.976, p < 0.001). 

Optimal stent expansion defined as > 70% was observed only in 35.5 % (n = 11) of the patients prior to stent post-dilatation.  Post-dilatation increased this percentage significantly to 61.3 % (n = 19) (p = 0.039). Using a cut-off value of 80%, the number of patients with optimal expansion doubled (5 vs. 10), but despite the strong trend, this change did not reach statistical significance (p = 0.06). When the cut-off point for optimal expansion was moved to 90%, only 1 patient (3.2%) before post-dilatation and 3 patients (9.7%)  after post-dilatation (p = 0.5) reached optimal expansion. Although OCT guidance for stent deployment was not used (operators were blinded to OCT results), I assessed the number of cases where optimal deployment according to ILUMIEN III criteria was reached. Prior to post-dilatation, all patients (100%) had unacceptable expansion, which was reduced to 80.6% after post-dilatation (p = 0.031).  I used both MSA and in-stent MLA to calculate expansion. In the case of MSA, the change in expansion expressed as a percentage did not reach statistical significance (68 ± 16 % vs. 74 ± 13 %, p = 0.077). When the stent was divided into two equal segments, only proximal segment expansion was significantly improved (proximal stent expansion: 67 ± 16 % vs. 80 ± 17 %, p < 0.001 and distal stent expansion: 91 ± 20 % vs. 95 ± 15 %, p = 0.079). Mean stent expansion changed significantly (92 ± 13 % vs. 108 ± 12 %, p < 0.001). When in-stent MLA was used to assess expansion both expansion and mean expansion increased (67 ± 10 % vs. 73 ± 11 %, p = 0.001 and 92 ± 11 % vs. 105 ± 12 %, p < 0.001, respectively). Importantly, percentage of stent expansion based on in-stent MLA measurements crossed the cut-off point of 70 %. The changes in parameters of stent expansion after post dilatation are shown in table 3.12.

[bookmark: _Toc36743352]Table 3. 12 OCT analysis of stent expansion before and after post-dilatation. Almost all measures of absolute expansion and relative expansion of > 70% improved after post dilatation. Paired t-test and McNemar’s test were used for statistical analysis. 
	
	Before 
Post dilatation 
	After
Post dilatation 
	p-values

	Stent expansion parameters

	Stent length (mm)
	30.3  9.7
	31.4  9.9
	<0.001

	Prox reference LA (mm2)
	9.4  3.6
	9.5  3.6
	0.2

	Distal reference LA (mm2)
	6.7  3.1
	6.8  3.0
	0.3

	Mean reference LA (mm2)
	8.1  2.9
	8.2  2.9
	0.1

	In-stent MLA (mm2)
	5.3  1.8
	5.8  2.0
	<0.001

	Mean in-stent LA (mm2)
	7.3 2.4
	8.3  2.5
	<0.001

	MSA (mm2)
	5.6  1.9
	5.9  2.2
	0.017

	Mean SA (mm2)
	7.3  2.4
	8.6  2.6
	<0.001

	Minimum stent flow area (mm2)
	5.2 1.7
	5.7  2.0
	<0.001

	Mean stent flow area (mm2)
	7.0  2.3
	8.3  2.5
	<0.001

	Minimum total flow area (mm2)
	5.3  1.8
	5.8  2.0
	<0.001

	Mean total flow area (mm2)
	7.3  2.4
	8.3  2.5
	<0.001

	In-stent MLA < 4.5 mm2, n(%)
	11(35)
	11(35)
	1

	MSA/Mean reference LA, %
	68.3  15.9
	74.0  13
	0.077

	Mean SA/Mean reference LA, %
	92.4  13.2
	107.8  12.1
	<0.001

	In-stent MLA/Mean reference LA, %
	67.4  9.7
	72.8  11.4
	0.001

	Mean in-stent MLA/Mean reference LA, %
	92.1  11.4
	105.0  12.2
	<0.001

	Proximal MSA (mm2)
	6.0  2.0
	7.2  2.1
	<0.001

	Distal MSA (mm2)
	5.9  2.2
	6.3  2.5
	0.007

	Proximal MSA/Proximal reference LA, %
	67.415.9
	79.817.1
	<0.001

	Distal MSA/Distal reference LA, %
	91.319.6
	95.514.7
	0.079

	ILLUMIEN III expansion (Optimal/Acceptable/Unacceptable), n (%)
	0(0)/0(0)/
31(100)
	2(6.5)/4(12.9)/
25(80.6)
	ns

	Stent expansion > 90%, n (%)
	1 (3.2)
	3 (9.7)
	0.5

	Stent expansion > 80 % n (%)
	5 (16)
	10 (32)
	0.063

	Stent expansion > 70%, n (%)
	11 (35.5)
	19 (61.3)
	0.039


LA = lumen area, MLA = minimum lumen area, MSA = minimum stent area, SA = stent area, OCT = optical coherence tomography.

[bookmark: _Toc36737723]3.4.2 	Stent malapposition

A number of different variables were used in order to quantify malapposition and post-dilatation improved all of them (table 3.13). Maximum and mean areas of malapposition were reduced by more than 50% (2.6 ± 2.2 mm2 vs. 1.1 ± 1.0 mm2, p < 0.001 and 0.8 ± 0.7 mm2 vs. 0.4 ± 0.4 mm2, p = 0.001, respectively). The degree of reduction for the malapposition volume and burden was even greater (7.9 ± 9.7 mm3 vs. 2.2 ± 2.4 mm3, p < 0.001 and 3.8 ± 4.0 mm3 vs. 0.9 ± 0.9 mm3, p < 0.001, respectively). The most commonly used index of malapposition is the maximum distance between the malapposed struts and the vessel wall. Importantly, before post-dilatation the maximum malapposition distance was 0.7 ± 0.5mm, well above the cut-off value of 0.4 mm. After post-dilatation, it was reduced significantly to 0.4 ± 0.2 mm (p = 0.004). Similarly mean malapposition distance was reduced from 0.3 ± 0.1mm to 0.2 ± 0.1mm (p = 0.009).  Both the maximum consecutive length and total length of malapposed struts was reduced from 3.9 ± 3.3 mm vs. 2.0 ± 1.6 mm (p = 0.002) and 7.9 ± 5.9 mm vs. 4.5 ± 3.7 mm (p < 0.001) respectively. Finally, post-dilatation reduced the number of malapposed stent struts from 145.0 ± 132.0 to 53.2 ± 46.2 (p < 0.001). Similarly, the percentage of cross sections with more than 3 malapposed struts was reduced from 90.3 % before post-dilatation to 61.3% after post-dilatation (p = 0.004). The above changes led to a reduction in the percentage of cases with malapposed struts with a maximum axial distance of 0.5 mm from 71% to 41.9% (p = 0.022) and those with major malapposition according to ILUMIEN III criteria from 96.8 % to 77.4 % (p = 0.031). The consensus document by the European Association Percutaneous Coronary Intervention recommends correction of malapposition when the axial distance is > 0.4 mm and the length across the stent > 1 mm. Pre post-dilatation 64 % of the cases met these criteria and this percentage was reduced to 52 % after post-dilatation (p = 0.125). 











[bookmark: _Toc36743353]Table 3. 13 OCT analysis of stent malapposition before and after post-dilatation. Almost all measures of malapposition decreased after post dilatation. Paired t-test and McNemar’s test were used for statistical analysis.
	
	Before 
Post dilatation 
	After 
Post dilatation 
	p-values

	Stent malapposition parameters

	Max malapposed area (mm2)
	2.6  2.2
	1.1  1.0
	<0.001

	Mean malapposed area (mm2)
	0.8  0.7
	0.4  0.4
	0.001

	Malapposed volume (mm3)
	7.9  9.7
	2.2  2.4
	<0.001

	Malapposed volume/stent volume (%)
	3.8  4.0
	0.9  0.9
	<0.001

	Max malapposition distance (mm)
	0.7  0.5
	0.4  0.2
	0.004

	Mean malapposition distance (mm)
	0.3  0.1
	0.2  0.1
	0.009

	Max stent length with consecutive frames of malapposition (mm)
	3.9  3.3
	2.0  1.6
	0.002

	Total stent length with malapposition (mm)
	7.9  5.9
	4.5  3.7
	<0.001

	Number of malapposed struts
	145.0 132.0
	53.2  46.2
	<0.001

	Presence of any malapposition, n(%)
	31 (100)
	29 (93.5)
	1

	Malapposition > 0.2 mm, n(%)
	30 (96.8)
	26 (83.9)
	0.125

	Malapposition > 0.5 mm, n(%)
	22 (71)
	13 (41.9)
	0.022

	ILLUMIEN III malapposition & under-expansion, n(%)
	30 (96.8)
	24 (77.4)
	0.031

	Cross section with at least one malapposed strut, n(%)
	31 (100)
	28 (90.3)
	

	Cross section with at least three malapposed strut, n(%)
	28 (90.3)
	19 (61.3)
	0.004

	Malapposition with axial distance >0.4mm and consecutive length of >1mm
	20 (64%)
	16 (52%)
	0.125


OCT = optical coherence tomography.
 
[bookmark: _Toc36737724]3.4.3 Plaque-thrombus prolapse

A number of different variables were used in order to quantify the athero-thrombotic material prolapsing through the stent struts. In contrast to stent expansion and malapposition a number of the variables were not affected by post-dilatation. Furthermore, the variables that were affected showed an increase instead of decrease. Maximum and mean plaque-thrombus prolapse areas showed a significant increase (1.21 ± 0.66 mm2   vs. 1.46 ± 0.81 mm2, p = 0.007 and 0.42 ± 0.23 mm2 vs. 0.52 ± 0.29 mm2, p = 0.004, respectively). Total length of stent with plaque-thrombus prolapse increased from 11.9 ± 5.8 mm to 15.7 ± 8.9 mm (p = 0.001) and plaque-thrombus prolapse volume from 5.4 ± 4.6 mm3 to 8.1 ± 6.4 mm3 (p = 0.001). Finally, the COCTAIL score was increased from 88.6 ± 49.4 to 108.1 ± 62.2, p = 0.004. However, maximum and mean athero-thrombotic prolapse thickness did not change and the ratio of prolapse area to stent area at the segment with maximum protrusion remained the same. Consequently, the percentage of patients with prolapse thickness more than 0.5 mm and the ones who satisfied ILUMIEN III criteria for major protrusion remained at the same high levels (77.4% and 87.1% respectively after post-dilatation). The above results are shown at table 3.14.   



[bookmark: _Toc36743354]Table 3. 14 OCT analysis of plaque-thrombus prolapse (PTP) before and after post-dilatation. A number of measures quantifying PTP increased after post dilatation.  Paired t-test and McNemar’s test were used for statistical analysis.
	
	Before 
Post dilatation 
	After 
Post dilatation 
	p-values

	Plaque-thrombus prolapse parameters

	Max PTP area (mm2)
	1.21  0.66
	1.46  0.81
	0.007

	Mean PTP area (mm2)
	0.42  0.23
	0.52  0.29
	0.004

	Total PTP length (mm)
	11.9  5.8
	15.7  8.9
	0.001

	PTP volume (mm3)
	5.4  4.6
	8.1  6.4
	0.001

	PTP burden (%)
	2.5  2.0
	3.0  2.0
	0.06

	Maximum PTP thickness (mm)
	0.85  1.05
	0.66  0.25
	0.71

	Mean PTP thickness (mm)
	0.28  0.08
	0.29  0.09
	0.27

	COCTAIL score
	88.6  49.4
	108.1  62.2
	0.004

	Protrusion area/Stent area 10%, n(%)
	15.97  6.69
	15.09  6.38
	0.5

	PTP thickness > 0.5 mm, n(%)
	23 (74.2)
	24 (77.4)
	1

	PTP thickness > 0.2 mm, n(%)
	31 (100)
	31 (100)
	1

	Protrusion area/Stent area 10%, n(%)
	23 (74.2)
	22 (71)
	1

	Major ILUMIEN III PTP (Thickness 0.2 mm and protrusion area/Stent area 10%), n(%)
	25 (80.6)
	27 (87.1)
	0.69


PTP = plaque-thrombus prolapse. OCT = optical coherence tomography.

[bookmark: _Toc36737725]3.4.4 Stent edge dissections
There was no stent edge dissection detected by coronary angiography in any of the patients. However, OCT showed 8 patients having a stent edge dissection prior to post-dilatation, a number that increased to 12 after post-dilatation. At a stent edge level, there were 5 dissections at the proximal edge of the stent and 4 at the distal edge before post-dilatation. After post-dilatation there were 6 at the proximal edge (p = 1.0) and 7 at the distal edge (p = 0.25). When only major dissections (i.e. lateral expansion > 60o and longitudinal expansion > 2mm) (Räber, et al., 2018) were taken into account, there were 3 at the proximal edge and 1 at the distal edge before post-dilatation. Their number increased to 4 at both edges after post-dilatation (table 3.15). As the operators were blinded to OCT results, none of these dissections was treated. 

[bookmark: _Toc36743355]Table 3. 15 OCT analysis of stent edge dissection. The number of distal to the stent edge dissections numerically increased. OCT = optical coherence tomography. McNemar’s test were used for statistical analysis.
	
	Before 
Post dilatation 
	After 
Post dilatation 
	p-values

	Dissection detected by angiography (%)
	0 (0)
	0 (0)
	1.00

	Any Dissection detected by OCT

	Proximal (%)
	5 (16)
	6 (19)
	1.00

	Distal (%)
	4 (12)
	7 (22)
	0.25

	Major Dissection detected by OCT *

	Proximal (%)
	3 (9)
	4 (12)
	1.00

	Distal (%)
	1 (3)
	4 (12)
	0.25


* Lateral expansion > 60o & longitudinal expansion > 2mm





[bookmark: _Toc36737726]3.4.5 In-stent flow area and post-PCI FFR

The relation of post-PCI FFR and FFRcor with in-stent lumen area and stent expansion was assessed. FFR and FFRcor before post-dilatation showed a statistically significant positive correlation with in-stent MLA before post-dilatation (r = 0.408, p = 0.023 and r = 0.398, p = 0.029 respectively). Similarly, FFR and FFRcor after post-dilatation had a significant positive correlation with in- stent MLA after post-dilatation (r = 0.353, p = 0.05 and r = 0.363, p = 0.05 respectively). There was no correlation between FFR and FFRcor with relative stent expansion (p > 0.05). Correlations of FFR with in-stent MLA are shown in figure 3.9. After post-dilatation FFR and FFRcor were significantly higher for patients with an MLA > 4.5 mm2 (0.94 ± 0.05 vs. 0.89 ± 0.06, p = 0.014 and 0.92 ± 0.07 vs. 0.85 ± 0.07, p =0.012 respectively) (fig. 3.10). 
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[bookmark: _Toc20223888]Figure 3. 9 Correlation of FFR and in-stent MLA. 
A) Correlation of FFR and in-stent MLA before post-dilatation. B) Correlation of FFR and in-stent MLA after post-dilatation. FFR = fractional flow reserve, MLA = minimum lumen area. Pearson’s correlation analysis was used.
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[bookmark: _Toc20223889]Figure 3. 10 FFR after post dilatation and in-stent MLA. Patients with an MLA > 4.5 mm2 after post-dilatation had a higher FFR compared with patients with an MLA < 4.5 mm2. FFR = fractional flow reserve, MLA = minimum lumen area. Independent samples t-test analysis was applied. 
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Chapter 4. 	Discussion

[bookmark: _Toc36737728]4.1 	Discussion I: effect of post-dilatation on coronary microcirculation

The POSTDIL-STEMI is the first study that assessed invasively at the catheterisation laboratory the impact of stent optimisation by post-dilatation in STEMI patients undergoing primary PCI on coronary microcirculation. In order to quantify microvascular function, the index of microcirculatory resistance (IMR) was used. The study showed that post-dilatation did not have an effect on IMR overall. The results did not change when IMR was corrected for wedge pressure either. Although that was the overall outcome, at an individual patient level, IMR increased in half of the patients and decreased in the other half. The results were in contrast with the initial hypothesis of the study that post-dilatation would cause an increase in IMR due to distal embolization of athero-thrombotic material. Furthermore, there were no differences in angiographic markers of coronary flow and myocardial perfusion between before and after post-dilatation. In contrast, electrocardiographic markers of myocardial perfusion as assessed by changes in absolute ST-segment deviation reduction and ST-segment resolution compared to baseline ECG improved after post-dilatation. 

Early studies on percutaneous coronary interventions have suggested that manipulation of devices inside coronary arteries during PCI could result in abnormal peri-procedural angiographic myocardial perfusion markers and increased final myocardial damage as quantified by post-procedural release of myocardial enzymes (Califf, et al., 1998).  Studies on stent optimisation and post-dilatation showed similar results (Iakovou, et al., 2003). The mechanism proposed to explain such a phenomenon was the disruption of tissue or thrombus at the location of the lesion and its embolization to the distal vessel (Heusch, et al., 2009). These emboli depending on their size could cause obstruction of arterioles or even of the epicardial vessel when of adequate size. Studies using different methodologies have proved the existence of  embolisation of iatrogenic micro-particles during PCI (Bahrmann, et al., 2005; Limbruno, et al., 2005; Okamura, et al., 2008). Limbruno, et al. (2005) used a filter placed in the coronary artery distally to the level of the coronary intervention and collected such embolised fragments during PCI.  Research groups from Iena, Germany and Osaka, Japan used the Doppler technology for the same purpose. During their in vitro experiments and subsequently in clinical studies, a guidewire with a Doppler transducer placed at the distal coronary vessel was able to detect Doppler signals generated by embolised micro-particles during PCI (Bahrmann, et al., 2005; 2007; Okamura, et al., 2008). It is important to emphasise, though, that distal embolization did not always have detectable clinical implications in these studies as markers of myocardial perfusion or microvascular damage were not necessarily affected by the detected extent of embolisation (Di Mario and Ferrante, 2008). 

Plaque morphology at the level of the lesion and subsequent coronary intervention has been associated with distal embolization.  Soft lipid plaques with or without necrotic cores are more prone to mechanical fragmentation and it has been shown that they are predictors of peri-procedural distal embolization and myocardial injury in coronary interventions for stable coronary artery disease (Böse, et al., 2008; Claessen, et al., 2012; Kawamoto, et al., 2007). Similar results have been shown in the context of acute myocardial infarction where large necrotic cores and thin cap fibroatheromas were related with no reflow (Hong, et al., 2011). In the context of ST-segment elevation myocardial infarction, the majority of the lesions have such plaque characteristics. Furthermore, there is a significant thrombus burden. These specific STEMI lesion characteristics lead to the notion that coronary manipulation in this context could be even more harmful with increased incidence of distal embolization and myocardial perfusion disruption. Therefore, different strategies have been proposed in order to minimise procedural steps during primary PCI for STEMI. Direct stenting (i.e. stent implantation   without   balloon   pre-dilatation) is such a strategy and is commonly practiced. Previously, a number of small trials have suggested improved myocardial perfusion (Mahmoud, et al., 2018). However, a large recent observational study failed to show such a benefit or any difference in clinical outcomes compared to conventional PCI (Mahmoud, et al., 2018). A limitation of this approach is that it carries an increased risk of suboptimal stent deployment due to challenges in appropriate stent sizing (De Bruyne and Barbato, 2008). Stent deferral after successful vessel recanalization has been also proposed in the context of STEMI. However, when tested as a strategy in a randomised controlled trial, it failed to lead to improved clinical outcomes (Kelbæk, et al., 2016). 

Based on the above concept of minimal intervention during primary PCI, post-dilatation in the setting of STEMI raises concerns and in clinical practice it is often avoided. However, although post-dilatation during STEMI has been anecdotally related with no-reflow phenomenon, there is no robust scientific data to consistently prove a detrimental effect of post-dilatation on coronary microcirculation and myocardial perfusion during primary PCI.  In the study consisting the backbone of this thesis, I tried to test this hypothesis by assessing microvascular function before and immediately after stent post-dilatation using the index of microcirculatory resistance (IMR).  

In POSTDIL-STEMI, IMR was 44.9 ± 25.6 before post-dilatation and 48.8 ± 34.2 after post-dilatation. This difference was not found to be statistically significant (p = 0.26). The results were no different when IMR was corrected for potential collateral flow with the incorporation of wedge pressure in the calculating equation. 

There are no previous studies in the literature specifically assessing the impact of stent optimisation by post-dilatation on coronary microcirculation using the same methodology: measuring an invasive index of microvascular function before and after post-dilatation. Two previous retrospective studies have used angiographic markers (i.e. TIMI flow, TIMI frame count and MBG) to assess potential impairment of myocardial perfusion after post-dilatation in the context of acute myocardial infarction (Biswas, et al., 2012; Tasal, et al., 2013). Both showed that there was no difference in any of the angiographic parameters between the groups with and without post-dilatation. Another retrospective study that looked on acute coronary syndromes in general did not find any difference in incidence of no-reflow or in final TIMI flow either (Zhang, et al., 2010). These results are in agreement with my study where there were no changes in TIMI flow, TIMI frame count and MBG after post-dilatation. Interestingly, in one of these studies about a quarter of the patients in the post-dilatation group developed no-reflow phenomenon immediately following post-dilatation, but the flow recovered without affecting the final angiographic results (Biswas, et al., 2012). In their discussion the authors understated the clinical significance of transient angiographic reflow. Indeed, coronary flow fluctuations during PCI do not necessarily reflect permanent microvascular injury or irreversible myocardial perfusion defect. They could be the temporal result of vasoconstriction caused by the release of vaso-active substances like thromboxane A2 and serotonin when thrombus is squeezed against the vessel wall during balloon dilatation (Ndrepepa, Colleran and Kastrati, 2018). In theory, vasoconstriction could be temporal, and any clinical impact is doubtful. However, a recent large retrospective observational study (Papapostolou, et al., 2018) came to reinforce the notion suggested by previous smaller studies (Jinnouchi, et al., 2014; Kim, et al., 2016; Mehta, et al., 2003) that transient no-reflow is not clinically innocent as it was associated with a stepwise reduction in long-term survival.  

Interestingly, absolute ST-segment deviation and ST-segment resolution improved after post-dilatation.  However, this should not be considered a direct result of post-dilatation. For practical reasons, 12-lead ECG documentation did not happen immediately before and after post-dilatation. The first ECG was recorded during the period between stent implantation and post-dilatation and the second between post-dilatation and the end of the procedure/removal of the patient from the catheterisation laboratory table. Thus, these results probably represent changes subsequently to epicardial vessel recanalisation and gradual re-establishment of myocardial perfusion, rather than effects of post-dilatation per se. ECG ST-segment resolution during STEMI revascularisation is a commonly used test to assess successful myocardial perfusion (Buller, et al., 2008; Farkouh, et al., 2013; Van de Werf, et al., 2003). Studies that use ECG recordings for this purpose, indiscriminately, compare the baseline recording before reperfusion with the one at the end or after the procedure. One study that has used sequential ECGs immediately after each step of PCI during STEMI showed that while wire passage (followed by reperfusion in the majority of cases) resulted in significant ST segment resolution, the subsequent delivery of a thrombus aspiration catheter had a neutral effect on ST-segment deviation (Russhard, et al., 2016), suggesting no overall effect of devices used after reperfusion on ECG. 
 
Two previous studies used IMR to assess the impact of coronary interventions during primary PCI. However, stent deployment and optimisation were assessed as a single procedural step and IMR measurements were not repeated between stent placement and post-dilatation. Hoole, et al. (2015b) measured IMR after restoration of flow by guidewire passage, after pre-dilatation or thrombus aspiration and finally after stent deployment. The study did not demonstrate any improvement in IMR with adjunctive coronary instrumentation prior to stent implantation or at the end of the procedure compared to baseline. Furthermore, in a subgroup with low IMR at baseline (i.e. IMR <32), balloon or thrombus aspiration catheter manipulation led to an increase in IMR, attributed by the authors to iatrogenic distal embolization. Consequently, this study supported the concept of minimising procedural steps during primary PCI. De Maria, et al. (2015) measured IMR after vessel recanalisation with balloon pre-dilatation or manual thrombectomy and at the end of the procedure after stent deployment. Overall stent deployment improved IMR, but this result was not universal as there was a group of patients where IMR remained elevated. In a small number of patients IMR even increased. In this study IMR reduction was attributed to improvement of coronary flow after resolution of epicardial stenosis and IMR increase was attributed to iatrogenic distal embolization. 

The results of the above studies are important and relevant to this study. Firstly, they demonstrate that IMR measurements among different PCI procedural steps are feasible and validate the methodology used in POSTDIL-STEMI. Furthermore, they suggest that the response of microcirculation to coronary intervention in the context of STEMI is not universal and varies between cases. This supports the findings of this study where IMR at an individual patient level had a variable response to post-dilatation equally shared between increase and decrease. Both studies supported the concept that device manipulation could lead to IMR increase. In POSTDIL-STEMI, in 50% of the cases IMR increased after post-dilatation, a change that could be the result of material embolization during manipulation of the balloon catheter or balloon inflation at high pressure. 

ΔIMR in the group of patients with increased IMR was 18.4 ± 14.9 compared to 10.5 ± 10.1 in the group with decreased IMR (p < 0.001). This increase took place in half of the patients undergoing post-dilatation. Furthermore, this degree of increase (i.e. 18 units) consisted a significant relative increase in most of the cases and could be considered clinically important. Previous studies have used an absolute IMR increase of 10 U or a relative increase of 20-30% as a clinical relevant change when comparing the effectiveness of different treatments to protect the structural and functional integrity of microcirculation (Carrick, et al., 2016a; Mangiacapra, et al., 2013). Thus, my study supports that in specific cases stent post-dilatation would result in a significant injury of the microcirculation. The increase in IMR, however, was not found to be related to any baseline characteristics or procedural factors. The most likely mechanism of IMR increase is micro-particles embolization leading to microvascular obstruction. This mechanism intuitively relates to the thrombotic burden in the context of acute MI, the potential correlation of residual thrombotic burden post stent deployment as assessed by OCT and IMR change was assessed. The discussion around this analysis will be presented in the next section. 

In 50% of the patients, IMR decreased after post dilatation. In the study by De Maria, et al. (2015) the decrease in IMR after stent deployment was attributed to coronary flow increase after relief of epicardial stenosis and subsequent increase in perfusion pressure. Microvascular tone is mediated by perfusion pressure so the increase in perfusion pressure would lead in microcirculatory vasodilatation and reduction in microvascular resistance and IMR (Verhoeff, et al., 2005). A similar hypothesis could be made for the decrease in IMR in POSTDIL-STEMI.  Stent post-dilatation led to increase in luminal size allowing an increase in coronary flow. However, this increase is minimal compared to the one after stent deployment in patients with significant stenosis, as seen in the study by De Maria, et al.  In POSTDIL-STEMI, in the group of patients with a reduction in IMR, CFR was 1.49 ± 0.60 pre post-dilatation and 1.80 ± 0.79 afterwards. However, no change was observed in baseline or hyperaemic perfusion pressure (Pd) (82.7 ± 15.4 vs. 82.1 ± 13.8 mmHg and 69.8 ± 16.5 vs. 71.7 ± 15.1 mmHg, respectively with p = ns for both). 

IMR vs. IMR corrected 
Studies on the validation of IMR have shown that in the presence of significant epicardial stenosis accurate IMR calculation requires the incorporation of wedge pressure (Pw) in IMR equation (Aarnoudse, et al., 2004, Yong, et al., 2012). This happens because in the presence of a significant stenosis, recruitment of collateral circulation from donor vessels is expected and distal coronary and myocardial flow are significantly influenced by collateral flow.  A previous study in patients with stable coronary artery disease suggested that IMR was overestimated if not corrected for Pw (Pagonas, et al., 2014). In the context of a STEMI where we have complete occlusion of the epicardial vessel, the presence of collaterals from contralateral vessels is not uncommon. Successful primary PCI relieves epicardial stenosis, yet complete functional collateral regression does not take place immediately (Lee, et al., 2017). IMR post PCI in STEMI has been measured in a number of studies and has been proposed as a strong prognostic tool (Carrick, et al., 2016a; Fahrni et al., 2017). However, IMR in these studies was calculated without taking into account the potential residual collateral flow and incorporation of Pw in the IMR equation. A question then arises as to whether inclusion of Pw in IMR calculation (IMRc) after primary PCI would lead to different results. The results of this study showed that there is a statistically significant difference between IMR and IMRc. As expected, this difference increases with an increasing Pw. Nevertheless, the mean difference was just 1.4 ± 1.6. Such a small variance is unlikely to be of any clinical significance. Indeed, there was an excellent correlation between IMR and IMRc and there was no case where incorporation of Pw to IMR equation led to reclassification across the threshold of 40 U. Thus, for calculation of IMR post primary PCI when there is no residual epicardial stenosis present, Pw is not needed.  

Changes in CFR and FFR
CFR did not change significantly after post-dilatation. Since CFR is another index used for assessment of the microvascular function, this result comes in agreement with the conclusion of the study that overall post-dilatation did not have an impact on coronary microcirculation. In contrast, FFR and FFRcor showed a significant increase. These changes will be discussed later in this chapter in the section regarding changes in stent expansion as assessed by OCT.

[bookmark: _Toc36737729]4.2	Discussion II: residual athero-thrombotic burden and changes on coronary microcirculation



In POSTDIL-STEMI study, OCT was used to calculate a number of different parameters attempting to quantify residual in-stent prolapsing athero-thrombotic material. None of these parameters was found to correlate with the changes in IMR (dIMR). 

Thrombotic burden in patients with STEMI assessed angiographically prior to primary PCI has been correlated with microvascular injury and myocardial necrosis (De Maria, et al. 2015; Napodano, et al., 2014). An OCT study showed that STEMI patients with greater residual thrombus burden after aspiration thrombectomy had worse microvascular dysfunction and greater myocardial damage compared with those with smaller residual thrombus burden (Higuma, et al. 2016). Furthermore, the change in the atherothrombotic burden and volume before and after stenting as assessed by IVUS has been associated with angiographically assessed no-reflow (Katayama, et al., 2006). Similarly, the change in the atherothrombotic volume before and after stenting assessed by OCT showed significant correlation with IMR measured at the end of the procedure and inverse correlation with changes in IMR measured before stenting (De Maria, et al. 2017).  A proposed explanation of these results was that the change in atherothrombotic volume was a measure of the embolised material during coronary manipulation. 

The results of POSTDIL-STEMI did not reflect the above published literature. One of the reasons could be the different modalities used to quantify thrombus burden. Napodano et al., (2014) and De Maria et al., (2015) used CMR and IMR respectively to assess the impact of high thrombotic burden on infarct size and microvascular function in STEMI patients and found a significant correlation. In both studies, thrombus was assessed and graded based on angiographic appearance.  The presence of thrombus in coronary angiography is speculated in the occurrence of contrast media defects. Thus, angiographic detection of thrombus is grossly qualitive and, more importantly, signifies (or speculates) the presence of a very large thrombotic burden.  The process is completely different with OCT, which not only detects, but also quantifies intraluminal material invisible by coronary angiography. IVUS is another intracoronary imaging modality that allows volumetric assessment of atherothrombotic material and previous studies have suggested that high atherothrombotic burden detected by IVUS may be a risk factors for development of angiographic no-reflow during stent implantation (Katayama, et al., 2006; Li, et al., 2015). Nevertheless, OCT still enables clearer and more frequent visualization of tissue prolapse compared with IVUS (Ali, et al., 2016). 

Possibly, the most important difference of POSTDIL-STEMI with the other studies is the timing of atherothrombotic burden assessment. In the study by Higuma et al. (2016), STEMI patients with greater residual thrombus burden on OCT after aspiration thrombectomy had worse microvascular dysfunction and greater myocardial damage compared with those with smaller residual thrombus burden. In another OCT study, IMR after stenting and the change in IMR after stenting, correlated with the change in atherothrombotic volume during stent implantation (De Maria, et al., 2016). However, in these studies and in the studies mentioned in the previous paragraph, the atherothrombotic burden was assessed before stent implantation (and again at the end of the procedure in the study by De Maria et, al.). In POSTDIL-STEMI the atherothrombotic material was assessed after stent implantation and again after post-dilatation. Before stent implantation, the atherothrombotic volume is at maximum levels and as it has been discussed before in this thesis and suggested by mechanistic studies of iatrogenic embolisation, the majority of thrombus or plaque dislocation happens during the initial steps of the PCI procedure (i.e. balloon pre-dilatation, thrombus aspiration and stent delivery and deployment) (Hoole, et al. 2015b; Okamura, et al. 2008). The POSTDIL-STEMI assessed the very final single step of the PCI procedure (i.e. post-dilatation), when potentially distal embolisation and subsequent changes in the residual atherothrombotic material burden were minimal.  

Another potential explanation of the results of the study could be the limited ability of OCT to discriminate between thrombus and plaque protrusion (Prati, et al., 2016) in combination with the specific methodology used to quantify residual atherothrombotic material in this study. In a large observational study exploring the impact of post-PCI OCT findings, Soeda, et al. (2015) differentiated post PCI tissue prolapse in smooth, disrupted and irregular protrusion. Smooth protrusion was defined as the bowing of material into the lumen between stent struts, without intimal disruption, appearing as a smooth semi-circular arc connecting adjacent struts and was considered the result of soft plaque compression by the stent. Disrupted tissue protrusion was defined as disruption of underlying fibrous tissue protruding in between stent struts into the lumen. Irregular protrusion was defined as protrusion of material with an irregular surface into the lumen between stent struts. The authors attempted to describe thrombus separately (mass with diameter ≥250 μm attached to the luminal surface, stent strut, or floating within the lumen). However, they accepted the difficulty to discriminate between thrombus and irregular protrusion, and predefined in their methods that in cases of uncertainty, the prolapsing material should be categorised as irregular protrusion.  Interestingly, only irregular protrusion was related with clinical outcomes, as it was an independent predictor of the mixed endpoint of cardiac death, target vessel–related myocardial infarction, target lesion revascularization and stent thrombosis at one year. In POSTDIL-STEMI, there was no differentiation between different types of protrusion.  As detailed in the second Chapter (2.2.4.5.3) describing the applied methodology, any protrusion inside the stent struts was considered significant and used for the calculation of the measures attempting to quantify residual in-stent thrombotic material. This methodology was followed as it was considered likely that the majority of the prolapsing material in the context of myocardial infarction would be thrombus or lipid necrotic debris components (Prati, et al., 2016). It is important to say that in the previously mentioned study by Soeda et al., which discriminated into different morphologies of tissue prolapse, half of the patients had stable coronary artery disease and < 14% had a presentation with STEMI. In any case, it has to be recognised that the inclusion of any OCT-detected prolapsing tissue in the calculation of the atherothrombotic prolapse burden in POSTDIL-STEMI, might have overestimated the actual extent of soft tissue prone to fragmentation and embolisation. 

Finally, it is important and very relevant that a number of the parameters used to quantify plaque/thrombus prolapse increased after post-dilatation. As it will be discussed in the next section of this chapter, post-dilatation with NC balloons inflated at high pressure increased stent expansion. Better apposition of the stent frame on the vessel wall led to more in-stent protrusion. It has been shown previously, by the IVUS sub-study of the large ADAPT-DES (Assessment of Dual Antiplatelet Therapy With Drug-Eluting Stents) trial that more aggressive PCI strategies using larger stents or post-dilatation balloons, higher inflation pressures, or longer stents resulted in greater stent expansion and higher prevalence of tissue protrusion after stent implantation (Qiu, et al., 2016). In POSTDIL-STEMI, the changes in measures of tissue prolapse probably reflected the increase in stent expansion and overall stent dimensions and not the degree of distal embolization.

[bookmark: _Toc36737730]4.3	Discussion III: effects of post dilatation on stent deployment 

[bookmark: _Toc36737731]4.3.1 	Post dilatation and stent underexpansion 

POSTDIL –STEMI showed that stent post-dilatation with NC balloons at high pressures in patients undergoing primary PCI for STEMI, improved significantly both the absolute (i.e. cross-sectional lumen/stent area) and relative (i.e. ratio of lumen/stent area over a reference lumen area) stent expansion. This result is important as in the context of the previous conclusion that post-dilatation does not have a universal negative impact on microcirculation, encourages the use of post-dilatation in STEMI patients when needed to achieve better stent deployment.  

Underexpansion of implanted stents is not a benign condition.  IVUS studies have clearly correlated stent underexpansion with future stent failure both in the form of thrombosis and restenosis (Mintz, 2014). Two large OCT registries have indicated minimum stent area as a predictor of future clinical events (Prati, et al., 2015b; Soeda, et al., 2015). Soeda, et al., (2015) showed that small minimal stent area (5.0 mm2 for DES and 5.6 mm2 for BMS) was an independent predictor of 1-year device-oriented clinical end points (i.e. cardiac death, target vessel–related myocardial infarction, target lesion revascularization and stent thrombosis). Likewise, the multicentre CLI-OPCI registry showed that in-stent minimum lumen area of  4.5 mm2 was an independent predictor of MACE (i.e. a composite of all-cause mortality, myocardial infarction and target lesion revascularization) at 1 and up to 3 years (Prati, et al., 2015b; 2018). Interestingly, in this study relative stent expansion assessed at a binary cut-off point of < 70 %, was not related to clinical outcomes. The majority of the intravascular imaging studies show similar results; absolute expansion is a stronger predictor of positive outcomes than relative expansion (Mintz, 2014; Räber et al., 2018). However, the optimal stent cross-sectional area cut-off point is not universal across studies as it varies according to imaging modality, assessed vessel and type of stent (drug eluting vs. bare metal). In general, for non-left main stem lesions, IVUS studies propose an area of > 5.5 mm2 as cut-off point (Räber, et al., 2018). Similarly, in the DOCTORS trial, where OCT was used, the optimal cut-off area to predict a post-PCI FFR of > 0.90 was > 5.44 mm2 (Meneveau, et al., 2016; Räber, et al., 2018). However, other OCT studies focusing on clinical outcomes have identified a smaller cut-off area as predictor of future adverse events [4.5 mm2 for Prati, et al., (2015b) and 5.00 mm2 for Soeda, et al., (2015)]. Regarding relative expansion different cut-off values have been used. The MUSIC criteria, introduced in a study using IVUS, mandate stent expansion (ratio of minimum is-stent lumen area over average reference areas) over 90% (de Jaegere, et al., 1998). It is well recognised, though, that such a value is difficult to be achieved (Meneveau, et al., 2014) and contemporary OCT studies have used lower thresholds like > 70 % (Prati, et al., 2015b) or > 80 % (Meneveau, et al., 2016). The recent EAPCI consensus document suggests a relative stent expansion > 80% as an objective during stent optimisation (Räber, et al., 2018). In any case, these levels of expansion should be viewed not as absolute targets, but as guidance aids during PCI. 

Stent underexpansion after PCI is not uncommon. In the coronary angiography-guided arm of ILUMIEN III, final OCT showed that 79% of the patients had unacceptable expansion at the end of the procedure according to the criteria of the study (Ali, et a., 2016). In the same group of patients, the final minimum stent area was 5.49 (4.39–6.59) mm2. In the large CLI-OPCI registry (n = 1211), 23.8% of the patients had an in-stent MLA of < 4.5 mm2 and in 22.4 % there was stent underexpansion (Prati, et al., 2018). It is well recognised that even when intravascular imaging is used; underexpansion can be underestimated when assessed “online” during the procedure. In the ILUMIEN I study, the reported rate of underexpansion detected by the operators during the procedure was just 7.6%, but when images were assessed offline at the core laboratory the rate increased to 41.3 % (Wijns, et al., 2015). 

Post-dilatation is an effective method of dealing with stent underexpansion. In the STOP (“STent Optimization”) study high pressure NC balloon post dilatation was used routinely and results were assessed by IVUS (Rana, et al., 2014). Angiographically guided post-dilatation increased minimum stent area (SA) by 20% [7.3 (6.1 - 8.9) mm2 versus 8.9 (7.4 - 10.3) mm2, p < 0.001] and middle stent area by 19 % [7.7 (6.6 - 9.8) mm2 versus 9.6 (7.9 - 11.3) mm2, p < 0.001]. The effect on the proximal and distal vessel was smaller with proximal SA increased by 8 % [8.8 (6.9 - 10.6) mm2 versus 10.2 (8.1 - 12.2) mm2, p < 0.001] and distal SA by 7% [8.4 (6.4 - 10.2) mm2 versus 8.9 (7.2 - 11.1) mm2, p < 0.001]. Similarly, the percentage of relative overall optimal expansion increased from 21 % to 54 %, (p < 0.001) and minimum from 37% to 69% (p < 0.001). 

In the STEMI population of POSTDIL-STEMI, the incidence of underexpansion was high prior to stent post-dilatation. Post-dilatation reduced it significantly, but it still remained at considerable levels; at the end of the procedure, 90 % of the patients had relative expansion < 90% and 38 % < 70 %. Stent optimisation was angiographically guided as operators were blinded to OCT, so these high rates should not come as a surprise. In the context of the STEMI usual soft underlying lesions could theoretically favour stent expansion, but vasoconstriction and high thrombotic burden make vessel true size assessment and subsequent stent optimisation challenging. It is characteristic that, in the DEFER-STEMI randomized control trial, where stenting was deferred up to 16 hours after the initial vessel recanalization, the diameter of the stent implanted was 0.5 mm larger than the diameter of the stent that operators intended to use at the end of the first procedure (Carrick, et al., 2014). Regarding the final low rates of relative stent expansion is important to say that the suggested cut-off points exist more as PCI optimisation aids and although intravascular imaging could improve outcomes, a considerable rate of underexpansion remains even when IVUS or OCT is used (Räber, et al., 2018). 

In this study, 11 patients (35%) had an in-stent MLA <4.5 mm2 immediately after stent deployment.  Post-dilatation did not change this percentage as the same 11 patients had an in-stent MLA < 4.5 mm2 afterwards. In all cases post-dilatation was angiographically guided and since it failed to expand the area of minimum stenosis, it could be hypothesised that intravascular imaging guided post-dilatation could have led to better outcome. However, as shown by the OCT analysis, this could have happened only in 1 case. In the remaining 10 cases the reference vessel had a small lumen diameter not allowing further expansion. This observation underlies the fact that in some vessels the absolute stent expansion targets of optimal minimum stent area are not feasible due to small size. 

In POSTDIL-STEMI a larger benefit of post-dilatation on stent expansion was observed in the proximal compared to the distal vessel. Furthermore, the number of inflations of the post-dilatation balloon was 2 and almost always involved the proximal end of the stent. This was expected as usually the stent size in angiographically guided PCI is selected based on the diameter of the distal stent landing area. In coronary arteries and especially in the LAD, the vessel tapers when moving from proximal to the distal end. Decision to post-dilate was clinically driven in the study and the operators probably wanted to correct potential size mismatch of the proximal stented segment. Furthermore, it is possible that the operators were concerned about distal stent edge dissections caused by aggressive post-dilatation, so they avoided post-dilatation balloon inflations at the distal stent end. 

Minimum stent area versus intra-stent minimum lumen area
The target of optimal stent expansion is to achieve the largest possible in-stent flow area. In a number of studies stent area defined by the contour of the stent struts has been used to calculate the achieved flow area. However, in the context of myocardial infarction where there is a high thrombotic burden and underlying soft lipid plaques with necrotic cores, flow area is not necessarily identical with the stent area due to excessive tissue protrusion through the stent struts (Prati, et al., 2016). Furthermore, this discrepancy can happen when there is significant malapposition leading to a stent area smaller than the flow area. The above were confirmed in this study, which involved only STEMI patients. Flow area (in-stent lumen area) and stent area were identical in less than half of the cases and showed a statistically significant difference between their mean values. This difference was minimized after post-dilatation. Although the difference was small, this study reinforces the notion that in the context of STEMI, in-stent lumen area instead of stent area should be preferred for expansion assessment. Interestingly, in the ACS sub-study of CLI-OPCI registry, in-stent MLA < 4.5 mm2 showed a stronger correlation with clinical outcomes compared with MSA < 4.5 mm2 (Prati, et al., 2016). However, a limitation of this approach is that as thrombus dissolves over time, the volume of atherothrombotic tissue prolapse through the stent struts present at the acute phase could decrease changing the final in-stent flow area. 

[bookmark: _Toc36737732]4.3.2 Post-dilatation and stent malapposition

The OCT analysis of POSTDIL-STEMI study showed that stent malapposition was an extensive phenomenon prior to post-dilatation. Furthermore, it showed that post-dilatation led to a notable reduction on stent malapposition with all OCT variables used for malapposition quantification being significantly improved. Nevertheless, angiographically guided post-dilatation did not eliminate the presence of malapposed stent struts. 

Incidence of malapposition in patients with STEMI
In this study, all patients were found to have malapposed struts and all, but one had malapposed struts with a distance from the vessel wall > 0.2mm.  More importantly, when clinical recommendations were applied the prevalence of significant malapposition remained high. The recent consensus document by the European Association of Percutaneous Cardiovascular Interventions (EAPCI) suggests that acute malapposition with axial distance from the vessel wall >0.4 mm and longitudinal extension >1 mm should be corrected (Räber, et al., 2018). Based on this definition of clinically relevant malapposition, 64% of the patients had acute malapposition that merited correction prior to post-dilatation. According to ILUMIEN III protocol criteria for optimal stent deployed (malapposition >0.2mm with concomitant stent underexpansion) all the patients but one had major malapposition prior to post-dilatation. 

Previous studies have shown that the incidence of malapposition detected by OCT in angiographically guided PCI, even when the procedure has been considered successfully completed, is as high as 60 to 65 % (Ali, et al., 2016; Kawamori, et al., 2013). In POSTDIL-STEMI, post-dilatation was decided after stent implantation based on the operator’s clinical judgement regarding optimal stent deployment, so it was expected that the incidence of malapposition before post-dilatation would be much higher. Furthermore, in these previous studies reporting a lower incidence of malapposition, acute STEMI patients were not included, and the length of the deployed stent was moderate (20 to 22mm). It is known that incomplete stent apposition is more common is the context of STEMI (Gonzalo, et al., 2009). Furthermore, the average length of the stented segment in POSTDIL-STEMI was 29.9 ± 10.7mm. In studies including patients with acute coronary syndromes (ACS), the incidence of acute post-PCI malapposition detected by OCT varies. This is due to mixed populations, use of OCT for planning prior to stent deployment and different definitions of the reported malapposition. In the CLI-OPCI ACS sub-study the incidence of malapposition > 0.2mm was 48% (Prati, et al., 2016). However, the study involved patients with unstable angina, non-STEMI and STEMI and OCT was used for PCI planning so a direct comparison with POSTDIL-STEMI is difficult.  Sheth, et al., (2016) reported the results of a sub-study of the TOTAL (Thrombectomy Versus PCI Alone) trial, where OCT was used to guide primary PCI. Post-PCI OCT showed malapposition that led to further action in 17.8% of the cases. The study’s protocol recommended correction in case of malapposition with axial distance > 0.3 mm and longitudinal length > 1 mm.  Furthermore, OCT was used pre-PCI for planning in 93% of the cases possibly leading to better stent deployment from the start. In another study that attempted to assess OCT guidance of primary PCI, OCT detected malapposition led to further optimisation in 16% of the cases (Kala, et al., 2018). In this study OCT was performed only after PCI, but post-dilatation with NC balloons at high pressure was mandated by the protocol in advance. The authors attributed the low rate of intervention guided by post-PCI OCT to routine high-pressure balloon post dilatation. “Online” analysis for the reported OCT findings is an important limitation of this study, as it has been shown that operators underestimate features of stent under-deployment compared to core laboratory analysis  (Wijns, et al., 2015).

Effect of post-dilatation on malapposition
The study showed that post-dilatation led to substantial reduction on stent malapposition with all variables measured for malapposition quantification being significantly improved. Malapposition area, both absolute and relative to stent malapposition volume and number of malapposed struts were reduced by 50% and more. The distance of malapposed struts from vessel walls, the longitudinal extension of malapposition and the percentage of cross sections with 3 or more malapposed struts were also significantly reduced. However, post-dilatation did not abolish malapposition: 93% of the patients continued to have malapposed struts. Furthermore, in 84% of the cases there were still malapposed struts with distance from the vessel wall greater than 0.2 mm and in 42% greater than 0.5 mm. Importantly, after post-dilatation, 52% of the patients continued not to fulfil the EAPCI recommendation for optimal stent result (Räber, et al., 2018) and 74% would still have a major malapposition according to ILUMIEN III criteria (Ali, et al. 2016). This observation is important and highlights the limitations of angiographically guided stent optimisation even when high-pressure NC balloons post-dilatation is used. ILUMIEN III trial randomised patients to OCT, IVUS or angiography-guided PCI. At the end of the procedure, all three groups underwent OCT assessment. Any malapposition was still present in 41% of the cases in the OCT group, in 39% in the IVUS group and in 59% in the angiography-guided group (OCT vs. IVUS, p=0.62; OCT vs. angiography, p = 0.003). However, major malapposition according to study’s criteria was encountered only in 11% in the OCT group compared to 21% in the IVUS group (p = 0.02) and 31% in the angiography one (p< 0.0001). Similarly, to my study, these results underline the limitations of angiography-guided stent optimisation and the role of intravascular imaging and especially OCT in incomplete stent apposition correction. 

Outcomes related to malapposition
The translation of the above results into more frequent OCT use for incomplete stent apposition correction requires a relationship between acute malapposition and adverse clinical outcomes. In vitro studies have shown that incomplete stent apposition disturbs local flow delaying stent struts endothelisation and consequently increases thrombogenicity (Foin, et al., 2017). However, observational studies with OCT imaging immediately post PCI have failed to correlate acute malapposition with stent failure or adverse clinical outcomes (Prati, et al., 2015b; Romagnoli, et al., 2017; Soeda, et al., 2015). Nevertheless, recently published data from three large studies using OCT to delineate mechanisms of definite stent thrombosis have consistently identified malapposition as an underlying finding in cases of thrombosis and have shown a higher degree of malapposition in stent segments with thrombus (Adriaenssens, et al., 2017; Souteyrand, et al., 2016; Taniwaki, et al., 2016). In PRESTIGE  (Prevention of Late Stent Thrombosis by an Interdisciplinary Global European effort) and PESTO (Morphological Parameters Explaining Stent Thrombosis assessed by OCT) registries malapposition was found in 27 % and 60 % respectively of the cases in acute stent thrombosis (within 24 h of implantation), 6 % and 44 % respectively in subacute stent thrombosis (1–30 days), 10 % and 44 % respectivey  in late stent thrombosis (between 30 days and 1 year post-PCI) and 14 % and 30 % respectively in very late stent thrombosis (after 1 year) (Adriaenssens, et al., 2017; Souteyrand, et al., 2016). In the third study, which only included patients presenting with very late stent thrombosis (Taniwaki, et al., 2016), malapposition was the most common finding with an incidence of 34%. It is important to note that for the period of the study, the recommended duration of dual antiplatelet therapy post-PCI for DES was one year for both stable coronary artery disease and acute coronary syndromes.  It is known that recently deployed stent struts carry a thrombosis risk as they lack endothelial cover. In the case of DES, the eluting drug acts against intimal proliferation but at the same time delays the process of endothelisation. Thus, dual antiplatelet drug therapy protects from thrombus formation. After one year the dual therapy was stopped so any malapposed struts if uncovered (not endothelised) could be a thrombogenic factor. One of the limitations of these studies is that malapposition is not only an acute phenomenon, but can also occur later in time (late acquired malapposition) due to positive vessel remodeling, thrombus resolution or stent recoil.  Without comparative imaging immediately after stent implanantion, it is impossible to know whether the malapposition found at the time of stent thrombosis was due to acute suboptimal stent result or was late acquired. The incidence of late acquired malapposition has been reported between 15 – 17 % in follow up OCT imaging studies (Im, et al., 2014; Kawamori, et al., 2013). Although acute malapposition is quite common, the vast majority of the malapposed struts will be embedded at vessel wall overtime as proven be longitudinal imaging studies (Im, et al., 2014; Kawamori, et al., 2013; Shimamura, et al., 2015). 

In order to guide incomplete stent apposition correction at the acute setting, it is needed to identify which struts will remain malapposed at follow-up and more importantly which malapposition parameters can predict adverse clinical outcomes. The distance of malapposed struts from the vessel wall has been proposed as an easily measurable variable (Kawamori, et al., 2013). It has been shown that struts with incomplete apposition distance of < 0.35mm will undergo full neointimal integration at follow up (Shimamura, et al., 2015; Soeda, et al., 2015; Sotomi, et al., 2018). The longitudinal extension of malapposition is also an important factor as it has been shown in cases of very late stent thrombosis, that the total consecutive length of malapposition with a cut-off of 1 mm is related with the presence of thrombus (Taniwaki, et al., 2016).  Finally, in a  study with post-stenting and follow up OCT imaging, acute stent malapposition with a volume > 2.56 mm3 differentiated late persistent stent malapposition from resolved acute stent malapposition (Im, et al., 2014). Based on the above cut-off points the extent of malapposition in POSTDIL-STEMI prior to post-dilatation was pronounced (maximum distance 0.7 ± 0.5 mm, maximum consecutive length 3.9 ± 3.3 mm, volume 7.9 ± 9.7 mm3). Although, angiographically guided post-dilatation partially corrected this, significant malapposition remained (maximum distance 0.4 ± 0.2 mm, maximum consecutive length 2.0 ± 1.6 mm, volume 2.2 ± 2.4 mm3 ). Future studies should validate correction cut-off points for acute malapposition and the role of intravascular imaging in the process.  

[bookmark: _Toc36737733]4.3.3 Post-dilatation and tissue prolapse

In POSTDIL-STEMI, a number of the OCT variables used to quantify the residual protruding tissue through the stent struts showed a significant increase after post-dilatation. However, this documented increase was not universal. Plaque-thrombus area, length and volume increased and the same applied for the qualitative assessment by the COCTAIL score. Nevertheless, the plaque-thrombus burden and the axial distance of the prolapsing material from the vessel wall did not change. Consequently, the percentage of patients with a maximum plaque-thrombus distance more than 0.5 mm and major prolapse according to ILUMIEN III criteria remained the same.

These findings are interesting. In a number of studies, PCI protocols suggested further expansion of the deployed stent and prolonged post-dilatation in cases of prolapsing thrombus through the stent struts, aiming to crush the protruding material against the vessel wall (Ali, et al., 2016; Kubo, et al., 2016; Prati, et al., 2012a). In contrast to this suggestion, in POSTDIL-STEMI, post-dilatation increased the volume of the plaque-thrombus prolapse. However, this has a logical explanation. In the thrombotic environment of STEMI, a significant amount of thrombus can be jailed behind the deployed stent. Furthermore, the culprit lesion usually is formed by soft plaque (lipid rich plaque with a necrotic core). As already discussed earlier in this chapter, the deployed stents were significantly under-expanded, so when expanded further by post-dilatation, the athero-thrombotic material jailed behind them was pushed against the wall and through the stents’ struts. Contrary to plaque-thrombus volume, the final plaque-thrombus burden did not change as the dimensions of the stent increased simultaneously. Furthermore, the axial thickness of athero-thrombotic material remained the same. Possibly, although the plaque-thrombus area at a cross-sectional level and its length across the stent increased as the stent expanded, the presence of the inflated balloon did not allow the thickness of the protrusion to increase.  

Di Giorgio, et al., (2013) used OCT to guide “removal” of residual intra-stent thrombus by post-dilatation in 40 patients with acute coronary syndromes. Their rational was that thrombus would be compressed against or spread through the stent struts along the vessel wall. They used a specific protocol for post-dilatation with non-compliant balloons inflated at higher than 16 atm pressures for at least 60 seconds. This approach led to a reduction of mean and maximum thrombus areas as well as thrombus area as a percentage of stent area. Furthermore, post dilatation led to a significant increase in stent and intra-stent lumen areas. The reduction of intra-stent thrombus in this study is in contrast with the results of POSTDIL-STEMI where the atherothrombotic prolapse through the stent struts increased after post-dilatation. However, there are important differences between the two studies. First of all, Di Giorgio, et al. measured only highly backscattered protrusion, an OCT finding for red thrombus. In contrast, in POSTDIL-STEMI any tissue protrusion through the stent struts was taken into account, based on the fact that the prolapsing material is an indistinct mesh of thrombus, lipid necrotic core debris protrusion, and fragmented plaque and an attempt to discriminate among the different components by OCT is difficult if not impossible. Furthermore, white thrombi are identified as low-backscattering projections by OCT and should not be excluded in such an analysis.  In Di Giorgio’s study, STEMI patients consisted 60% of the whole cohort with the rest being non-STEMI. In contrast, POSTDIL-STEMI recruited only patients with STEMI. Interestingly though the mean thrombus area before post dilatation was very similar between the two studies (0.42 ± 0.30 mm2 and 0.42 ± 0.23 mm2 respectively). In the study by Di Giorgio, et al., post dilatation was OCT guided, contrary to angiographic guidance used at POSTDIL-STEMI. This led to focused balloon inflations in the areas with accumulated thrombus, in contrast to this study where post-dilation aimed to better stent expansion and apposition and was performed at the respective stent segments. Finally, mean inflation duration in POSTDIL-STEMI was 17.6 ± 6.7 seconds, while in the previous study  a prolonged inflation of at least 60 seconds, was used  and might have a greater compressive effect on intra-stent residual thrombus. 

Tissue prolapse through stent struts after stent implantation is common (Kawamori, et al., 2013; Soeda, et al., 2015), especially in patients with acute coronary syndromes where the protrusion consists of athero-thrombotic material (Qiu, et al., 2016). In my study, the incidence of athero-thrombotic material prolapse was high. All patients had a segment with tissue protrusion where the thickness was more than 0.2 mm and in around 75% more than 0.5 mm. In a previous large study using OCT post PCI, atherothrombotic in-stent prolapse > 0.5mm in the STEMI population of the study was less frequent (38.1%) (Prati, et al., 2016), underlying the highly thrombotic and disrupted lesions treated in POSTDIL-STEMI. 

Understanding the clinical significance of tissue prolapse is important in order to plan and guide its management.  Tissue prolapse post stenting assessed by IVUS in acute myocardial infarction has been associated with no-reflow phenomenon, peri-procedural myocardial infarction and acute and sub-acute stent thrombosis (Cheneau, et al., 2003; Choi, et al., 2011; Hong, et al., 2008; 2013).  It is important to note, though, that IVUS is not as sensitive in tissue prolapse detection and characterisation as OCT (Ali, et al., 2016). This means that tissue prolapse should be of a significant magnitude in order to be visualised by IVUS and consequently patients in IVUS studies should have a notable prolapse burden. When assessed by OCT in patients undergoing elective PCI, tissue prolapse volume was related to plaque morphology and stability, and post-PCI myocardial injury (Sugiyama, et al., 2014). In the CLI-OPCI ACS registry (n = 507, patients with STEMI 52.3%) atherothrombotic tissue prolapse > 0.5 mm was an independent predictor of device-oriented cardiovascular events (a composite of cardiac death, target vessel–related myocardial infarction and target lesion revascularization) at 1 year (Prati, et al., 2016). In a large multicentre registry involving patients with stable coronary artery disease and acute coronary syndromes, protrusion was divided into 3 categories: smooth protrusion, disrupted fibrous tissue protrusion and irregular protrusion (Soeda, et al., 2015). Irregular protrusion could signify prolapsing thrombus, so when thrombus could not be completely differentiated in the study, it was categorized as irregular protrusion. At one-year follow up, only irregular protrusion was an independent predictor of the device-oriented end point including cardiac death, target vessel–related myocardial infarction, target lesion revascularization, and stent thrombosis. This is important as it shows that not all tissue protrusions have prognostic impact. It is irregular protrusion signifying lipid core or thrombus penetration through stent struts or thrombus attached on stent struts or the vessel wall that appears to be prognostically relevant. 

The natural history of tissue prolapse seen post-stenting is not clear. In a study assessing natural consequences of post intervention OCT findings at mid-term follow-up, tissue prolapse was a very common finding after PCI seen in 95% of the cases (Kawamori, et al., 2013). However, tissue prolapse was not observed in any of the patients at repeat OCT after 8 months. This finding supports the notion that only thrombotic protrusion is clinically relevant and results in potential adverse effect at the acute setting (i.e. by distal embolization and increased rate of peri-procedural myocardial injury). However, another longitudinal OCT study showed that the extent of tissue prolapse immediately after PCI was quantitatively related to the degree of in-stent neo-intimal hyperplasia at 9-month follow-up, possibly influencing long-term stent outcomes (Sugiyama, et al., 2017).  

Taking the above into account, it looks like that the clinical impact of tissue prolapse relates to the composition of the protruding tissue and it is more important in acute coronary syndromes where tissue prolapse mainly consists of atherothrombotic material. In my study that involved only STEMI patients, the amount of prolapse increased after post-dilatation. Does this mean that post-dilatation should be avoided in order to avoid increased tissue prolapse? As discussed, one argument against this is that post-dilatation could reduce prolapse when applied following a specific protocol (Di Giorgio, et al., 2013). Furthermore, relevant important observations are provided by the IVUS sub-study of ADAPT-DES (Assessment of Dual Antiplatelet Therapy With Drug-Eluting Stents) trial (Qiu, et al., 2016). In a large mixed cohort of patients with stable coronary artery disease and acute coronary syndromes (n = 2,072), tissue prolapse was more frequent when a larger stent or post-dilatation balloon was used. This was accompanied by a significantly larger post-PCI luminal area compared with patients without tissue prolapse. Consequently, there was less clinically driven target lesion revascularization in lesions with tissue prolapse and no significant difference in major adverse cardiac events (defined as cardiac death, myocardial infarction, or stent thrombosis) in patients with vs. without tissue prolapse at 2 years follow up. In conclusion, post-PCI stent area and adequate stent expansion appear to be more clinically relevant than tissue prolapse and should be the priority targets during stent optimisation. 

[bookmark: _Toc36737734]4.3.4 	Post-dilatation and stent edge dissections

In POSTDIL-STEMI, OCT-detected stent edge dissections were a common finding even before stent post-dilatation. A quarter of the patients were found to have a dissection at the proximal or distal end of the stent, with the incidence equally distributed between the two ends of the stent. After post-dilatation further dissections occurred mainly at the distal end and the extent of those already existing progressed. The numbers were small and these changes were not statistically significant. Importantly, none of the dissections detected by OCT before or after post-dilatation were visible in coronary angiogram or caused coronary flow disturbance. 

The incidence of OCT-identified edge dissections post-PCI is known to be high and varies between 25% and 40% in different studies (Ali, et al., 2016; Chamié, et al., 2013; Soeda, et al., 2015). The majority of them are not visible in coronary angiography and only some of them can be detected with IVUS (Ali, et al., 2016; Radu, et al., 2014). However, usually they do not cause flow limitation, their clinical course is benign and they are found to be healed in follow-up imaging (Kawamori, et al., 2013; Radu, et al., 2014). On the other hand large dissections have been correlated with early stent thrombosis in IVUS studies (Kobayashi, et al., 2016). These dissections were characterised by extensive vessel wall injury with involvement of the media layer and significant circumferential (>60 o) and longitudinal extension (>2 mm).  In the CLI-OPCI registry dissections of the distal stent edge with a flap thickness more than 0.2 mm were correlated with adverse clinical outcomes (Prati, et al., 2015b). Another study assessing exclusively patients with acute coronary syndromes reported a flap thickness greater than 0.31 mm as a cut-off point for prediction of future clinical events (Bouki, et al., 2015). The flap thickness as a marker of dissection severity is in concordance with the previously mentioned IVUS studies, as it signifies a deeper extension of the vessel wall injury probably involving the media or adventitial layer. The recent EAPCI consensus document on intracoronary imaging describes extensive lateral (> 60o), and longitudinal extension (> 2mm), involvement of deeper layers (medial or adventitia) and localization distal to the stent as features of stent edge dissections that should lead to further PCI optimisation. Using these criteria to define clinically relevant dissections, in POSTDIL-STEMI one out of eight patients had a major dissection after stent implantation. This number doubled after post-dilatation especially at the distal stent end. This observation comes in agreement with the fact that stent edge dissections are a recognized complication of post-dilatation at high inflation pressures. 

[bookmark: _Toc36737735]4.3.5 	Stent optimisation and post PCI FFR

In POSTDIL-STEMI, post-dilatation lead to significant improvement in stent expansion and in-stent flow area. FFR and FFRcor had a small, but statistically significant increase after post-dilatation and showed correlation with in-stent minimum lumen area. Patients with final MLA > 4.5 mm2 had a significantly higher FFR and FFRcor. 

Recent studies have suggested that FFR measurement immediately post-PCI has prognostic implications as it is correlated with worse clinical outcomes (Li, et al., 2017; Piroth, et al., 2017; Rimac, et al., 2017). Low post-intervention FFR could be the result of diffuse disease or residual distinct lesions distal to the stented segment (Tonino and Johnson, 2016). Furthermore, it can be the result of suboptimal stent deployment via a number of mechanisms including stent under-expansion, stent struts malapposition, stent edge dissection/haematoma or in-stent tissue protrusion (Tonino and Johnson, 2016). Recent studies have shown that post-PCI FFR could be used to guide immediate post procedure decision-making and optimisation of PCI acute results (Agarwal, et al., 2016; Meneveau, et al., 2016; Wolfrum, et al., 2018). Agarwal et al., (2016) showed that when post-PCI FFR was suboptimal, further intervention could lead to a significant increase of FFR (0.78 ± 0.07 to 0.87 ± 0.05, p < 0.0001). In 42% of these cases the further intervention was post-dilatation of the implanted stent. In the DOCTORS (Does Optical Coherence Tomography Optimize Results of Stenting) randomised controlled trial, Meneveau, et al., (2016) used post-PCI FFR as the primary endpoint for the comparison between OCT and angiography-guided PCI. As shown in post intervention OCT, underexpansion and malapposition were common findings (42% and 32% respectively) and OCT guidance led to more frequent stent post-dilatation (43% versus 12.5% in angiography-guided group, p < 0.0001). At the end of the procedure, the OCT-guided group had a significantly higher FFR value than the angiography-guided group (0.94 ± 0.04 versus 0.92 ± 0.05 respectively, p = 0.005). In a recent small cohort study (n = 35), Wolfurn, et al., attempted to delineate the causes of suboptimal post-PCI FFR using OCT. In 62% of the patients with a suboptimal FFR, OCT revealed suboptimal stent result with the more prominent findings being stent malapposition and underexpansion (54% and 46% respectively). OCT findings led to post-dilatation in 54% of the cases and additional stenting in 46% with the final FFR increasing from 0.80 ± 0.02 to 0.88 ± 0.01 (p = 0.008). The above studies are important as they show that recognition and correction of suboptimal stent deployment could lead to a functionally improved PCI result. Stent underexpansion, residual disease (‘geographical miss’) and significant edge dissection can reduce luminal area leading to decreased blood flow and lower FFR. Indeed a study that assessed the correlation between OCT-derived in-stent dimensions and post-PCI FFR, suggested that residual areas of stenosis following stent implantation were associated with decreased FFR (Reith, et al., 2015). However, the contribution of malapposition to suboptimal FFR is doubtful especially in the modern era of thin stent struts that hardly affect lumen area. 

In POSTDIL-STEMI, post-dilatation lead to significant improvement in stent expansion and in-stent flow area. At the same time FFR increased from 0.91 ± 0.08 to 0.93 ± 0.06 (p = 0.037). It is known that FFR derived from the currently used equation is a surrogate for the total myocardial blood flow (Kern, 2000). In order to focus on flow changes across the stented segment of the epicardial vessel, FFR coronary (FFRcor) was calculated taking into account collateral circulation by incorporating wedge pressure in the FFR equation as performed in the initial work by Pijls, et al. (1993). FFRcor  increased from 0.87 ± 0.11 to 0.90 ± 0.08 (p = 0.017). Both FFR and FFRcor before and after PCI showed significant correlation with in-stent minimum lumen area. Furthermore, patients with MLA > 4.5 mm2 had a significantly higher FFR and FFRcor at the end of the procedure. Nevertheless, there was no correlation of FFR and FFRcor with relative stent expansion. The changes between pre and post dilatation FFR measurements are small and the clinical implications as such need to be proven in future studies. 

A criticism of these results could be that the increase in FFR was not due to stent optimisation but due to distal embolization and microvascular damage during coronary manipulation with device delivery and NC balloons inflations. It is known that in the acute setting of myocardial infarction FFR measurements in the culprit artery could be inaccurate as microcirculation could be temporarily damaged and less responsive to adenosine hyperaemic stimuli leading to higher FFR values. However, this explanation is less likely in my study, as IMR and CFR, both physiological measurements of microvascular function, did not show a significant increase. 

[bookmark: _Toc36737736]4.4 	Limitations

The research project described in this thesis has a number of limitations. The first is the relatively small sample size. However, this was a study using each individual as its own control and comparable sample sizes have been used in similar study designs (Hertzog, 2008). Furthermore, based on previous studies using IMR, the study was powered to detect a dIMR of 10U and more. It could be speculated that with a larger sample size the difference of 4 units between IMR before and after post-dilatation could be found statistically significant. Although this could have happened, it would not change the likely limited clinical value of such a small change. More importantly, this study proved that microvascular injury is not inevitable when post-dilatation is applied in patients with STEMI. In a significant portion of patients IMR improved after post-dilatation signifying that a universal response should not be expected, and it is influenced by a number of other parameters. Due to the relatively small numbers, the correlation analysis performed is not an exhaustive summary of relationships within the data and thus the coefficients produced might not fully capture the nature of their relationships.

The results produced by the study are within the limits of the investigational tools used. IMR has been shown to be a strong predictor of myocardial damage (Fearon, et al., 2008) and future adverse clinical events (Carrick, et al., 2016a; Fearon, et al., 2013). However, it is far from a perfect tool when assessing microcirculatory function. Two recent studies on STEMI patients, comparing IMR with Doppler derived indices of microvascular function and injury [i.e. hyperaemic microvascular resistance (hMR) and zero-flow pressure (Pzf)] suggested that hMR and Pzf correlate better with microvascular dysfunction and extent of myocardial infarction as assessed by CMR than IMR (Patel, et al., 2015; Williams, et al., 2018). Another study where IMR was measured at the end of primary PCI procedure showed discordance between IMR and CMR detected MVO in nearly one-third of cases (De Maria, et al., 2018b). Despite the above limitations, IMR was selected for microvascular function quantification in this project, as the intention was to use a method that is potentially transferable to routine clinical practice. The Doppler measurements are more time-consuming and may be less reproducible (Barbato, et al., 2004). From our centre experience, the Doppler guidewire is more difficult to manipulate and is more traumatic than the guidewire used for thermodilution measurements, meaning that considerable experience is needed. Furthermore, Doppler derived indices like Pzf require offline analysis with special software, another reason why the Doppler method is less transferrable to every-day practice in the busy environment of the catheterisation laboratory. 

Optical Coherence Tomography (OCT) has high spatial resolution and provides high-definition images of intracoronary lumen and structures (Prati, et al., 2010b) with excellent reproducibility (Paoletti, et al., 2016). However, its application in the current research project has some limitations; the main one being the measurement of residual in-stent prolapsing material. OCT cannot always discriminate between thrombus and protruding plaque (Prati, et al., 2016). It is likely that these two components are affected differently by post-dilatation with thrombus being more prone to distal embolization. A previous study that discriminated prolapsing tissue in smooth, disrupted fibrous tissue or irregular protrusion, suggested that only irregular protrusion was related with adverse clinical outcomes (Soeda, et al., 2015). Furthermore, it is not unusual for thrombus to be trapped behind the stent struts. Since prolapsing material was calculated by subtracting the lumen area by the stent area, the actual amount of thrombus could have been underestimated.  Finally, the thrombus prolapsing or trapped behind the stent struts could resolve in the subsequent hours after the index procedure with a potential effect on measurements of absolute and relative expansion and stent struts malapposition. 

The decision regarding the need for post-dilatation after stent deployment was left to the discretion of the PCI operator. He/she was allowed to base this decision on angiographic appearance and clinical judgement. This approach could have resulted in selection bias that should be taken into account when interpreting the study’s results. I was aware of this consideration since the onset of the project and when designing the study it was the subject of extensive discussions with my supervisors, other investigators and external to our institution scientific advisors. All alternative options were explored. A first option was to mandate post-dilatation in all cases recruited into the study. However, as already discussed in the introduction section of this thesis, post-dilatation is not a mandatory step of the stenting procedure. It is needed in cases where the stent deployment is not optimal, when it is used to improve stent expansion and stent struts apposition. The PCI operator bases his/her decision to post-dilatate on the angiographic appearance of the stent, information provided by intravascular imaging and clinical judgement (e.g. need for post-dilatation in calcified or long stented lesions). Furthermore, as already discussed in the thesis introduction, there are no universally accepted absolute criteria to guide post-dilatation. Therefore, mandating post-dilatation was considered a deviation from clinical practise and consequently unethical as patients would have a non-clinically justifiable extra step in their stenting procedure. Another option considered was to guide post-dilatation by the objective findings of angiography based quantitative coronary stenosis assessment (QCA) or intravascular imaging by OCT. However, it was felt that this approach did not reflect everyday clinical practice, where these modalities are not routinely used to guide stent optimisation. Furthermore, there were practical concerns regarding prolonging even further a demanding and time-consuming research protocol (i.e. 2 physiology and 2 OCT studies) in the acute setting of STEMI. Lack of expertise in OCT finding interpretation by all investigators participating in the study was another concern. Given the above considerations, it was decided to leave decision of post-dilatation on operators’ discretion. It was felt that by doing this, the study would reflect standard clinical practice and its results would be more translatable to the clinical setting. Furthermore, recruitment of consecutive cases and dilution of the decision making over a large number of operators (all 11 Consultant Interventional Cardiologists contributing to the primary PCI rota participated in the study) minimised any potential selection bias. 

I screened and recruited all patients, co-ordinated the research procedures, collected the data and performed OCT and statistical analysis. Based on the fact that I was not blinded to the study’s aims, selection and measurements bias could be suggested. However, specific actions were taken during the execution of the project to address this consideration. For the time period of the study during my presence in the hospital, all patients presenting with STEMI due to undergo primary PCI were screened and recruited as reflected in the participants flow chart (see Results chapter). Furthermore, decision to post-dilate was completely to the discretion of the operator based on his/her clinical judgement. Coronary physiology measurements and OCT recordings were performed according to standardised published protocols as described in detail in the Methods chapter of this thesis. The coronary physiology measurements could not be influenced as were performed by the PCI operator using the dedicated pressure/temperature wire and recorded by the dedicated software as described in the Methods chapter. During the duration of the study, data collection and documentation using source documents were monitored by auditors by the Basildon and Thurrock University Hospital (BTUH) NHS Foundation Trust Research and Development (R&D) department, which was the sponsor of the study. Finally, OCT analysis was purposely performed in a certified OCT core laboratory (Centro per la Lotta contro l'Infarto - CLI Foundation, Rome, Italy) using a methodology with published validity and reliability (Fedele, et al., 2012; Paoletti, et al., 2016).
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Chapter 5. 	Conclusions

[bookmark: _Toc36737738]5.1 	Introduction

Urgent vessel recanalization with primary percutaneous coronary intervention is the gold standard treatment for ST-segment elevation myocardial infarction (Ibanez, et al., 2018). Optimal stent deployment in this setting is challenging due to factors including the presence of thrombus and vessels vasoconstriction.  Stent optimisation with post-dilatation using NC balloons could improve deployment features like stent underexpansion and stent struts malapposition. However, post-dilatation in the context of STEMI has been associated with microvascular injury and no-reflow phenomenon (Yamaji, et al., 2017). 

The purpose of this thesis was to investigate the effects of stent optimisation by NC balloon stent post-dilatation during primary PCI in patients with ST segment elevation myocardial infarction. 

The specific aims were:

1. 	Investigate the impact of stent post–dilatation on coronary microcirculation.
2. 	Attempt to explore a potential relation between residual in stent athero-thrombotic material and changes in microvascular function after stent post-dilatation.
3. 	Examine the effects of post-dilatation on features of stent deployment.

In order to achieve the above, a dedicated prospective study was designed and executed. The study was performed on patients with ST-segment elevation myocardial infarction undergoing primary percutaneous coronary intervention at the Essex Cardiothoracic Centre over a period of 10 months. Invasive physiological measurements and intravascular imaging with optical coherence tomography was performed before and after stent post-dilatation to assess its effects on coronary physiology and stent and vessel morphology. 

[bookmark: _Toc36737739]5.2 	Summary of thesis findings 

[bookmark: _Toc36737740]5.2.1 	Impact of stent post-dilatation on coronary microcirculation

POSTDIL-STEMI study showed that post-dilating stents during primary PCI does not produce a consistent and predictable microvascular injury as would be depicted by an increase in IMR. The results remained consistent when IMR was corrected for collateral flow with the incorporation of wedge pressure in its calculation. At an individual patient level, IMR increased in half of the patients and decreased in the other half. Coronary flow reserve (CFR) did not change after post-dilatation supporting the absence of overall negative effect of stent optimisation on microvascular function. In contrast, fractional flow reserve (FFR) showed a small but statistically significant increase after post-dilatation.  

Furthermore, the impact of post dilatation on angiographic (TIMI flow, TIMI frame count and myocardial blush grade) and electrocardiographic (ST-segment resolution and absolute ST-segment deviation) markers of myocardial perfusion was assessed. In accordance with the invasive measurements, post-dilatation did not have an impact on the angiographic markers. ST-segment resolution and absolute ST-segment deviation improved after post-dilatation probably suggesting gradual restoration of myocardial perfusion after recanalisation of the occluded coronary artery. 

The above results are novel as they show for the first time that stent post-dilatation in the context of STEMI did not cause inevitable and universal microvascular injury. In a number of cases microvascular function deteriorated after post-dilatation, a finding consistent with the notion of iatrogenic distal embolisation during intracoronary device manipulation. However, the other half of the cases, microvascular function as assessed by IMR improved after post-dilatation possibly due to better flow inside the optimised stent. This theory is supported by the FFR improvement after post-dilatation as this could signify a reduction of the pressure gradient across the stented segment. The improvement of electrocardiographic markers of myocardial perfusion is also interesting, although this finding should probably be interpreted as the gradual effect of vessel recanalisation on myocardial perfusion rather than the immediate impact of stent post-dilatation. 

[bookmark: _Toc36737741]5.2.2 	Relation of residual in-stent athero-thrombotic material with changes in microvascular function

Optical coherence tomography (OCT) was used to quantify the residual after stent deployment prolapsing in-stent athero-thrombotic material. Intuitively, it was expected that the residual in-stent tissue would correlate with changes in IMR; in case of significant amount of residual thrombus, dislocation of fragments during post-dilatation leading to distal embolization, microvascular injury and increase in IMR would be more common. OCT assessment has been used before to correlate changes of residual in-stent tissue with markers of microvascular injury during PCI (De Maria, et al., 2017), but POSTDIL was the first study assessing the impact of stent post-dilatation in particular.

The study suggested that there was no correlation with any of the parameters used to quantify residual prolapsing athero-thrombotic material and the changes in IMR. This result was intriguing as at a first glance it seems to be counterintuitive.  However, most of the measures of tissue prolapse increased after post-dilatation probably reflecting the increase in stent expansion and overall stent dimensions and not the degree of distal embolization. As it has been suggested by previous studies, the majority of tissue fragmentation and embolisation takes place in the earlier stages of PCI procedure (i.e. stent implantation).  

[bookmark: _Toc36737742]5.2.3 	Effects of stent post-dilatation on features of stent deployment

The effects of post-dilatation on stent expansion, stent struts malapposition, in-stent tissue prolapse and stent edge dissections were examined using OCT before and after post-dilatation. Although, post-dilatation is intuitively expected to result in improvement of stent deployment, in a previous study in the setting of STEMI PCI using bioresorbable scaffolds or everolimus-eluting metallic stents, post-dilatation did not translate into improved angiographically assessed minimal lumen diameter assessed by QCA immediately after the procedure or larger lumen area as assessed by OCT in 6 months follow up (Yamaji, et al., 2017)

In POSTDIL-STEMI, post-dilatation clearly improved the stent expansion and apposition. Both absolute (minimum stent/in-stent lumen area) and relative (minimum stent/in-stent lumen area in comparison with reference lumen areas) stent expansion were considerably improved. A number of different variables were used to quantify stent malapposition. Post-dilation had a universal effect in reducing incomplete stent apposition and leaving less malapposed struts in all variables assessed.  

In contrast, post-dilation increased tissue prolapse through the stent struts in the majority of the variables used to assess residual in-stent athero-thrombotic protrusion. This was probably the result of further stent dimensions expansion and squeeze of the residual athero-thrombotic material against the vessel wall. 

Invisible to coronary angiography, OCT-detected stent edge dissections were common even before stent post-dilatation. Post-dilatation led to a numerical increase of stent edge dissections especially at the distal edge of the stents. 

As expected, stent post-dilatation led to major improvement of stent expansion and reduction in stent struts malapposition. However, even after post-dilatation, stent expansion was far from perfect and an important degree of malapposition remained. These findings highlight the limitations of angiographically-guided stent optimisation and the potential role of intracoronary imaging. Post-dilatation has been used in previous studies to reduce tissue protrusion through stent struts. However, this study showed that in the context of STEMI, athero-thrombotic prolapse might increase. This observation is not necessarily unexpected, as in the thrombus rich environment of STEMI improved stent expansion and apposition could lead to further squash of tissue against the vessel wall. Therefore, the relationship between in-stent tissue prolapse and adverse clinical outcomes found in previous ACS studies (Prati, et al., 2016) could be the result of extensive thrombotic burden rather than in-stent tissue prolapse. Although OCT detected a number of stent edge dissections before and after post-dilatation, none of them was visible in coronary angiography or caused coronary flow limitation. The value of treating such findings is doubtful, as non-flow limiting dissections have been found to have a benign natural history (Kawamori, et al., 2013; Radu, et al., 2014). 

Finally, the relation of post-PCI FFR with in-stent lumen area and stent expansion as assessed by OCT was assessed. Importantly, there was a positive correlation of FFR and in-stent minimum lumen area, signifying that larger lumen areas would lead to higher post-PCI FFR.

[bookmark: _Toc36737743]5.3 	Impact in clinical practice & future directions

Impact in clinical practice
POSTDIL-STEMI was an exploratory mechanistic study of a relatively limited sample size. However, it was clearly shown that post-dilating stents during primary PCI does not produce a consistent and predictable elevation of IMR. Furthermore, post-dilatation led to significant stent optimisation as it improved stent expansion and reduced stent struts malapposition. Larger in-stent luminal area was related with higher post-PCI FFR, a predictor of future clinical outcomes (Li, et al., 2017; Piroth, et al., 2017; Rimac, et al., 2017). Thus, the study supports use of post-dilatation in the context of STEMI and primary PCI when stent optimisation is deemed necessary based on clinical judgement. The study did not reveal any factors that would predict microvascular injury during stent optimisation and this should be the goal of future studies.

Could a future study give us the answer? 
Different study designs could be applied in the future to assess the impact of stent post-dilatation by NC balloons during primary PCI. A prospective randomised controlled trial allocating patient into two groups depending on whether they will receive post-dilatation or not would minimise bias and impact of chance in outcomes. In studies focused on the impact of post-dilatation on coronary microcirculation, POSTDIL-STEMI results could guide power calculations. Each study arm should include 193 patients in order to detect a 10 units difference in IMR with a power of 80 % and type a error of 0.05, for an IMR standard deviation of ± 35.  Of course, the number of recruited patients should be significantly higher as not all patients would undergo post-dilatation and patients would be excluded for clinical reasons or inability for accurate physiological measurements. However, a more important limitation of such a study would be the measured outcomes. Post-dilatation as shown in POSTDIL-STEMI would significantly improve stent expansion and malapposition, conditions related with future stent failure and subsequent clinical events (Adriaenssens, et al., 2017; Hong, et al., 2006; Fujii, et al., 2005; Souteyrand, et al., 2016; Taniwaki et al., 2016). Thus, even if a study would show that post-dilatation could cause microvascular injury, potential improved stent deployment could prevent future adverse events. In a previous study, intravascular ultrasound-guided stent overexpansion (final lumen greater than reference lumen cross-sectional area) was accompanied by a higher incidence of peri-procedural myocardial infarction, but a lower target lesion revascularization and a trend toward lower mortality at one year, suggesting that peri-procedural MI could be a trade-off for optimal stent implantation and lower stent related events in the future (Iakovou, et al., 2003). Therefore, the endpoints of a study testing stent optimisation by post-dilatation in STEMI should be long-term clinical outcomes. These clinical outcomes could include markers of stent failure like stent thrombosis and target lesion failure and hard clinical endpoints like cardiac death and non-procedural myocardial infarction. However, such a study would be difficult to perform as by design it would be resource demanding and would require a very large number of patients and long term follow up.  

Is post-dilatation still relevant in contemporary clinical practice? 
Contemporary DES have significantly improved short and long-term clinical outcomes after stent implantation (Byrne, Joner and Kastrati, 2015). However, the prevalence of future stent failure is not negligible; recently published studies with long-term follow up of 2nd generation DES report an incidence of target vessel failure between 13% and 18% at 5 years (von Birgelen, et al., 2017; Zocca, et al., 2018). A large number of these events are related to pathologies originating from the properties of the implanted device or patients’ characteristics (e.g. neo-atherosclerosis) and would not be affected by stent implantation optimisation.  However, sub-optimal stent deployment is not uncommon in contemporary clinical practice (Ali, et al., 2016) and acute PCI results optimisation with post-dilatation could theoretically contribute to improvement of clinical outcomes.

Bioresorbable scaffolds (BRS) are a revolutionary concept in interventional cardiology. As already discussed, even contemporary metallic DES carry a lifelong risk of thrombosis and restenosis (Byrne, Joner and Kastrati, 2015). Hence, the concept of a device that offers transient radial strength to resist acute vessel recoil and is fully resorbed at a later stage leading to restoration of the vessel’s biological properties is very appealing (Stone, 2017). Routine post-dilatation for first generation BRS was initially proposed as a strategy that would improve procedural results and long-term clinical outcomes including the risk of scaffold failure (Ortega-Paz, et al., 2017). Nevertheless, subsequent clinical trials with longer follow-up suggested an increased risk of late stent thrombosis irrespective of implantation technique and the first generation BVS device was withdrawn from clinical use (Serruys, et al., 2016; Wykrzykowska, et al., 2017). Still, newer generations of bioresorbable scaffolds, with thinner struts, improved radial strength, different composition, and faster absorption, may overcome the limitations of the first generation device (Wykrzykowska, et al., 2017). The role of post-dilatation in the implantation of these devices needs to be explored. 

Future approaches for stent optimisation
A number of recent clinical trials in interventional cardiology failed to show positive outcomes for therapies that based on intuition or clinical experience should produce beneficial effects. Thrombus aspiration in STEMI and use of IABP in cardiogenic shock are such examples (Jolly, et al., 2015; Thiele, et al., 2012). A limitation of these studies is that the intervention in question was employed “routinely” in an all-comers population. Better patient selection and tailoring of the treatment or intervention applied on individual needs and characteristics are an important lesson from the above studies. Furthermore, we need tools that would be able to screen and identify subjects that would benefit from such a treatment or intervention.
 
In the case of stent optimisation, intravascular imaging with optical coherence tomography (OCT) or intravascular ultrasound (IVUS) could help identifying patients who would benefit from post-dilatation. Both modalities have been proved more accurate in detecting features of suboptimal stent deployment than coronary angiography (Ali, et al., 2016). However, one of the challenges when intravascular imaging is used for stent optimisation is to set clinically meaningful optimisation targets. Stent expansion is a well-accepted predictor of stent failure, but the same does not apply for malapposition, the role of which in stent failure is challenged (Mintz, 2014). Even for stent expansion the optimisation targets used and the limits related with improved clinical outcomes have been different in various studies (Mintz, 2014; Räber, et al., 2018). A recent expert consensus document by the European Association of Percutaneous Cardiovascular Interventions (EAPCI) on clinical use of intravascular imaging has attempted to create a general guidance regarding stent deployment features that clinicians could follow (Räber, et al., 2018). As emphasised in this document further research is needed in order to validate optimisation targets and prove beneficial use of intracoronary imaging in the clinical setting. In STEMI patients in particular, a recent prospective propensity–matched cohort study suggested that OCT-guided primary PCI was associated with a larger final in-stent minimum lumen diameter, but no difference in clinical outcomes at 1 year (Sheth, et al., 2016.), although the study was not powered for clinical outcomes. A randomised control trial assessing post-stent deployment OCT use in primary PCI for STEMI was stopped early due to budget restriction so it was not powered to show any clinical benefit (Kala, et al., 2018). However, it did show significant reduction of in-stent area of stenosis at the OCT arm at nine months of follow-up. Currently a large (n = 3656) multicentre randomised control trial comparing OCT-guided PCI with angiography-guided PCI in achieving larger post-PCI lumen dimensions and improving clinical outcomes is ongoing (ILUMIEN IV, ClinicalTrials.gov Identifier: NCT 03507777). However, STEMI patients are excluded from this study. Large randomized trials with long-term follow-up for OCT use in patients with STEMI are warranted as well.

Another potential strategy for patient selection for added intervention including post-dilatation during PCI is the use of peri-procedural physiological measurements. In a recent study, Agarwal, et al. (2016) used post-PCI FFR to guide optimisation of acute PCI results. The authors suggested that this approach could improve clinical outcomes, as post-PCI FFR was an independent predictor of future adverse events. In a small pilot study, a research group from Oxford, UK used a combined approach of post-PCI FFR and OCT in order to optimise stent deployment (Wolfrum, et al., 2018); if post-PCI FFR was considered suboptimal, an OCT run was used to identify features of suboptimal deployment and guide stent optimisation. The same research group has proposed the use of peri-procedural IMR as a risk stratification tool in STEMI patients undergoing primary PCI in order to guide further intervention (De Maria, et al., 2016; Fahrni et al., 2017). According to this approach a pre-stenting IMR greater than 40 units could identify at an early stage, alone or in combination with other clinical variables, high-risk STEMI patients who could benefit from additional therapeutic strategies in addition to conventional stenting (De Maria, et al., 2018b). This group recently used IMR to guide pressure-controlled intermittent coronary sinus occlusion (PICSO) in anterior ST-elevation myocardial infarction (STEMI) and their preliminary results suggested feasibility and potential benefit in microvascular injury and infarct size (De Maria, et al., 2018a). Using such methods of patients’ risk stratification to guide other adjunctive interventions during primary PCI or even select patients who will benefit from stent deferral would be interesting. 

In conclusion, a combined approach of physiological assessment and intracoronary imaging could be a future strategy for stent optimisation during primary PCI for STEMI patients. However, multiple steps are needed before implementing such an approach in routine clinical practice. Currently, there are financial limitations as the imaging catheters and physiology guidewires and catheters add extra cost to the procedure. Furthermore, performing routinely such measurements would prolong an emergency procedure and potentially add extra radiation and contrast media. Therefore, it is essential such strategies be tested in properly designed clinical trials in order to prove their clinical benefit first.
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Abstract      

Aims: This study aimed to assess the impact of stent optimisation by NC-balloon post-dilatation (PD) during primary-PCI for STEMI with the use of coronary physiology and intracoronary imaging. 
Methods and results: This was a prospective observational study (ClinicalTrials.gov: NCT02788396). Optical coherence tomography and physiological measurements were performed immediately before and after PD with the operators blinded to all measurements. The index of microcirculatory resistance (IMR), coronary flow reserve (CFR) and fractional flow reserve (FFR) were measured. OCT analysis was performed for assessment of stent expansion, malapposition, in-stent plaque-thrombus prolapse (PTP) and stent-edge dissections (SED). The change in IMR before and after PD as a measure of microvascular injury was the primary objective of the study. Thirty-two STEMI patients undergoing primary-PCI had physiological measurements before and after PD. All patients received 2nd generation DES (mean diameter 3.1±0.5mm, mean length 29.9±10.7mm) and post-dilatation with NC balloons (mean diameter 3.6±0.6 mm, mean inflation pressure 19.3±2.0atm). IMR (44.9±25.6 vs. 48.8±34.2, p=0.26) and CFR (1.60±0.89 vs. 1.58±0.71, p=0.87) did not change, while FFR increased after post-dilatation (0.91±0.08 vs. 0.93±0.06, p=0.037). PD improved significantly absolute and relative stent expansion and reduced stent malapposition. PTP increased after post-dilatation. There was no difference in clinically relevant SED. 
Conclusions: In this exploratory, hypothesis-generating study, post-dilatation during primary-PCI for STEMI improved significantly stent expansion, apposition and post-PCI FFR, without a significant effect on coronary microcirculation overall. 


Classifications: STEMI, Drug-eluting stent, Fractional flow reserve, Optical coherence tomography, Other technique
Introduction
Vessel recanalization by primary percutaneous coronary intervention (PPCI) with drug eluting stents (DES) is the gold standard treatment for ST-segment elevation myocardial infarction (STEMI). Although stents are deployed over the commonly soft underlying lipid plaque and thrombus, optimal stent deployment in this setting is challenging due to factors like the presence and subsequent resolution of thrombus and vessel vasoconstriction1,2. Stent optimisation with post-dilatation using non-compliant (NC) balloons could improve deployment features as stent expansion and stent struts apposition3. Nevertheless, further device manipulation within the culprit vessel carries the risk of atherothrombotic material fragmentation and embolization to the distal vessel4. Distal vessel embolization is a recognised cause of microvascular obstruction and therefore, post-dilatation in the context of STEMI has been related with microvascular injury and the no-reflow phenomenon5,6. 
The aim of this study was to investigate the effects of stent optimisation by NC balloon stent post-dilatation during PPCI in STEMI patients with the use of invasive coronary physiology measurements and intracoronary imaging. Changes in microvascular function and other physiological indices along with features of stent deployment were assessed before and after post-dilatation. 

Materials and Methods
STUDY DESIGN This was a single centre observational study [“The impact of post stenting balloon dilatation on coronary microcirculation in STEMI patients undergoing PPCI (POSTDIL – STEMI)”, ClinicalTrials.gov: NCT02788396] that prospectively recruited STEMI patients undergoing PPCI at a tertiary cardiac centre.  Patients included were 18 years old or above and presented with ST elevation ≥0.1mV in ≥2 contiguous leads, signs of a true posterior infarction or newly developed left bundle branch block on their ECG within 12 hours of symptoms onset. Patients with previous myocardial infarction or CABG, haemodynamic instability, known eGFR<30 ml/min/1.73m2 and contradiction to adenosine were excluded. The study protocol was approved by the local ethics committee (NRES ref:16/EE/0096) and all subjects gave written informed consent prior to participating in the study.

CORONARY INTERVENTION Primary PCI was performed according to international guidelines and local standards. In brief, all patients were preloaded with Aspirin and Clopidogrel (given by ambulance crew at point-of care) and given a loading dose of Ticagrelor post-procedure. During the procedure, patients were anti-coagulated with heparin (70-100U/Kg) with a target ACT of >250s. Use of GIIbIIa inhibitors, balloon pre-dilatation and thrombus aspiration were at the discretion of the operator. 2nd generation everolimus-eluting stents were used in all patients. 

STENT OPTIMISATION BY POST-DILATATION After successful stent deployment, the operator decided the need for post-dilatation based on his/her clinical judgement.  If no post-dilatation was needed, the patient exited the study. In case post-dilatation was indicated, then optical coherence tomography (OCT) studies and coronary physiology measurements were performed immediately before and after post-dilatation. NC balloons were used for post-dilatation and sized at a ratio 1:1 with the size of the artery. Post-dilatation was performed at the stented segment where the operator felt it was needed. The NC balloon was inflated at high pressures (≥18Atm) for at least 10 seconds. 

CORONARY PHYSIOLOGY MEASUREMENTS A dedicated combined pressure/temperature guidewire (PressurewireTM X, St Jude Medical/Abbott Vascular, USA) was used for the physiological measurements. Before post-dilatation, and after intracoronary administration of nitro-glycerine, the guidewire was equalized and advanced to the distal third of the coronary artery. Subsequently, mean aortic pressure (Pa), mean distal coronary pressure (Pd), and mean transit time (mTt) calculated as the average measurement during three separate intracoronary injections of 3mL of room temperature 0.9% saline solution were measured7. The same parameters were measured during hyperaemia induced by intravenous infusion of adenosine at 140mcg/Kg/min via a peripheral line. The operator proceeded to post-dilatation and coronary wedge pressure (Pw) was measured during balloon inflation. All measurements were rerepeated after post-dilatation. Dedicated software was used online for recording pressure traces, temperature curves and for physiological indices calculation (Coroventis CoroFlowTM, Uppsala, Sweden). 
The index of microcirculatory resistance (IMR) is a validated measure of microvascular function 8. The change in IMR (dIMR) was used to assess changes in microvascular function before and after post-dilatation and was the primary endpoint of the study.  IMR and IMR corrected for wedge pressure (IMRc) were calculated by the following equations: IMR=Pd x mTt (hyperaemia) and IMRc=(Pa x mTt) x [(Pd–Pw)/(Pa–Pw)] (hyperaemia)7,9. Furthermore, coronary flow reserve (CFR), fractional flow reserve (FFR) and coronary FFR (FFRcor) were calculated as CFR=mTt (baseline)/mTt (hyperaemia), FFR=Pd/Pa and FFRcor=Pa-Pw /Pd -Pw10. FFRcor as described in the original FFR validation study assesses the pressure gradient drop across the epicardial vessel.

OPTICAL COHERENCE TOMOGRAPHY ANALYSIS An FD-OCT Dragonfly OPTIS Catheter (St. Jude Medical/Abbott Vascular, USA) was used for intracoronary imaging before and after post-dilatation. OCT imaging acquisition was performed according to international expert standards and guidance11. Prior to each OCT run, 200mcg of intracoronary nitrates were given. The entire length of the area of interest (i.e. stented segment and at least 5mm from the proximal and distal stent edges) was scanned. The operator was blinded to the OCT findings. 

Off-line analysis was performed by an independent imaging core laboratory (EuroImage Research, Rome, Italy). OCT images were analysed at 0.2mm intervals. For the purpose of the analysis, lumen area and stent area where measured by planimetry. The lumen area (LA) was obtained by automated lumen-detection software and additional manual corrections, when necessary. The stent area (SA) was obtained manually by a multiple point detection function. The maximum distance between the two measured areas if not overlapping was measured automatically by the dedicated software application. In the case of co-existing stent malapposition and in-stent tissue prolapse the intra-stent flow area was drawn manually by the multiple point detection function. Stent deployment features assessed by OCT analysis were absolute and relative stent expansion, stent struts malapposition, intra-stent tissue prolapse and stent edge dissections. The definition of the calculated parameters is available in the appendix. 

STATISTICAL ANALYSIS Quantitative variables were tested for normal distribution according to the Kolmogorov-Smirnov test. Continuous variables were reported as mean and standard deviation values. Categorical variables were expressed as frequency and proportion. Comparisons between before and after post-dilatation were estimated using the paired t-test analysis for variables with normal distribution and the Wilcoxon test in case of non-normal distribution. For differences between independent variables, the independent samples t-test analysis was applied. Group differences of categorical variables were tested by a chi-square test. Pearson’s correlation coefficients or Spearman’s correlation coefficients were used to assess the relationship between two variables as appropriate. The level of statistical significance was set at p >0.05 with two tails. Statistical analysis was carried out using SPSS 24 software (SPSS Inc., Chicago, Illinois, USA).

Results
Between September 2016 and June 2017, a total of 107 patients presenting with STEMI at the Essex Cardiothoracic Centre (Basildon, UK) were assessed for eligibility. Thirty-one patients did not fit the inclusion/exclusion criteria and were excluded. Seventy-six patients gave signed informed consent and were recruited in the study. Thirty-nine of these patients were excluded after diagnostic angiography or during PCI based on the pre-specified exclusion criteria and five were withdrawn from the study after initiation of the research protocol (patients’ flow chart is available at the appendix). The remaining 32 patients completed the study with physiological measurements before and after post-dilatation. 
Mean age was 66±11years and 78% were men. Symptoms onset to balloon time was 251±175 minutes and LAD was the most common culprit vessel (43.7%). The use of Glycoprotein IIbIIIa inhibitors and thrombus aspiration was relatively high (59% and 72% respectively). 1.2±0.5 stents were implanted with a maximum diameter of 3.1±0.5mm and a total length of 29.9±10.7mm. Post-dilatation was performed in all patients with NC-balloons with a maximum mean diameter of 3.6±0.6mm inflated at 19.3±2.0atm. Mean number of NC-balloons inflations was 2.0±0.6. Baseline and procedural characteristics are presented in Tables 1 to 3. 

CORONARY PHYSIOLOGY MEASUREMENTS IMR at baseline was 44.9±25.6 and did not change significantly after post-dilatation (48.8±34.2, p=0.26). Similarly, there was no significant change in IMRc before and after post-dilatation (43.5±25.6 vs. 48.4±33.9 respectively, p=0.16). There was no difference in baseline characteristics or PCI procedural steps between patients with an increase or a decrease in IMR after post-dilatation, apart from more patients with the LAD as the culprit vessel in the increase group (68.8% vs. 18.8%, p=0.016). There was no difference in CFR measured before and after post-dilatation (1.60±0.89 vs. 1.58±0.71, p=0.87). However, FFR significantly increased from 0.91±0.08 to 0.93±0.06 (p=0.037). FFRcor, increased from 0.87±0.11 to 0.90 ± 0.08 (p=0.017). Changes in physiological indices are shown in Figures 1 to 3. 

PREDICTORS OF MICROCIRCULATORY RESPONSE The potential relations between changes in IMR (dIMR) and IMR after post-dilatation with baseline characteristics and procedural factors including measures of the residual post stenting in-stent prolapsing athero-thrombotic material (PTP) were assessed. In bivariate correlation analysis, there was no significant correlation with any of the measured parameters (appendix table X). 


OPTICAL COHERENCE TOMOGRAPHY MEASUREMENTS Post-dilatation improved absolute and relative stent expansion. Minimum lumen area across the stent length (in-stent MLA) increased from 5.31.8 to 5.82.0mm2 (p <0.001) and minimum stent area (MSA) from 5.61.9 to 5.92.2mm2 (p=0.017). The percentage of cases with a relative expansion >70% 12 increased from 35% to 61% (p=0.039). When a cut-off value of >80% was used 11, there was a strong trend towards increase of optimal relative expansion (16% vs. 32%, p=0.063). However, the number of cases with an in-stent MLA<4.5mm2 did not change (Table 4). 
Post dilatation improved all variables used to quantify stent strut malapposition. Maximum and mean areas of malapposition were reduced more than 50% (2.6±2.2 vs. 1.1±1.0mm2, p<0.001 and 0.8±0.7 vs. 0.4±0.4mm2, p=0.001, respectively). The degree of reduction for the malapposition volume and burden was even greater (7.9±9.7 vs. 2.2±2.4mm3, p<0.001 and 3.8±4.0 vs. 0.9±0.9mm3, p<0.001, respectively). Before post-dilatation the maximum malapposition distance was 0.7±0.5mm and was reduced significantly to 0.4±0.2 mm (p=0.004). Both the maximum consecutive and total length of malapposed struts was reduced from 3.9±3.3 to 2.0±1.6mm (p=0.002) and 7.9±5.9mm to 4.5±3.7mm (p<0.001) respectively. Finally, post-dilatation reduced the number of malapposed stent struts from 145.0±132.0 to 53.2±46.2 (p<0.001). The above changes led to a reduction in the cases with malapposed struts with a maximum axial distance of 0.5mm from 71% to 41.9% (p=0.022) (Table 5). 
In contrast to stent expansion and malapposition, there was an increase in tissue protrusion through the stent struts as shown by maximum and mean areas, total length and volume. However, plaque-thrombus protrusion thickness and % protrusion area/stent area did not change (Table 6). 
There was no stent-edge dissection detected by coronary angiography in any of the patients. However, OCT showed 8 patients having a stent-edge dissection before post-dilatation and 12 afterwards. Table 7 shows the per stent-edge distribution. Operators were blinded to OCT results and none of these dissections was treated.

CORRELATION of FFR with LUMEN AREA FFR and FFRcor before post-dilatation showed a statistically significant positive correlation with in-stent MLA before post-dilatation (r=0.408, p=0.023 and r=0.398, p=0.029 respectively). Similarly, FFR and FFRcor after post-dilatation had a significant positive correlation with in-stent MLA after post-dilatation (r=0.353, p=0.05 and r=0.363 p=0.05 respectively). There was no correlation between FFR and FFRcor with relative stent expansion (p>0.05). After post-dilatation FFR and FFRcor were significantly higher for patients with an MLA>4.5 mm2 (0.94±0.05 vs. 0.89±0.06, p=0.014 and 0.92±0.07 vs. 0.85±0.07, p=0.012 respectively) (Figure 4).


Discussion
This prospective observational study evaluated the effects of stent post-dilatation in STEMI patients using for the first time a combination of invasive coronary physiology and intracoronary imaging. The novel study design led to a number of interesting observations. Stent post-dilatation did not lead to an increase in IMR overall. Nevertheless, at an individual patient level, IMR increased in half of the cases. Overall CFR did not change either, but FFR and FFRcor showed a small statistically significant increase after post-dilatation. Regarding, intracoronary imaging assessment, post-dilatation improved absolute and relative stent expansion and all variables of stent struts malapposition. In contrast, post-dilation increased tissue protrusion through the stent struts. OCT-detected stent edge dissections were common even before stent post-dilatation and post-dilatation led to a numerical increase of stent edge dissections at the distal stent edge. Finally, there was a positive correlation of FFR and in-stent minimum lumen area.

In POSTDIL-STEMI, stent post-dilatation did not produce a consistent and predictable microvascular injury as it would be depicted by a significant increase in IMR. Therefore, contradicting theoretical concerns, post-dilatation did not cause significant microvascular injury overall. However, at an individual patient level, IMR increased in half of the patients and decreased in the other half. Two previous studies have used sequential measurements of IMR in the context of primary PCI for STEMI to assess the impact of PCI procedural steps13,14. In a study of 81 patients IMR measured before stent implantation and at the end of the PCI procedure improved overall13. However, the improvement was not universal as in specific patients’ groups IMR remained elevated or even increased further. In the second study of 41 patients randomised to manual thrombectomy or balloon angioplasty prior to stent deployment, manual thrombectomy did not lead to a change in IMR, but in the specific group of patients with low IMR after initial vessel recanalization, any device manipulation (i.e. balloon pre-dilatation or thrombus aspiration) led to an increase in IMR14. Both studies suggested that the response of microcirculation to coronary intervention in the context of STEMI is not universal and varies between cases. This supports the findings of POSTDIL-STEMI where IMR at an individual patient level had a variable response to post-dilatation equally shared between increase and decrease. In agreement to previous studies, it can be hypothesized that in the cases with an IMR increase, fragmentation and distal embolization of atherothrombotic material by NC balloon intracoronary manipulation and inflation led to further microvascular injury.  Regarding the cases with an improvement of IMR after post-dilatation, the mechanism can only be speculated. In a previous study in STEMI patients showed that stent placement resulted in a reduction in IMR with the proposed mechanism being the increase of coronary flow after obstruction resolution that led to increased perfusion pressure and subsequent downstream relaxation of microcirculatory tone13. A similar mechanism could be hypothesised in this study after stent deployment optimisation. 

Although there was no change in microvascular function overall, there were two distinct patients’ groups: those with an increase in IMR/CFR and those with a decrease. From a clinical perspective it would be ideal to be able to identify these patients in advance and tailor our procedure accordingly. However, our study failed to identify predictors of microcirculatory response probably limited by its small sample size. Larger, adequately powered studies are warranted to explore potential correlations of baseline and procedural characteristics with changes in microvascular function. 

As expected, stent post-dilatation significantly improved absolute and relative stent expansion and apposition. Nevertheless, post-dilatation did not abolish stent under-expansion or malapposition. Relative stent expansion remained below the optimal target of >90% used in randomised trials15 and the number of patients with an absolute stent expansion below the clinically significant cut off value of 4.5 mm2 12 did not change. Furthermore, the number of patients with significant malapposition as defined by the recent EAPCI consensus11 remained high. These observations, on one hand, highlight the limitations of angiographically guided stent optimisation and the potential role of intracoronary imaging in the process. On the other hand, they underly the fact that absolute and relative stent expansion suggested cut-off values are not always feasible in real life and should be viewed not as absolute targets, but as guidance aids during PCI.

Protrusion of tissue or thrombus through stent struts have been related with adverse clinical outcomes in patients with acute coronary syndromes16 and in previous studies post-dilatation has been used to reduce it 17. In contrast in this study post-dilatation increased prolapsing tissue. This could be explained by the fact that further stent expansion achieved by post-dilatation led to better stent apposition against the vessel wall, compressing and protruding the underlying thrombus or soft tissue through the stent struts. Furthermore, in previous studies a prolonged inflation of the NC-balloon was part of the protocol (i.e. 60sec)17, while the duration of the inflation in our study was much shorter.

The small but statistically significant increase in FFR and FFRcor is an interesting finding. FFR could be false high in the case of microvascular dysfunction as in the acute state of STEMI, however, the observed increase cannot be attributed to further microvascular injury as both IMR and CFR did not change significantly, and another explanation should be attempted.  It has been suggested that post-PCI FFR could be the result of suboptimal stent deployment and recent studies have used it to  guide immediate post procedure decision-making and optimisation of PCI acute result 18,19. A recent study that used OCT to delineate the causes of suboptimal post-PCI FFR showed that 62% of the patients had suboptimal stent results with the more prominent findings being stent malapposition and underexpansion 19. OCT guided further optimisation led to an increase in FFR from 0.80±0.02 to 0.88±0.01 (p=0.008). In our study, FFR and FFRcor before and after PCI showed significant correlation with in-stent minimum lumen area suggesting that the larger lumen areas after post-dilatation could lead to higher FFR. However, the small FFR increase should be interpreted with caution as it was driven by significant increase in 2 case as evident in figure 3. Importantly, these 2 patients, in contrast with the rest of the cohort, had a low post-stenting FFR potentially allowing for correction of suboptimal results by post-dilatation.

Limitations 
This study has a number of limitations. It was a single centre observational study of a limited sample size. As such, the study should be viewed as an exploratory, hypothesis generating one and its results to be interpreted with caution. It is still possible that a larger study may show that post-dilatation hampers microcirculatory function. The decision for post-dilatation was not mandated or guided by a pre-specified protocol but relied on operator’s clinical judgement. Although this study design might have introduced a degree of selection bias, it was purposely selected in order to reflect everyday clinical practice. Finally, the study did not report any clinical endpoints and the clinical implications of the changes observed in physiological indices and stent deployment need to be assessed in future studies. 

Conclusion
In this exploratory, hypothesis-generating study, stent optimisation by post-dilatation with NC balloons in STEMI patients undergoing primary PCI improved significantly stent expansion, apposition and post PCI FFR, without a significant effect on coronary microcirculation overall. Nevertheless, there was a group of patients with increase in IMR and larger studies are warranted to explore predictors of microcirculatory response to post-dilatation
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Figure 1. IMR before and after post-dilatation. 
A) IMR values before and after PD. B) Individual changes in IMR before and after PD. 
Figure 2. CFR before and after post-dilatation. 
A) CFR values before and after PD. B) Individual changes in CFR before and after PD. 
Figure 3. FFR before and after post-dilatation. 
A) FFR values before and after PD. B) Individual changes in FFR before and after post dilatation. 
Figure 4. FFR after post dilatation and in-stent MLA. 
Patients with an MLA>4.5 mm2 after post-dilatation had a higher FFR.





Table 1. Baseline characteristics.
	Demographics

	Age(years)
	66.0±11.0

	Male sex(%)
	25 (78)

	Past medical history

	Diabetes mellitus(%)
	4 (12.5)

	Hypertension(%)
	15 (46.8)

	Hypercholesterolemia(%)
	14 (43.7)

	Family history of premature CAD(%)
	4 (12.5)

	Current smoker(%)
	7 (21.8)

	Ex-smoker(%)
	11 (34.3)

	Previous MI(%)
	2 (6.2)

	Previous PCI(%)
	2 (6.2)

	Previous CVA(%)
	1 (3.1)










Table 2. Presentation characteristics.
	Presentation characteristics

	Symptoms to device time (minutes)
	252±175

	Culprit vessel(%)
	

	LAD(%)
	14 (43.7)

	Cx(%)
	5 (15.6)

	RCA(%)
	13 (40.6)

	Culprit lesion at proximal segment(%)
	19 (59.3)

	Number of diseased vessels(%)
	

	1(%)
	10 (31.2)

	2(%)
	15 (46.8)

	3(%)
	7 (21.8)

	TIMI flow presentation(%)
	

	0(%)
	26 (81.2)

	1(%)
	2 (6.2)

	2(%)
	4 (12.5)

	3(%)
	0 (0)









Table 3. Procedural characteristics.
	Procedural Characteristics 

	Radial access(%)
	31(96.8)

	Thrombus aspiration(%)
	23(71.8)

	Pre-dilatation(%)
	26(81.2)

	GPIIbIIIa inhibitors(%)
	19(59.3)

	Drug eluting stents
	32(100)

	Number of stents
	1.2±0.5

	Stent diameter(mm)
	3.1±0.5

	Stent length(mm)
	29.9±10.1

	Stent max inflation pressure(atm)
	14.68±2.68

	Post-stent TIMI flow
	

	0-1(%)
	1(3.1)

	2(%)
	1(3.1)

	3(%)
	30(93.7)

	
	

	Post-dilatation (PD) with NC-balloons
	32(100%)

	PD balloon diameter(mm)
	3.6±0.6

	PD balloon length(mm)
	15.8±3.4

	Number of PD inflations
	2.0±0.6

	Maximum PD balloon inflation pressure(atm)
	19.3±2.0

	PD balloon inflation duration(sec)
	17.6±6.7

	PD location 
	

	Proximal stent(%)
	30(93.7)

	Mid stent(%)
	28(87.5)

	Distal stent(%)
	4(12.5)

	TIMI flow after post-dilatation(%)
	

	0 - 1(%)
	1(3.1)

	2(%)
	3(9.3)

	3(%)
	28(87.5)

















Table 4. OCT analysis of stent expansion before and after post-dilatation.
	
	Before 
Post dilatation 
	After
Post dilatation 
	p-values

	Stent expansion parameters

	In-stent MLA (mm2)
	5.31.8
	5.82.0
	<0.001

	Mean in-stent LA (mm2)
	7.32.4
	8.32.5
	<0.001

	MSA (mm2)
	5.61.9
	5.92.2
	0.017

	Mean SA (mm2)
	7.32.4
	8.62.6
	<0.001

	In-stent MLA <4.5mm2, n(%)
	11(35)
	11(35)
	1

	In-stent MLA/Mean reference LA, %
	67.49.7
	72.811.4
	0.001

	Mean in-stent MLA/Mean reference LA, %
	92.111.4
	105.012.2
	<0.001

	Proximal MSA (mm2)
	6.02.0
	7.22.1
	<0.001

	Distal MSA (mm2)
	5.92.2
	6.32.5
	0.007

	Stent expansion >90%, n(%)
	1 (3.2)
	3 (9.7)
	0.5

	Stent expansion >80 % n(%)
	5 (16)
	10 (32)
	0.063

	Stent expansion >70%, n(%)
	11 (35.5)
	19 (61.3)
	0.039








Table 5. OCT analysis of stent malapposition before and after post-dilatation. 
	
	Before 
Post-dilatation 
	After 
Post-dilatation 
	p-values

	Stent malapposition parameters

	Max malapposed area (mm2)
	2.62.2
	1.11.0
	<0.001

	Mean malapposed area (mm2)
	0.80.7
	0.40.4
	0.001

	Malapposed volume (mm3)
	7.99.7
	2.22.4
	<0.001

	Malapposed volume/stent volume (%)
	3.84.0
	0.90.9
	<0.001

	Max malapposition distance (mm)
	0.70.5
	0.40.2
	0.004

	Mean malapposition distance (mm)
	0.30.1
	0.20.1
	0.009

	Max stent length with consecutive frames of malapposition (mm)
	3.93.3
	2.01.6
	0.002

	Total stent length with malapposition (mm)
	7.95.9
	4.53.7
	<0.001

	Number of malapposed struts
	145.0132.0
	53.246.2
	<0.001

	Malapposition >0.5 mm, n(%)
	22(71)
	13(41.9)
	0.022

	Malapposition with axial distance >0.4mm and consecutive length of >1mm
	20(64%)
	16(52%)
	0.125



Table 6. OCT analysis of plaque-thrombus prolapse (PTP) before and after post-dilatation. 
	
	Before 
Post-dilatation 
	After 
Post-dilatation 
	p-values

	Plaque-thrombus prolapse parameters

	Max PTP area (mm2)
	1.210.66
	1.460.81
	0.007

	Mean PTP area (mm2)
	0.420.23
	0.520.29
	0.004

	Total PTP length (mm)
	11.95.8
	15.78.9
	0.001

	PTP volume (mm3)
	5.44.6
	8.16.4
	0.001

	PTP burden (%)
	2.52.0
	3.02.0
	0.06

	Maximum PTP thickness (mm)
	0.851.05
	0.660.25
	0.71

	Mean PTP thickness (mm)
	0.280.08
	0.290.09
	0.27

	Protrusion area/Stent area (%)
	15.976.69
	15.096.38
	0.5

	Protrusion area/Stent area 10%, n(%)
	23(74.2)
	22(71)
	1









Table 7. OCT analysis of stent edge dissection. 
	
	Before 
Post-dilatation 
	After 
Post-dilatation 
	p-values

	Any Dissection detected by OCT

	Proximal(%)
	5(16)
	6(19)
	1.00

	Distal(%)
	4(12)
	7(22)
	0.25

	Major Dissection detected by OCT *

	Proximal(%)
	3(9)
	4(12)
	1.00

	Distal(%)
	1(3)
	4(12)
	0.25


* Lateral expansion >60o & longitudinal expansion >2mm
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Abstract
Objective: ECG ST segment resolution (STR) has been used to assess myocardial perfusion in STEMI patients undergoing PPCI. However, in most of the studies ECGs recorded at different time points after the actual procedure have been used, limiting the options of therapeutic interventions while the patient is still in the catheterisation laboratory. The aim of this study was to investigate the presence and clinical consequences of intra-procedural STR during PPCI.
Methods: We analysed 12 lead ECGs recorded at the onset and the end of the PPCI procedure, measuring STR in the lead with maximum ST elevation on the initial recording. STR was defined as good when > 50% compared to baseline. 
Results: Pre and immediately post PPCI ECGs were recorded in 467 STEMI cases whilst the patient was on the catheter lab table. Mean patient age was 63 (+/- 12) years old and 75% were men. Mean duration of symptoms to admission was 3.8 (+/- 3.4) hours and 51% of infarcts were anterior. Good ST resolution at the end of the procedure was seen in 46.5% of patients and was observed more commonly in inferior compared to anterior infarcts (60.1% vs. 32.6%, p<0.001), and in current smokers (53.2% vs. 42.4%, p=0.031). In patients presenting with symptoms for < 4 hours, good STR was more common (74% vs. 66%, p=0.019). Thrombus aspiration was used more frequently in patients who had good STR (88.5% vs 79.8% p=0.011). Patients with good ST resolution had a shorter mean hospital length of stay (3.8 vs. 4.5 days, p=0.009) and a higher left ventricular ejection fraction (49.9% vs. 44.2%, p<0.001) measured by transthoracic echocardiography prior to discharge.
Conclusion: Good peri-procedural ST resolution was seen in less than half of STEMI patients undergoing PPCI. There were important clinical consequences of good ST resolution. Identification of suboptimal peri-procedural ST resolution could help identify patients who may benefit from new treatments aimed at protecting microcirculation, whilst the patients are still in the angiography laboratory.
Introduction
Primary percutaneous coronary intervention (PPCI) has superseded thrombolysis and is now the treatment of choice for patients presenting with acute ST-segment elevation myocardial infarction (STEMI) (1,2,3). Although PPCI restores epicardial flow in more than 90% of the cases (4), optimal myocardial tissue perfusion is re-established in less than 50% (5). Reperfusion injury and abnormal microvascular function when the infarct related artery is opened are well recognised and the ‘no reflow’ phenomenon is an extreme example of this (5). Failure to re-perfuse myocardial tissue and microvascular injury (MVI) carry an adverse prognosis, with increased short and long-term mortality (6,7). It is obvious that tools for early diagnosis of failed myocardial tissue reperfusion and MVI would help not only in risk stratification of these patients, but could also allow research into and future application of potential therapies.
Electrocardiography (ECG) is a simple investigation that is routinely performed for patients with suspected STEMI and is continuously recorded during PPCI. ST segment resolution (STR) on the ECG performed 30 to 60 minutes post PPCI has been shown to have prognostic implications (8,9), but recordings made after the patient has left the catheterisation laboratory limit the options for any further intervention. The role of STR in peri-procedural ECG has not been investigated thoroughly in the era of PPCI. In this study, we investigate the predictors and clinical consequences of peri-procedural ECG STR in patients presenting with STEMI undergoing PPCI. 


Material and methods 
Study Population
In this prospective observational study we analysed ECG traces from 467 patients whose PPCI procedures were being audited at our institution between October 2013 and June 2015. The diagnosis of STEMI was made by the presence of chest pain lasting >20 min associated with ST-segment elevation >1 mm in at least 2 extremity electrocardiographic leads or >2 mm in at least 2 contiguous precordial leads. Patients with left bundle branch block and potential posterior MI (ST depression in precordial leads) were excluded from the study. The diagnosis was confirmed by coronary angiography and only patients who underwent PCI were included in the analysis.
PPCI procedure
PPCI was performed according to standard practice based on international guidelines. Patients were loaded with aspirin 300 mg and clopidogrel 600 mg prior to the procedure. The right radial artery was used as default access. Patients were anti-coagulated with unfractionated heparin (70 to 100 IU/kg) to maintain an activated clotting time between 250 and 300 sec. The use of glycoprotein IIb/IIIa inhibitors and thrombectomy were left at the operator’s discretion. 
ECG recording and analysis
A standard Witt biomedical ECG system, used in our cardiac catheterisation laboratory, was used for all ECG recordings. A 12 lead trace was recorded just before the start of the PCI procedure when the patient was connected to ECG monitor. A further 12 lead ECG was recorded at the end of the procedure, when the angioplasty operator deemed the case to be finished. ST segment elevation 80 msec after the J point was measured in the ECG lead with the maximum ST elevation on the initial recording and was compared with the ST elevation at the same lead in the final ECG (10). ST resolution (STR) of 50% or more was termed ‘good’ and less than 50% ‘poor’ (10). 
Statistical analysis
Categorical variables are expressed as percentages and were compared by Fisher’s exact test. Continuous variables are presented as mean with standard deviation. Differences between means were tested using a two-sample, two-sided t-test, and the p-values have been obtained using a Monte Carlo approach with 10000 permutations, using the R package perm. This approach avoids strong distributional assumptions, such as the normality of data, in the statistical inferences. A p value  <0.05 was considered to indicate statistical significance.  Analysis was performed using the computer program R (R CRAN 2016).

Results
We studied the ECGs from 467 patients presenting with STEMI undergoing PPCI. The demographic features of the study population are shown in table 1. Patients’ mean age was 63 (+/- 12) years and 75% were men. 48.6% of the patients presented with anterior STEMI, 48.8% with inferior and 2.6% with lateral. In 5 patients the lateral infarct was caused by occlusion of the Cx artery. Due to small numbers, for the purpose of the analysis patients with lateral (I, aVL) ST elevation where incorporated in the anterior MI cohort. Mean onset of chest pain to device time was 3.8 (+/- 3.4)  hours (standard deviation 3.4). 11.5 % of the patients were diabetic and 33.8% current smokers. Operator reported baseline TIMI flow 0 was seen in 78.5% of the whole population. Surprisingly, it was more common for patients with good final STR to have a completely blocked vessel (TIMI 0) at baseline. Manual thrombus aspiration was performed in 81.4% of patients, balloon pre-dilation in 85.6% and at least one stent was deployed in 93.8% of patients. Operator reported final TIMI flow 3 was seen in 90.1% of the patients.
Predictors of ST resolution: 46% of patients had good STR at the end of the PPCI procedure. Good STR was seen in 60.1% of inferior infarcts, but only in 32.6% of anterior infarcts (p<0.001). More smokers achieved good ST resolution than non or ex-smokers (53.2% vs 42.4%, p=0.031). Mean chest pain onset to PPCI time was not different between patients with good and bad STR. When symptoms to PPCI time was divided in 4 categories (< 4 hours, 4-8h, >8-12h and >12h), those with good STR were more likely to have presented within 4 hours (74% vs. 66%, p=0.019) (Figure 1). Finally, thrombus aspiration was used more frequently in patients who had good STR (88.5% vs 79.5%, p=0.011) A number of other variables including patient age did not predict STR > 50%. The data are shown in table 1.
Clinical outcomes: Patients who achieved good STR had a shorter length of stay than those with poor resolution (3.8 days vs 4.5 days, p=0.009). Ejection fraction, measured by transthoracic echocardiography during admission, was higher in those with good resolution (49.9% vs 44.2%, p<0.001). These data are shown in table 2. Ejection fraction categories were evaluated and shown in figure 2. An ejection fraction of less than 35% was seen much less commonly in those achieving good ST resolution (2.9% vs. 15.1% p<0.001).

Discussion
In this study, we have shown that the degree of ST segment resolution during PPCI is modest, with less than half of the patients achieving more than a 50% reduction in the original ST elevation at the end of the procedure. This is despite a high degree of final epicardial vessel patency (final TIMI 3 flow was achieved in 90% of the patients). Patients with inferior STEMI, current smokers and patients who had thrombus aspiration were more likely to achieve good ST resolution. Patients who underwent PPCI less than 4 hours from symptom onset also had a higher chance of achieving STR > 50%. Patients with ST resolution <50% had worse clinical outcomes with worse LV systolic function (LVEF) and longer hospital stay.
PPCI results in better patency rates of the infarct related artery when compared to thrombolysis (11). Perhaps because of this ability to successfully open occluded arteries, ST segment resolution during PPCI procedures is not well studied. Heart attack centres have well organised care pathways to treat patients with acute STEMI but there are no pathways or evidence base guiding treatment when significant ST elevation remains at the end of a PPCI procedure.
ECG performed at the end of PPCI is a widely available, easily applicable and inexpensive tool. When STR is used to assess myocardial perfusion post PPCI, there are three issues to be considered: the timing of ECG recording, the degree of STR and the method applied to determine STR. At the time thrombolysis, an ECG performed 90 minutes post thrombolytic therapy guided the need for rescue PCI (12). Two large randomised control trials of the PPCI era used two different time points closer to the end of the procedure to record STR:  APEX-AMI (n=4866) 30 minutes post last angiogram (8) and HORIZONS-AMI (n= 2484) 60 minutes (9). In both studies, STR predicted clinical outcomes but the optimum timing of STR measurement that gives the most accurate prediction of clinical outcome remains unknown. However, it is important to note that in both studies the patients had left the catheterisation laboratory and thus any further invasive intervention to improve myocardial tissue perfusion would be less feasible and certainly delayed. In our study, we used peri-procedural ECG recordings. This approach has the great advantage to be conducted in real time with the PPCI team present and the patient still on the catheterisation table. Previous studies using CMR have shown the prognostic value of end of procedure ECG. Haeck et al. showed that patients with early complete (≥ 70%) STR measured immediately after last contrast injection have better preservation of LVEF and smaller infarct size in 4-6 months measured by cMR (13). In another study, assessment of STR 30 minutes after reperfusion allowed accurate identification of patients at high risk for LV dysfunction (14).  Regarding the degree of STR, 3-category (ie, >70%, 30% to 70%, and <30% or <1 mm, 1 to 2 mm, and >2 mm) and 2-category measures (ie, ≥50% and <50%) have been used. The purpose of our study was to test a simple method that would allow the operator to easily interpret changes on real time while performing the procedure. Thus, we used the binary method for STR.  
Finally, multiple methods of assessing ST resolution/recovery in patients with STEMI have been used. STR can be assessed in a single lead or using the sum of multiple leads. Furthermore absolute resolution measured in mm or relative resolution compared to baseline can be used. Two large previous studies (8,10) have compared a number of different methods and found that the simple method of using only a single lead performs equally well with more complex methods using multiple leads or requiring multiple comparisons. More recently, a small study using cMR comparing 8 different STR variables confirmed that a single lead method taken 30 minutes after reperfusion allows accurate identification of patients at high risk for LV dysfunction (14). 
This study identified four factors that associate with STR; smoking status, anatomical location of the infarct and time delay between symptom onset and reperfusion and the use of thrombus aspiration. The proportion of patients achieving more than 50% ST resolution was greater in current smokers. Cigarette smoking is an established risk factor for atherosclerotic cardiovascular disease (15). However, from the thrombolysis era, a “smoker’s paradox” with better clinical outcomes for smokers has been suggested (16). The hypothesised pathophysiological mechanism behind the paradox is that the greater thrombus burden in smokers leads to greater efficacy of thrombolytic therapy and antiplatelet therapies (17, 18), but whether there is a true biological basis remains to be proven.  Recently, a large observational study on STEMI patients undergoing PPCI reported significantly lower risk-adjusted in-hospital mortality in smokers, supporting the smokers’ paradox in the PPCI era (19). Nevertheless, studies using cMR to assess myocardial damage post STEMI showed conflicting results challenging the concept (20, 21). 
Acute myocardial infarction in the LAD territory has been associated with worse epicardial and microvascular reperfusion (22, 23). Similarly, in our study more patients with inferior infarcts had good STR. LAD infarctions have a higher myocardial area at risk, result in more severe systolic dysfunction, and are more likely to cause distal atherothombotic material embolisation after PCI, all potential mechanisms of worse final myocardial reperfusion (24).
As shown in this study, duration of ischaemia (onset of symptoms to reperfusion) in STEMI has been associated with myocardial perfusion: longer delay of reperfusion leads to impaired final perfusion (25). This could be attributed to multiple mechanisms: increased cellular and interstitial oedema and haemorrhage causing compression/collapse of micro-vessels; embolization of more organised epicardial thrombus and local thrombus formation causing plugging of microcirculation; activation of the inflammatory cascade and vasoconstriction (26). 
In our study, more patients who underwent thrombus aspiration had good STR. This finding is in agreement with previous studies. TAPAS (Thrombus Aspiration during Percutaneous
Coronary Intervention in Acute Myocardial Infarction Study), the first large randomised control trial (RCT) on thrombus aspiration, showed that complete STR (defined as a resolution >70% compared to baseline) was more common in patients who had thrombus aspiration (27). The most recent and much larger TOTAL study (Trial of Routine Aspiration Thrombectomy with PCI versus PCI Alone in Patients with STEMI) showed similar results with STR at post PCI ECG (28). However, in both TOTAL and TASTE (Thrombus Aspiration in ST-Elevation Myocardial Infarction in Scandinavia) two RCTs with a total sample of around 18,000 patients, routine thrombus aspiration did not translate into clinical benefits (28, 29).
Clinical outcomes appear to be worse in patients in whom 50% ST resolution was not achieved during the PPCI procedure. In particular, left ventricular ejection fraction assessed during hospital admission was worse and length of stay was longer. In contrast, an ejection fraction of 35% or less during the hospital admission was very unusual in patients who had good ST resolution. These results are in concordance with other studies that have correlated degree of STR post PPCI with clinical outcomes (8,9,10). In light of these observations there may be a case for documenting ST resolution at the end of PPCI procedures in routine clinical practice.
Limitations
This is a single centre study. Given it was an unpowered observational study; the results of the analysis can only be seen as hypothesis generating. We assessed the STR in a single lead using a binary measurement (> or < 50%). Although that ensured that a simple and easily applicable tool was used, it is unknown whether other methodologies of STR analysis correlate better with clinical outcomes. We have not reported on mortality or other major adverse cardiac events (MACE) in this report. However, LVEF post STEMI correlates strongly with MACE and it is recommended as a tool for risk stratification and further treatment [eg. implantable cardioverter-defibrillator therapy (ICD)] (30). In addition, length-of-stay has economic as well as clinical consequences.
Conclusions
We have shown that peri-procedural ST resolution <50% is common in STEMI and carries important clinical consequences. The great advantage of peri-procedural ECG analysis is that it can be conducted in real time during the procedure thus allowing for novel and timely intervention. Further studies using this easily applicable tool may be useful in investigating new treatments, for example those aimed at protecting the microcirculation in patients undergoing PPCI. 
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Methods: Coronary Physiology

•

IMR =Pd x mTt(during hyperemia) 

•

CFR = mTtbaseline/ mTthyperemia

•

FFR =Pd / Pa (during hyperemia)

Fearonet al. Circulation. 2003;107:3129-32

Pijlset al. Circulation. 2002;105:2482-6  


image31.emf
POSTDIL-STEMI flow chart
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Baseline and Procedural Characteristics

Age (years) 66 + 11 DES 32 (100)
Male sex (%) 25 (78) Number of stents 1.2 £ 0.5
DM (%) 4 (12.5) Stent max diameter (mm) 3105
Culprit LAD / Cx /RCA (%) 44 /16 /40 Stent length (mm) 29.9 = 10.7
Symptoms to device time (h) 42+29 Stent max inflation pressure (Atm) 14.7 = 2.7
TIMI flow 0 at presentation
(%) 28 (82.3)

PD with NC balloons 32 (100%)

NC balloon max diameter (mm) 3.6x0.6
Thrombus aspiration (%) 23 (71.8)

. . Max inflation pressure (Atm) 19.2+1.9
Pre-dilatation (%) 26 (81.2)
. . N

liblla (Tirofiban) (%) 20 (62.5) Number of inflations 1.96 £ 0.6

PD IS location pox /mid /distal (%) 94 /87 /12

& tct2o18 B cardovascular










Baseline and Procedural Characteristics

Age (years) 66 ±11

Male sex (%) 25 (78)

DM (%) 4 (12.5)

Culprit LAD / Cx/RCA (%) 44 / 16 / 40

Symptoms to device time (h) 4.2 ±2.9

TIMI flow 0at presentation 

(%) 

28 (82.3)

Thrombus aspiration (%) 23 (71.8)

Pre-dilatation (%) 26 (81.2)

IIbIIa (Tirofiban) (%) 20 (62.5)

DES 32 (100)

Number of stents 1.2  0.5

Stent max diameter (mm) 3.1  0.5

Stent length (mm) 29.9  10.7

Stent max inflation pressure (Atm) 14.7  2.7

PD with NC balloons 32 (100%)

NC balloon max diameter (mm) 3.6 ±0.6

Max inflation pressure (Atm) 19.2 ±1.9

Number of inflations

1.96  0.6

PD IS location pox /mid /distal (%) 94 / 87 / 12
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OCT: stent expansion

Before After p-value

Post-Dilatation Post-Dilatation
Minimum lumen/flow area (mm?2) 53+1.8 5.8+ 2.0 <0.001
Mean lumen/flow area (mm?) 73124 8.3+2.5 <0.001
Minimum stent area (mm?) 56+1.9 59122 0.017
Mean stent area (mm?) 73124 8.6+2.6 <0.001
MLA / Mean reference LA (%) 67 1110 73011 0.001
Stent expansion > 70% (%) 35% 61% 0.039
Stent expansion > 80% (%) 16% 32% 0.063
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OCT: stent expansion

Before

Post-Dilatation

After

Post-Dilatation

p-value

Minimumlumen/flow area (mm

2

) 5.3 

±

1.8 5.8 

±

2.0 <0.001

Mean lumen/flow area(mm2) 7.3 

±

2.4 8.3 

±

2.5 <0.001

Minimumstent area (mm

2

) 5.6 

±

1.9 5.9 

±

2.2 0.017

Mean stentarea(mm2) 7.3 

±

2.4 8.6 

±

2.6 <0.001

MLA/ Mean reference LA (%) 67 �10 73�11  0.001 

Stent expansion > 70% (%) 35% 61% 0.039 

Stent expansion> 80% (%) 16% 32% 0.063
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OCT: stent malapposition

Before After p-value
Post-Dilatation Post-Dilatation
Max axial distance (mm) 0.7+£0.5 0.4+0.2 0.004
Max length (mm) 39+33 20+1.6 0.002
Max malapposed area (mm?) 26122 1.1+£1.0 <0.001
Mean malapposed area (mm?) 0.8+0.7 04104 0.001
Malapposition volume (mm3) 79197 22+24 <0.001
Malapposition volume/ stent 3.81£4.0 0.9x0.9 <0.001
volume (%)
Significant malapposition* (%) 61 % 48 % 0.125

* Axial distance > 0.4mm & length > 1mm Riber et al. Eurolntervention. 2018;14:656-677
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OCT: stent malapposition

Before

Post-Dilatation

After

Post-Dilatation

p-value

Maxaxialdistance(mm) 0.7 

±

0.5 0.4 

±

0.2 0.004

Maxlength(mm) 3.9 

±

3.3 2.0 

±

1.6 0.002

Max malapposed area (mm

2

) 2.6 

±

2.2 1.1 

±

1.0 <0.001

Mean malapposed area (mm2) 0.8 

±

0.7 0.4 

±

0.4 0.001

Malappositionvolume(mm

3

) 7.9 

±

9.7 2.2 

±

2.4 <0.001

Malapposition volume/ stent 

volume (%)

3.8 

±

4.0 0.9 

±

0.9 <0.001

Significantmalapposition* (%) 61 % 48% 0.125

Räber et al. EuroIntervention. 2018;14:656-677 

* Axial distance > 0.4mm & length > 1mm
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OCT: athero-thrombotic prolapse

Before After p-value

Post-Dilatation Post-Dilatation
Max prolapse area (mm?) 1.21 £ 0.66 1.46 + 0.81 0.007
Mean prolapse area (mm?) 0.42 £ 0.23 0.52 £ 0.29 0.004
Total prolapse length (mm) 11.915.8 15.7 £ 8.9 0.001
Prolapse volume (mm3) 54146 8.1+£6.4 0.001
Max Prolapse thickness (mm) 0.85+1.05 0.66 £ 0.25 0.71
Prolapse area/Stent area >10%, 23(74.2) 22(71) 1.00

n(%)
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OCT: athero-thrombotic prolapse

Before

Post-Dilatation

After

Post-Dilatation

p-value

Max prolapse area (mm2) 1.21 

±

0.66 1.46 

±

0.81 0.007

Mean prolapse area (mm

2

) 0.42 

±

0.23 0.52 

±

0.29 0.004

Total prolapse length (mm) 11.9 

±

5.8 15.7 

±

8.9 0.001

Prolapse volume (mm3) 5.4 

±

4.6 8.1 

±

6.4 0.001

Max Prolapse thickness (mm) 0.85 

±

1.05 0.66 

±

0.25 0.71

Prolapse area/Stent area

³

10%,

n(%)

23(74.2) 22(71) 1.00
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OCT: stent edge dissection

Before After p-value
Post-Dilatation Post-Dilatation

Dissection detected by angiography 0 0

Any Dissection detected by OCT

Proximal (%) 5 (16) 6 (19) 1.00

Distal (%) 4 (12) 7 (22) 0.25

Major Dissection detected by OCT *

Proximal 3 (9) 4 (12) 1.00

Distal 1(3) 4(12) 0.25

* Lateral expansion > 60° & longitudinal expansion > 2mm Raber et al. Eurolntervention. 2018:14:656-677
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OCT: stent edge dissection

Before

Post-Dilatation

After

Post-Dilatation

p-value

Dissection detected by angiography 0 0

Any Dissection detected by OCT

Proximal (%) 5 (16) 6 (19) 1.00

Distal (%) 4 (12) 7 (22) 0.25

Major Dissection detected by OCT *

Proximal 3 (9) 4 (12) 1.00

Distal  1 (3) 4 (12) 0.25

* Lateral expansion > 60o& longitudinal expansion > 2mm

Räber et al. EuroIntervention. 2018;14:656-677 
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Coronary Physiology : IMR
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Coronary Physiology : IMR
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before postdilatation
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Coronary Physiology: CFR

CFR,. VS. CFR o5t 1.60+0.89 vs. 1.58 +0.71

p =0.87
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Coronary Physiology: CFR
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Coronary Physiology: FFR
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Coronary Physiology: FFR
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Correlation of MLA and FFR pre and
after PD

r=0.408, p = 0.023 r=0.375, p = 0.038
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Correlation of MLA and FFR pre and 
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r = 0.408, p = 0.023 
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Conclusions

Stent optimisation by post-dilatation with NC balloons in
STEMI patients

* Improved significantly stent expansion & apposition
* Improved significantly post PCI FFR

 Did not affect microcirculation overall
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"‘tct2018 Do we need wedge pressure for calculation of the index of microcirculatory resistance (IMR) ﬁ Anglia Ruskin
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Background Results

The index of microcirculatory resistance (IMR) emerges as a Baseline Characteristics
valuable prognostic tool in STEMI patients undergoing primary PCI Age (years) £ SD 66 + 11 Figure 2. A) Correlation of IMR and IMRcor B) Correlation of DELTA IMR (IMR —
(PPCI). Male (%) 87 IMRcor) and wedge pressure
Diabetes Mellitus (%) 10
An IMR value > 40 at the end of the procedure has been related 2009 R2=(,9975 A 200 10 2 0116 B)
with worse clinical outcomes. Presentation Characteristics P <0.001 ) 0 = 0.007
Culprit vessel LAD/ Cx / RCA (%) 45/16/39
In the presence of significant coronary stenosis, IMR calculation TIMI flow O at presentation (%) 83 . .
requires accounting for collateral circulation by correcting for Rentrop collateral grading = 1 at presentation (%) 53 o
wedge pressure (Pw). T § 14
Haemodynamic Measurements oo =
: : _ - Q. <
In STEMI patients the presence of collaterals prior to vessel Hypereamic Pa + SD (mmHg) 74116 g o ' =
recanalization _is not uncommon. .It has been suggested that Hypereamic Pd + SD (mmHg) 68+15 n‘:’g m
collateral function does not regress instantly after PCI. Hypereamic Tm + SD (sec) 0.7¢+05 = 3 Q
Wedge pressure (Pw) £ SD (mmHQ) 2118 2

50

4)]
o

The aim of this analysis was to assess the impact of Pw in the
calculation of IMR measured at the end of PPCI.

Figure 1. IMR and IMR corrected for wedge pressure

0 0

IMR uncorrected
47.4 £ 30.3 45.9 £ 29.9 Wedge pressure (mmHg)

Data for this analysis were collected during the POSTDIL-STEMI | |
study (ClinicalTrials.gov: NCT02788396), where IMR was . . IMR did not cross the cut off value 40 in any of the measurements, when

150
measured immediately before and after post-dilatation of stents corrected for Pw.

. . p <0.001 .
deployed during PPCI for STEMI. . T Conclusions

Y o

2100
02 mea?furem%n.ts 301f ”V![R atnd IMR corrected for Pw (IMRcor) - Correcting IMR measured at the end of PPCI for STEMI patients
were perrormed in patients. for wedge pressure, resulted in a small numerical change, which

has limited clinical significance.
IMR = Pd x Tm IMRcor = pa x Tm x [(Pd — Pw) / (Pa — Pw)] %0 °
Disclosure of interest

Wedge pressure was calculated during post-dilatation balloon
inflation. 0 The authors have no conflict of interest to disclose.
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wedge pressure
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Results
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Disclosure of interest

Baseline Characteristics

Age (years) ± SD 66 ± 11 

Male (%) 87

Diabetes Mellitus (%) 10

Presentation Characteristics

Culprit vessel LAD/ Cx / RCA (%) 45/16/39

TIMI flow 0 at presentation (%) 83

Rentrop collateral grading ≥ 1 at presentation (%) 53

Haemodynamic Measurements

Hypereamic Pa ± SD (mmHg) 74±16

Hypereamic Pd ± SD (mmHg) 68±15

Hypereamic Tm ± SD (sec) 0.7±0.5

Wedge pressure (Pw) ± SD (mmHg) 21±8 

Do we need wedge pressure for calculation of the index of microcirculatory resistance (IMR) 

post primary PCI in patients with ST segment elevation myocardial infarction (STEMI)?
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The index of microcirculatory resistance (IMR) emerges as a

valuable prognostic tool in STEMI patients undergoing primary PCI

(PPCI).

An IMR value > 40 at the end of the procedure has been related

with worse clinical outcomes.

In the presence of significant coronary stenosis, IMR calculation

requires accounting for collateral circulation by correcting for

wedge pressure (Pw).

In STEMI patients the presence of collaterals prior to vessel

recanalization is not uncommon. It has been suggested that

collateral function does not regress instantly after PCI.

The aim of this analysis was to assess the impact of Pw in the

calculation of IMR measured at the end of PPCI.

Data for this analysis were collected during the POSTDIL-STEMI

study (ClinicalTrials.gov: NCT02788396), where IMR was

measured immediately before and after post-dilatation of stents

deployed during PPCI for STEMI.

62 measurements of IMR and IMR corrected for Pw (IMRcor)

were performed in 31 patients.

IMR = Pd x Tm IMRcor = pa x Tm x [(Pd – Pw) / (Pa – Pw)]

Wedge pressure was calculated during post-dilatation balloon

inflation.

Correcting IMR measured at the end of PPCI for STEMI patients

for wedge pressure, resulted in a small numerical change, which

has limited clinical significance.

The authors have no conflict of interest to disclose.

Figure 1. IMR and IMR corrected for wedge pressure 

Figure 2. A) Correlation of IMR and IMRcor B) Correlation of DELTA IMR (IMR –

IMRcor) and wedge pressure 
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Impact of stent optimisation with non-compliant balloons on coronary microcirculation in STEMI
jqfi Anglia Ruskin patients undergoing primary PCI
University
G Karamasis'?, A Kalogeropoulos?, V Marco*, F Al-Janabi’, R Jagathesan', A Kabir', J Sayer'!, N Robinson', R Aggarwal'!, G Clesham'2, R Gamma’, P Kelly', K Tang",
F Prati4, T Keeble'2, J Davies'2

1. Essex Cardiothoracic Centre, Basildon, UK, 2. School of Medicine, Anglia Ruskin University, UK, 3. Royal Sussex County Hospital, Brighton, UK 4. CLI Foundation, Rome, Italy

The aim of this study was to assess the impact of stent Baseline Characteristics
optimisation by post-dilatation with non-compliant (NC) balloons on Age (years) 66 + 11 Figure 2. IMR corrected for wedge pressure measured at culprit vessel pre and
coronary microcirculation in patients undergoing primary Male (%) 78 % immediately after post-dilatation
percutaneous coronary intervention (PPCI) for ST elevation Diabetes Mellitus (%) 12.5%
myocardial infarction (STEMI). Active smoker (%) 21.9% 200 p=0.164
Procedural Characteristics
TIMI flow 0 at presentation (%) 81.3% o 150
This was a single centre observational prospective study Thrombus aspiration (%) 71.9% g
(POSTDIL-STEMI, ClinicalTrials.gov: NCT02788396). Stented segment length (mm) 29.9£10.7 g
Stent diameter (mm) 3.1:0.5 o 1007
. . o
32 patients undergoing PPCI for STEMI were recruited. Maximum PD balloon diameter (mm) 3.6+0.6 I
Maximum PD pressure (atm) 19.3+2.0 =
After stent implantation, all patients had post-dilatation (PD) with Number of PD inflations 2.0:0.6 507
non-compliant balloons at high pressures.
. . . Figure 1. IMR measured at culprit vessel pre and immediately after post-dilatation 0
The index of microvascular resistance (IMR) was measured pre - -
and immediately post PD. Before stent After stent
postdilatation postdilatation
. . . . 2007 p =0.260
Wedge pressure was calculated during balloon inflation in order
to allow corrected IMR (IMRc) calculation. CO“C'USionS
B 150 . . . . )
o In STEMI patients undergoing PPCI, post dilatation with NC
Table 1. Indices of coronary haemodynamics before and after PD 9 balloons at high pressures did not have an impact on coronary
= microcirculation as assessed by the index of microvascular
g 1004 resistance
mean +SD (mmHg) Before PD After PD p-values c .
=
Resting Pd 81.7+14.9 81.9+13.7 0.84 -4 A o
9 = - e Disclosure of interest
Resting mTt 0.96:0.96 0.98:0.58 0-69 The authors have no conflict of interest to disclose.
Hyperaemic Pd 67.1+15.6 69.4+14.8 0.01 o
T T The Essex

Hyperaemic mTt 0.68+0.39 0.72+0.53 0.41 Before stent After stent e o
postdilatation postdilatation Ca rdlothoraC|C Centre
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Baseline Characteristics  

Age (years)  66 ± 11  

Male (%)  78 % 

Diabetes Mellitus (%)  12.5% 

Active smoker (%)  21.9% 

Procedural Characteristics  

Culprit vessel LAD (%)  43.8% 

TIMI flow 0 at presentation (%)  81.3% 

Thrombus aspiration (%)  71.9% 

Stented segment length (mm)  29.9

±

10.7  

Stent diameter (mm)  3.1

±

0.5  

Maximum PD balloon diameter (mm)  3.6

±

0.6  

Maximum PD pressure (atm)  19.3

±

2.0  

Number of PD inflations   2.0

±

0.6  

Impact of stent optimisation with non-compliant balloons on coronary microcirculation in STEMI  

patients undergoing primary PCI 
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The aim of this study was to assess the impact of stent 

optimisation by post-dilatation with non-compliant (NC) balloons on 

coronary microcirculation in patients undergoing primary 

percutaneous coronary intervention (PPCI) for ST elevation 

myocardial infarction (STEMI). 

 

This was a single centre observational prospective study 

(POSTDIL-STEMI, ClinicalTrials.gov: NCT02788396).  

32 patients undergoing PPCI for STEMI were recruited.  

After stent implantation, all patients had post-dilatation (PD) with 

non-compliant balloons at high pressures.  

 

The index of microvascular resistance (IMR) was measured pre 

and immediately post PD.  

Wedge pressure was calculated during balloon inflation in order 

to allow corrected IMR (IMRc) calculation. 

 

In STEMI patients undergoing PPCI, post dilatation with NC 

balloons at high pressures did not have an impact on coronary 

microcirculation as assessed by the index of microvascular 

resistance.  

 

   

 

The authors have no conflict of interest to disclose. 

Figure 1. IMR measured at culprit vessel pre and immediately after post-dilatation   

Figure 2. IMR corrected for wedge pressure measured at culprit vessel pre and 

immediately after post-dilatation 

mean 

±

SD (mmHg)  Before PD  After PD  p-values 

Resting Pd

 

81.7

±

14.9  81.9

±

13.7  0.84 

Resting mTt 

 

0.96

±

0.96  0.98

±

0.58   0.69 

Hyperaemic Pd

 

67.1

±

15.6  69.4

±

14.8  0.01 

Hyperaemic mTt  0.68

±

0.39  0.72

±

0.53  0.41 

Table 1. Indices of coronary haemodynamics before and after PD 


