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Abstract 
Coronary artery disease (CAD) remains the leading cause of death worldwide with approximately 1 in 30 patients with stable CAD experiencing death or acute myocardial infarction each year. The presence and extent of resultant myocardial ischaemia has been shown to confer an increased risk of adverse outcomes. Whilst, optimal medical therapy (OMT) forms the cornerstone of the management of patients with stable CAD, a significant number of patients present with ischaemia refractory to OMT. Historically coronary angiography alone has been used to determine coronary lesion severity in both stable and acute settings. It is increasingly clear that this approach fails to accurately identify the haemodynamic significance of lesions; especially those that are visually ‘intermediate’ in severity. Revascularisation based upon angiographic appearances alone may not reduce coronary events above OMT. Technological advances have enabled the measurement of physiological indices including the fractional flow reserve, the index of microcirculatory resistance and the coronary flow reserve. The integration of these parameters into the routine management of patients presenting to the cardiac catheterisation laboratory with CAD represents a critical adjunctive tool in the optimal management of these patients by identifying patients that would most benefit from revascularisation and importantly also highlighting patients that would not gain benefit and therefore reducing the likelihood of adverse outcomes associated with coronary revascularisation. Furthermore, these techniques are applicable to a broad range of patients including those with left main stem disease, proximal coronary disease, diabetes mellitus, previous percutaneous coronary intervention and with previous coronary artery bypass grafting. This review will discuss current concepts relevant to coronary physiology assessment, its role in the management of both stable and acute patients and future applications.
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Core tip: Coronary artery disease remains the leading cause of death worldwide. There is increasing evidence to suggest that the use of invasive coronary angiography alone may not reliably identify all lesions associated with haemodynamic compromise. Technological advances have enabled the measurement of a number of coronary physiological indices which when incorporated into routine practice are associated with improved outcomes, reduced risks and greater economy. This review will discuss current concepts relevant to coronary physiology assessment, its role in the management of both stable and acute patients and future applications.
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INTRODUCTION
Coronary artery disease (CAD) is the leading cause of death worldwide[1] with approximately 1 in 30 patients with stable CAD experiencing acute myocardial infarction (AMI) or cardiovascular death each year[2]. The presence of resultant myocardial ischaemia and its extent has been shown to confer increased risk of adverse outcomes[3-6]. With an increasing burden of atherosclerotic coronary disease and the associated high event rate, there is a need to identify both patients at highest risk with most to benefit from revascularisation strategies and also those that would be best managed by a conservative approach to improve clinical outcomes and minimise exposure to procedural risks. 
Prevention by risk factor control and optimal medical therapy (OMT) including aspirin[7], beta-blockers[8], statins[9] and angiotensin converting enzyme inhibitors forms the cornerstone of the management of patients with stable CAD[10,11]. However, a significant number of patients present with myocardial ischaemia refractory to OMT and subsequently undergo coronary revascularisation by percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG) with the aim of reducing ischaemic burden and therefore risk[12]. 
Historically visual assessment of coronary lesions by invasive coronary angiography in isolation has been used to determine the severity of coronary lesions in both stable and acute settings. It is increasingly clear that this approach fails to accurately consistently identify the haemodynamic significance of lesions, especially those that are ‘intermediate’ in severity[13] and that revascularisation based upon angiographic appearances may not reduce coronary events above OMT alone[14]. Recent advances in technology and understanding of coronary physiology have resulted in its central role in the assessment of patients in the catheterization laboratory and their optimal management[15,16]. This review will discuss current concepts relevant to coronary physiology assessment, its role in the management of patients and possible future applications.

CORONARY PHYSIOLOGY
Technological advances have enabled the measurement of a number of physiological indices including the fractional flow reserve (FFR), the index of microcirculatory resistance (IMR) and the coronary flow reserve (CFR). 

FFR
FFR is the ratio of myocardial blood flow in a stenosed coronary artery at maximal hyperaemia in comparison to normal (proximal) myocardial flow. It quantifies the pressure drop measured across a coronary artery stenosis[17] and therefore the physiological significance of the lesion. The pressure drop is directly proportional to stenosis length, inversely proportional to lumen cross-sectional area and related to the square of the blood velocity. FFR is thus related to both lesion morphology and the volume of viable subtended myocardium and is independent of changes in haemodynamic conditions[18]. 

CFR
CFR is the ratio of hyperaemic to resting coronary flow and incorporates both the epicardial and microvascular circulations[19]. A value of < 2.0 is correlated with stenosis severity[20]. 

IMR
IMR is a measure of true microcirculatory resistance and is calculated by measuring the distal arterial pressure at hyperaemia divided by the inverse of the transit time. The IMR is not influenced by the presence or absence of epicardial artery stenosis[21]. There is no absolute validated ‘normal’ value but a cut-off value of 32 units has been shown to be predictive of myocardial recovery following AMI[22].

Technique
To measure the FFR, a wire with a distal pressure sensor is advanced into a guiding coronary artery catheter, the pressure is equalised, and then passed distal to the coronary stenosis of interest (Figure 1A). The aortic pressure (Pa) is measured from the guide catheter and the distal pressure (Pd) from the pressure sensor distal to the stenosis (Figure 1B). To calculate the FFR, hyperaemia is achieved by the administration of intravenous (140 mcg/kg/min) or intracoronary (20-50 mcg) adenosine and is the ratio of hyperaemia Pd/Pa (Figure 1C). Other hyperaemic stimuli can be used but adenosine is the most widely validated.
In the measurement of IMR and CFR, the shaft of the pressure wire is used to detect changed in the temperature-dependent electrical resistance and thus acts as a proximal thermistor. The sensor at the end of the wire is used to simultaneously measures pressure and temperature at the distal end of the artery. Therefore, the transit time of room-temperature saline injected through the guiding coronary artery catheter can be calculated using a thermodilution technique[23]. The initial transit time is recorded (Tmn) following three injections of room-temperature saline. Following hyperaemia, three further injections of room-temperature saline are administered and hyperaemia Tmn js measured. The thermodilution CFR is calculated by dividing the resting Tmn by the hyperaemic Tmn. The IMR is calculated as the distal coronary pressure (Pd) at maximal hyperaemia divided by the inverse of the hyperaemic Tmn.

MYOCARDIAL ISCHAEMIA
Many studies have demonstrated that the presence and extent of myocardial ischaemia is closely related to adverse clinical events[5-6,24] with the annual rate of cardiac death and AMI positively correlated with the extent of myocardial ischaemia[24]. Coronary revascularisation has been demonstrated to be beneficial in individuals with moderate and severe ischaemia, with OMT being optimal in patients with mild or no ischaemia[25,26]. In patients with demonstrated extensive ischaemia (> 20% myocardium), an early revascularisation strategy (as opposed to OMT alone) is associated with a 30% reduction in risk of all-cause death[25].
The identification of the presence and extent of myocardial ischaemia in patients presenting with stable CAD is critical to their optimal management. Myocardial perfusion imaging is the most commonly used modality however stress echocardiography and magnetic resonance imaging are increasingly being employed.
There is some evidence that an ischaemia-guided revascularisation strategy is associated with improved prognosis and outcome[27,28]. In patients that underwent myocardial perfusion imaging prior to revascularisation (PCI or CABG) and then in the follow up period, the incidence of patients with worsening ischaemia (> 5% of total myocardium) was more common in patients treated medically in comparison to patients who underwent revascularisation (PCI or CABG) and was an independent predictor of adverse outcomes[29].

CORONARY PHYSIOLOGY AND STABLE CORONARY ARTERY DISEASE
PCI reduces mortality in patients with acute coronary syndromes[30], however, in patients presenting with stable CAD, PCI results in an improvement of angina symptoms alone without a mortality advantage in comparison to OMT alone[14]. These results may be a consequence of sub-optimal patient selection due to the sole reliance of visual assessment of coronary lesion by invasive coronary angiography to determine the severity of disease with no information as to the haemodynamic significance of these lesions[31,32]. This can result in inappropriate coronary revascularisation with little benefit and potential procedural risk.
The severity of a lesion (and resultant extent of myocardial ischaemia) is dependant on a number of factors including the severity of luminal narrowing, lesion length and extent of subtended myocardium. As discussed in the previous section, whilst non-invasive techniques can be employed to ascertain the extent of myocardial ischaemia, many patients present to the cardiac catheterisation laboratory without having undergone such assessment and indeed, in the setting of multi-vessel disease, non-invasive stress tests are often not able to definitively detect and localise ischaemia[33]. Furthermore, if a non-invasive image approach is taken, a positive test will result in repeat catheterisation for PCI – thus further subjecting a patient to procedural complications, delaying revascularisation and being less economical. The use of coronary physiology provides the unique ability to gain immediate information with regards to the haemodynamic significance of specific coronary lesions in patients already in the cardiac catheterisation laboratory attending for coronary angiography and identify those at highest risk who are most likely to benefit from PCI. 
In stable CAD, CFR decreases as stenosis severity increases. When compared to non-invasive parameters a value of < 2.0 has been shown to correlate with significant ischaemia[20]. However, because CFR takes account of both epicardial and microvascular circulations, this measure can be influenced by exogenous factors[19] and therefore due to confounding factors is no longer used for stenosis assessment[34].
In the setting of stable CAD, the IMR has recently been shown to be independent of the severity of epicardial stenosis when collateral coronary flow is accounted for[35]. IMR may however, play a role in predicting outcome following elective PCI, with a high IMR pre-PCI predicting peri-procedural myocardial infarction following PCI[36].
FFR is a highly reproducible technique and is insensitive to external factors such as changes in haemodynamics[18]. The normal FFR is 1 with a value of ≤ 0.75 associated with ischaemia[37] and ≥ 0.8 not associated with significant ischaemia[38]. There is therefore a ‘grey zone’ of between 0.75-0.8, however the majority of clinical studies to date have adopted a lower normal value of 0.8[12] to define significant ischaemia.
As opposed to relying solely on angiographic appearances, a FFR guided strategy has been shown to identify patients who would most benefit from coronary revascularisation. In the DEFER (deferral versus performance of PCI of non-ischaemia-producing stenoses) study[39], in patients with single-vessel coronary disease and a measured FFR ≥ 0.75, deferral of PCI was associated with similar event free survival in both OMT and PCI groups at five years[40]. 
      In patients presenting with multi-vessel coronary disease, the clinical utility of myocardial perfusion imaging has been doubted. The technique measures relative differences (normal versus abnormal) in myocardial perfusion between coronary artery territories. Thus, in multi-territory ischaemia, the relative differences may be less pronounced resulting in ‘balanced ischaemia’ even in the presence of significant ischaemia as determined by FFR. The FAME study[12] (FFR versus angiography for multi-vessel evaluation trial) which investigated patients with multi-vessel coronary disease, supported an FFR-guided strategy in comparison to angiography alone with an associated reduction in mortality or MI at 2 years[15]. This benefit was also found to be true when compared to contemporary OMT in the more recent FAME II study[16] that indicated that an FFR-guided strategy resulted in a lower rate of urgent revascularisation.
FFR has been shown to be reproducible both in singe and multi-vessel coronary disease. However in certain instances, caution should be taken in interpreting coronary physiology parameters.

Left main stem disease
In patients presenting with left main stem disease, FFR has been shown to be useful in managing revascularisation strategies[41]. This is also true of left main stem disease and concomitant downstream stenosis if the pressure wire is placed in a non-stenosed downstream vessel and the other vessel does not have a critical proximal stenosis[42].

Post PCI
FFR following PCI has been shown to predict outcome. Post PCI FFR was found to be the strongest predictor of major adverse cardiovascular events at 6 months[43]. FFR has also been utilised following bifurcation stenting, illustrating that even in the presence of appearances in keeping with severe pinching of side branches, FFR was rarely ≤ 0.75 and therefore of no haemodynamic significance[44].

Myocardial scar
Following AMI, irreversibly injured myocardium is replaced by scar tissue that results in a reduction in the microcirculation to this territory. FFR in this context can therefore still be used to guide future management strategies, with the value representing viability of the subtended myocardium, but after an appropriate interval to allow for myocardial healing following AMI to ensure adequate hyperaemia[45].

Grafts
FFR can also safely be used in patients with previous CABG. In an observational study, patients with intermediate stenoses in both arterial and vein graft conduits that were managed by adopting a FFR-guided PCI strategy suffered significantly lower major adverse clinical endpoints as compared to an angiography guided group[46].

Diabetes mellitus
FFR depends upon the vasodilatative capacity of the coronary system and therefore achieving maximal hyperaemia. Patients with diabetes mellitus, suffer abnormalities in microvascular function with altered vasodilatative capacity and increased vascular resistance. Whilst caution should be taken in when using FFR in this patient group[47], a recent study comparing FFR in diabetic and non-diabetic patients has shown that FFR appears to be accurate and applicable in this patient group[48].
      These studies highlight the critical role played by coronary physiology in identifying haemodynamically significant coronary stenoses that may benefit from revascularisation, and allow targeted vessel specific treatment beyond the angiographic appearances. The concept of the functional as opposed to the anatomical SYNTAX score appears to stratify patients appropriately to CABG or PCI or patients that would be best managed by OMT. FFR is broadly applicable to all patient groups and is associated with improved outcomes. 

CORONARY PHYSIOLOGY AND ACUTE CORONARY SYNDROMES
In the setting of AMI, myocardial inflammation resulting in oedema can result in blunting of the hyperaemic response in the microcirculation resulting in falsely high FFR values, however coronary physiology parameters can potentially still be useful in guiding the management of this patient group. 
     The IMR when measured in the setting of primary PCI has been shown to correlate with the extent of microvascular obstruction and independently predicted left ventricular systolic function and infarct volume[22,49] and thus provides important prognostic information in this patient group. The clinical utility of this approach, however, is presently unknown. 
The thermodilution CFR when measured in the first day after primary PCI also offers important prognostic information with a significant decrease in CFR in patients with impaired left ventricular systolic function. Conversely a greater increase in CFR by day 1 was associated with a higher salvage index[50].
A significant number of patients presenting with acute coronary syndromes also have visually severe ‘non-culprit’ epicardial artery lesions. FFR of ‘non-culprit’ lesions has been shown to be reliable[51] and has been used to guide revascularisation of these lesions. A large prospective multicentre randomised trial is currently underway to investigate the utility of this approach further[52].

LIMITATIONS
The adjunctive beneficial role that coronary physiology plays in the management of CAD has been discussed thus far. There are however, some limitations. The possibility of false negative or false positive results does exist, for example if maximal hyperaemia is not achieved or if instrumentation of the coronary artery induces coronary artery spasm. There is a risk of coronary artery injury (perforation or dissection) with instrumention of the artery to obtain measurements. Finally, there is an additional economic cost when adopting coronary physiology into routine clinical practice with the cost of pressure wires, cost of adenosine, and extra cardiac catheterization laboratory time required. These have all currently limited widespread uptake of these techniques.

FUTURE DIRECTIONS
A current limitation to invasive coronary physiology techniques is the need to induce maximal hyperaemia with agents such as adenosine. Patients may have contraindications to this agent, and additionally there is a time and cost implication. More recently an adenosine independent index of stenosis severity – the instantaneous wave-free ratio (iFR) has been developed[53]. The accuracy of this ratio in comparison to FFR has been shown to be approximately 80%[54] and outcome data from the on-going DEFINE-FLAIR (functional lesion assessment of intermediate stenosis to guide revascularisation) study[55] are awaited to ascertain if this index can be used routinely in clinical practice.
     In the future, there may be non-invasive anatomical and functional imaging surrogates for FFR. Current anatomical imaging modalities [e.g., computed tomography (CT)] correlate poorly with lesion haemodynamic significance and do not capture information related to translesional energy/pressure losses[56]. Newer techniques including CT myocardial perfusion[57], the measurement of contrast gradients in conventional CT angiography[58] and the use of three-dimensional luminal anatomy are currently being evaluated to investigate if they correlate with FFR values for the evaluation of coronary stenoses[59]. Current technologies however have not been shown to equal the sensitivity and specificity of FFR[60].

DISCUSSION
The integration of invasive coronary physiology measurements into the routine management of patients presenting to the cardiac catheterisation laboratory with CAD represents a critical adjunctive tool in the optimal management of these patients. The use of FFR can identify patients that would most benefit from revascularisation either by PCI or CABG and importantly also highlights patients that would not gain benefit and therefore reducing the likelihood of adverse outcomes associated with coronary revascularisation. In the setting of acute coronary syndromes, the use of IMR and CFR provides important information with regard to outcome and myocardial salvage, although the clinical value of these measures remains uncertain. The interpretation of the described coronary physiology indices is now essential in current interventional cardiology practice and is represented by current training medical curricula in this sub-specialty field.
      The use of newer techniques to derive FFR– both invasively that do not depend on the administration of agents to induce hyperaemia and non-invasive functional imaging may result in coronary physiology parameters playing an even more central role in the future. 
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Figure 1 Fractional flow reserve of an ‘intermediate’ lesion in the left anterior descending artery. A: Fluoroscopic image obtained in the right anterior oblique projection demonstrating an angiographically intermediate stenosis (black arrow) and a pressure wire in-situ (white arrow); B: Pressure trace demonstrating a fractional flow reserve (FFR) of 0.86; C: Pressure trace demonstrating a FFR of 0.77 at maximal hyperaemia that is positive. The patient then proceeded to successful percutaneous coronary intervention of the LAD.
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Table 1 Advantages and disadvantages of the different coronary physiology indices
	
	Advantages
	Disadvantages

	FFR
	Clear ‘cut-off’ value
Clinically validated
Can be used in a wide range of patients
Accounts for collateral circulation
	Requires administration of vasodilator
Risk of coronary artery injury
Relatively expensive

	IMR
	True measure of microcirculatory resistance independent of epicardial coronary disease
A tool to potentially predict prognosis in acute patients 
	Requires administration of vasodilator
The full extent of clinical utility is currently unknown


	CFR
	A tool to potentially predict prognosis in acute patients

	Value is affected by both epicardial disease and microvasculature 
The full extent of clinical utility is currently unknown
Influenced by heamodynamics


FFR: Fractional flow reserve; IMR: Index of microcirculatory resistance; CFR: Coronary flow reserve.
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