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Abstract

Surgical revascularization with coronary artery bypass grafting (CABG) has become established as the most effective interventional therapy for patients with moderately severe and severe stable ischemic heart disease (SIHD). This recommendation is based on tradi​tional 5-year outcomes of mortality and avoidance of myocardial infarction leading to reintervention and/or cardiac death. However, these results are confounded in that they challenge the traditional CABG surgical tenets of completeness of anatomic revascularization, the impact of arterial revascularization on late survival, and the lesser impact of secondary prevention following CABG on late outcomes. Moreover, the emergence of physiologic-based revascularization with percutaneous cardiovascular intervention as an alternative strategy for revascularization in SIHD raises the question of whether there are similar physiologic effects in CABG. Finally, the ongoing ISCHEMIA trial is specifically addressing the importance of the physiology of moderate or severe ischemia in optimizing therapeutic interventions in SIHD. So it is time to address the role that physiology plays in surgical revascularization. The long-standing anatomic framework for surgical revascularization is no longer sufficient to explain the mechanisms for short-term and long-term outcomes in CABG. Novel intraoperative imaging technologies have generated important new data on the physiologic blood flow and myocardial perfusion responses to revascularization on an individual graft and global basis. Long-standing assumptions about technical issues such as competitive flow are brought into question by real-time visualization of the physiology of revascularization. Our underestimation of the impact of Guideline Directed Medical Therapy, or Optimal Medical Therapy, on the physiology of preoperative SIHD, and the full impact of secondary prevention on post-intervention SIHD, must be better understood. In this review, these issues are addressed through the perspective of multi-arterial revascularization in CABG, which is emerging (after 30 years) as the “standard of care” for CABG. In fact, it is the physiology of these arterial grafts that is the mechanism for their impact on long-term outcomes in CABG. Moreover, a better understanding of all of these preoperative, intraoperative and postoperative components of the physiology of revascularization that will generate the next, more granular body of knowledge about CABG, and enable surgeons to design and execute a better surgical revascularization procedure for patients in the future.
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Core tip: This review examines the emerging under​standing of physiology in revascularization from the preoperative, intraoperative and postoperative per​spectives. The particular importance of physiology in arterial revascularization, which is becoming the standard of care, is discussed using novel intraoperative imaging data results. These imaging data objectively confirm certain physiologically-determined outcomes, and highlight inadequacies in a number of long-standing assumptions about surgical revascularization with coronary artery bypass grafting.
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INTRODUCTION

Arterial revascularization, and in particular complete arterial revascularization, is a current emerging trend in surgical revascularization with coronary artery bypass grafting (CABG). This Review examines the physiologic aspects of arterial revascularization in light of its documented clinical outcomes benefits (Table 1).

ARTERIAL REVASCULARIZATION IN CABG

Since its inception in the 1960s, the history of CABG has included incremental developments to improve outcomes[1]. Among these, the use of in situ internal mammary artery (IMA) grafting has been documented to have the most profound beneficial effect[2,3]. Placed to the left anterior descending coronary artery (LAD), this intervention is perhaps the most singularly effective in all of ischemic heart disease[4,5]. Multiple studies have documented excellent short-term angiographic results, superior long-term patency vs other conduits, and a direct impact on long-term survival in observational studies[6,7]. Interestingly, this benefit appears to have its maximal impact 10-20 years post-surgery, after most non-arterial conduits have lost their efficacy[8]. 

Surgical groups with a long-standing interest in multi-arterial grafting have hypothesized about the mechanism(s) for this incremental benefit on survival, based on their excellent observational studies[9-11]. With improvement in techniques such as skeletonization[12], the use of bilateral arterial grafting is being advocated as the new “standard” of care[13,14]. This despite the additional work product and time required for this sur​gical approach, because of it’s association with signifi​cantly better long-term outcomes[15]. 

The standard explanation for these improved out​comes is the substantial long-term anatomic patency of arterial grafts, both early and late[16]. While this certainly is a factor, the complete mechanism is more com​plicated. Indeed, as our understanding of the physiologic substrates for stable ischemic heart disease (SIHD) and acute coronary syndrome (ACS) have evolved, it is clear that physiologic factors are as if not more important than anatomic factors, which have for years formed the based of technical surgical revascularization design and execution.
Thus the premise of this review is that the true impact of multi-arterial in situ grafting in CABG results from its impact on the physiology of myocardial reva​scularization in that patient.

PREOPERATIVE FACTORS AND INFLUENCES

The revascularization strategy that is CABG today should be very different from previous iterations, in order to take advantage of: (1) concomitant deve​lopments in ischemic heart disease therapies and their physiologic impact on SIHD and ACS; and (2) the changes in the patient population of those patients coming to surgery, and the changes in the myocardial pathophysiologic substrate in these new patients. Truly innovative improvements in surgical revascularization must address these physiologic and pathophysiologic substrate issues in order to be successful. 

Nowhere has this been more evident than in the emergence of optimal medical therapy (OMT), or guideline-directed medical therapy (GDMT), in SIHD[17]. From an afterthought 10-15 years ago, GDMT has emerged as an initial mainstay of therapy for SIHD patients outside the scope of ACS, where emergent intervention can be life-saving[18]. The impact of GDMT on clinical survival outcomes was documented in the Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE) and trial sub-studies in patients with mild to moderate ischemia[19-22]. These findings are not without controversy, how​ever[23,24], with particular attention to their impact on early inter​vention revascularization strategies, mostly for per​cutaneous coronary intervention (PCI) but also for CABG[17]. The COURAGE population had predominantly mild ischemia symptoms and objective findings, and early PCI in these patients demonstrated no benefit in terms of the primary outcome of death from any cause and non-fatal myocardial infarction (MI)[19]. 
The importance of preoperative ASA, beta-blockers and statins on CABG surgical outcomes have all been examined as well. Preoperative beta-blockade was documented to positively impact on CABG outcomes in 2002[25], with incorporation into the National Quality Forum Quality Measures for CABG Surgery and the ACCF/AHA Guidelines for CABG[26]. A decade later, this benefit was re-examined in a more contemporary patient population, and no longer found to be a statistically significant influence on survival[27]. Rather than indicating the loss of effectiveness of beta-blocker therapy in CABG patients however, or that the initial studies were flawed, these findings almost certainly reflect the change in the underlying physiologic substrate of patients coming for contemporary CABG[28,29]. 
In patients with SIHD, GDMT is necessary because it prevents MI and death. The mechanism for the effectiveness of GDMT is the beneficial modulation of the underlying physiologic substrates of hypoperfusion/ischemia, atherosclerosis, myocardial contractility and relaxation, and microvascular and macrovascular myocardial blood flow[30]. Obviously, these same factors greatly influence CABG patients as well. 

The impact of GDMT with and without early reva​scu​lari​zation in patients with moderate to severe ische​mia is currently being tested in the International Study of Comparative Health Effectiveness with Medical and Invasive Approaches (ISCHEMIA) trial, (NCT01471522). The aim of the ISCHEMIA trial is to determine whether an initial invasive strategy of cardiac catheterization and optimal revascularization (with PCI or CABG, as determined by the local heart team) plus OMT will reduce the primary composite endpoint of cardiovascular death or nonfatal MI in SIHD with moderate or severe ischemia and medically controllable or absent sym​ptoms, as compared with an initial conservative strategy of OMT alone, with catheterization reserved for failure of OMT (Figure 1). The major secondary endpoint is angina-related QoL. Other important secondary endpoints are health resource utilization, costs and cost effectiveness. The ISCHEMIA study thus aims to address limitations of previous strategy trials by: (1) enrolling patients before catheterization, so that anatomically high-risk patients are not excluded; (2) enrolling a higher-risk patients are not excluded; (3) minimizing crossovers; (4) using contemporary DES and physiologically-guided decision-making [fractional flow reserve analysis (FFR)] to achieve complete ischemic (rather than anatomic) revascularization; and (5) being adequately powered to demonstrate whether routine revascularization reduces cardiovascular death or non-fatal MI in patients with SIHD and at least moderate ischemia. The results of the ISCHEMIA trial will have important implications regarding global guidelines for performance and reimburse​ment of revascularization procedures in patients with SIHD.

One additional preoperative pathophysiologic substrate that impacts surgical revascularization today much more than before involves the substantial develop​ment of the myocardial collateral circulation as a result of the heart’s response to MI or even transient myocardial ischemia[31,32]. According to the STS database, appro​ximately 40% of patients revascularized with CABG have a documented prior MI, with many more lacking that documentation or with a history of multiple episodes of ischemia preoperatively. Thus patients coming to surgery today have much more extensive collateralization than in the past. These collaterals have been directly linked to long-term survival in IHD patients, and recently their importance in patients with diabetic microvascular disease has been established[33,34]. 
In surgical revascularization with CABG, particularly in patients with extensive anatomic and functional disease, these collaterals impact the effectiveness of each individual bypass graft, depending upon the regional myocardial perfusion substrate supplied by that graft and the surrounding adjacent substrates[35-37]. 

Several randomized trial post-hoc analyses have produced data to support the importance of this patho​physiologic substrate in contemporary CABG patients. The Project of Ex-Vivo Vein Graft Engineering via Transfection IV (PREVENT IV) documented 12-18 mo angiographic follow-up and 5-year clinical outcomes[38]. Vein graft failure in patients on follow-up angiogram was common (43%); in these patients followed for 4 years, clinical outcomes were associated with repeat revascularization, but not with death and/or MI[39]. These data suggest that the myocardium supplied by these occluded vein grafts had enough other blood flow [from the native target vessel epicardial coronary artery (TVECA) and/or collateral flow] so as not to influence the major outcomes of death and MI. In the SYNergy between PCI with TAXus and cardiac surgery (SYNTAX) trial, (ClinicalTrials.gov number NCT00114972)[40] the better outcomes seen in the surgical arm occurred despite a > 40% incomplete revascularization rate at CABG by SYNTAX anatomic criteria[41,42]. Head et al[43] documented that incomplete revascularization was associated with adverse outcomes in the PCI cohort but not the CABG cohort. This outcome is impacted by the higher incidence of preoperative MI in the CABG group, and by the greater extent of anatomic disease impacting the underlying myocardial pathophysiologic substrate in these patients. While the revascularization was as complete as technically possible, incompleteness by anatomic criteria alone was likely ameliorated by this dynamic collateral exchange of perfusion in these contemporary surgical revascularization patients.

INTRAOPERATIVE FACTORS AND INFLUENCES

The patient-level benefits of arterial grafting are clear, as IMA grafting to the LAD has been the standard of care for three decades. Despite the overwhelming body of evidence that multi-arterial grafting yields even further benefit for patients, including long-term survival, and freedom from MI, and that bilateral IMA grafting can be safely performed in elderly diabetic patients[44,45], transitioning of the standard of care to this new technical solution has been difficult[11]. Multi-arterial grafting represents a substantial change in the approach and work product of a CABG procedure for the surgeon[9,46]. Therefore, a more thorough understanding of the mechanisms underlying the benefits of multi-arterial grafting is important.

Most randomized trials involving CABG with protocol-specified angiographic follow-up have documented 1 year patency rates for in-situ IMA grafts between 95% and 100% at 12-18 mo, with grafting thresholds for angiographic stenoses of 70% or greater[47-50]. The 5% early attrition rate is widely thought to be due to technical errors at surgery[51,52]. 

Late graft failure following IMA grafting is much more complex in terms of etiology. The “competitive flow” from moderately stenosed native TVECA has been posited as a major cause for late in situ IMA graft failure. This is in contradistinction to causes for vein graft failures[53]. Additional causes of late arterial graft failure include factors typically attributed to other conduit failures, such as poor run-off of the distal native coronary circulation, thrombogenic factors, and size mis-match might be factors as well[50]. More recently, computer flow dynamic modeling studies have clarified the role of wall shear stress (WSS) on local hemodynamics, where atheroma are inhibited or retarded under conditions of high shear stress but predisposed to occur under conditions of low shear stress[54-56]. Despite the clinical studies associating intermediate coronary stenoses with increased IMA graft failure, Shimizu et al[57] demon​strated that the shear stress of the in situ IMA is maintained despite the flow volume being reduced by flow competition. Ding et al[58] used computerized flow dynamic modeling to study competitive flow in an IMA-LAD graft model. In this study, they correlated the Time-Averaged WSS and the oscillatory shear index (OSI) with TVECA percent stenosis, and found that TAWSS dropped when the stenosis was < 75%; concomitantly, the OSI distribution increased below 75% stenosis, where high OSI predisposes to endothelial dysfunction and atherogenesis[59], while maintained WSS is responsible for normal endothelial function and endogenous vaso​dilator production such as nitric oxide (NO).

Further complicating this story is the fact that two myocardial factors influence WSS in TVECAs and arterial conduits as well: Myocardial ischemia resulting from a physiologically significant proximal coronary stenosis increases WSS at the anastomosis and in the vessels, and this increased WSS stimulates the development of collateral circulation through arteriogenesis[60,61]. The influence of myocardial vasculature WSS on conduit and TVECA shear stresses has not been well-characterized. 

The reasons for improved long-term patency vs other conduits for grafting have been discussed at length in the surgical literature. These include the in situ nature of the conduit, endothelial production of endogenous vasodilators NO, prostacyclin (PGI2) and epoxyeicosatrienoic acids (EETs) to dilate the conduit and protect against the development of atherosclerotic disease in the vessel, better diameter matching between the graft and the TVECA, the absence of atherosclerotic disease and disease progression, and others. In a recent article, Gutterman et al[62] characterized the differences between microvascular health and microvascular dis​ease. Figure 2 adapts this concept to the CABG set​ting, including pre-grafting ischemia (Figure 2A) and post-grafting regional myocardial status (Figure 2B). In “normalized” microvascular health (such as a non-diseased IMA graft in a CABG patient), atherostasis is achieved by predominant endothelial production of these vasodilators (NO, PGI2 and EET), with anti-proliferative, anti-inflammatory, and anti-thrombotic effects. In disease (such as SIHD), microcirculatory production of reactive oxygen species (H2O2) maintains dilation but at the expense of pro-inflammatory, pro-proliferative, and pro-thrombotic responses that contribute to atherosclerosis in TVECAs and hypertrophy and fibrosis in the myo​cardium. In arteries from healthy subjects, normal WSS activates production of NO to stimulate dilation and vascular homeostasis. Abnormal WSS, vascular stress or the presence of coronary artery disease stimulates the pathological basal level of oxidants and initiates a switch in the mediator of flow-induced dilation from NO to H2O2; dilation is maintained (for a time) but at the expense of vascular inflammation and its consequences[62]. 
Among these, specific relevance to CABG is the endogenous production of vasodilators is believed to be the most important[59,63]. The powerful influence of these physiologic processes has been documented in studies illustrating serial angiographic follow-up after in situ IMA grafting. Hartman et al[64] and Akasaka et al[65] both documented progression from a normal-sized in situ conduit, to a string sign several years later, and finally to a supra-normal conduit, as the native coronary circulation and non-arterial bypass grafts developed progressive disease (Figure 3). It is clear from the above discussion that this string sign is not the product of irreversible microvascular disease from vascular inflammation. Rather, it must be an exogenously-stimulated normal endothelial response that can change over time.

In fact, many studies have documented that there is a predictable physiologic response in size and conduit flow in normal in-situ arterial grafts not compromised by technical errors over time. In their studies, Shimizu et al[57] and Akasaka et al[66] hypothesized that competitive flow between the TVECA and the in situ graft created the angiographic string sign - a technically angiographically patent graft, where conduit flow was minimal, but which could respond over time by increasing diameter and decreasing flow velocity, improving flow capacity, due to endothelial response triggers.

We now understand more clearly the role that the distal myocardium plays in influencing IMA conduit flow. Our near-infrared fluorescence (NIRF) imaging studies at the time of off-pump beating heart coronary artery bypass (OPCAB) quantified the change in regional myocardial perfusion, if any, associated with anatomically patent bypass grafting, including IMA, vein, and radial arterial grafts (Figure 4). Overall, in 80% of anatomic grafts to arteries with a minimum 70% proximal stenosis, there was a real-time increase in quantified regional perfusion when supplied by the TVECA and the graft conduit, vs the TVECA alone[35,37,67]. We believe this perfusion increase was dependent on the physiologic status of the distal myocardium in terms of tissue oxygen and blood flow demand. In the same way, this myocardial status impacts the dynamic flow characteristics of the in situ arterial conduits. Beginning with a technically adequate patent IMA graft, the functionality of the proximal TVECA stenosis (beyond anatomic severity alone) will influence subsequent IMA graft behavior. Early on, the perfusion status of the myocardium impacts early WSS and flow[57]. The pressure drop across the stenosis, if functionally significant, increase shear stress in the myocardial collateral vessels; both ischemia and increased shear stress promote the development of collateralization in the myocardium[60]. In the TVECA, the diminution of flow decreases WSS. If myocardial ischemia is relieved by the combined IMA/TVECA flow, then TVECA WSS is normalized, and the IMA graft accommodates flow velocity and flow capacity according to its contribution to myocardial demand relief[66]. If the proximal stenosis in the TVECA is not functionally significant, such as described by Ding et al[58], then time-averaged WSS of the graft falls, and OSI increases, contributing to the development of a string sign configuration angio​graphically. This IMA conduit, under new conditions of ischemia, can physiologically respond accordingly to meet this perfusion demand deficit[64]. Over time, as the native TVECA and graft disease progressed, the IMA conduit was driven to supply more and more blood flow to that regional myocardium, resulting in significant vasodilation of the in situ conduit. Importantly, this in situ conduit likely is supplying blood flow to other regions of the heart as well, given the extent of angiographic disease at this later stage and the assumed presence of extensive collaterals.

From a physiologic perspective, this dynamic nature of in situ IMA grafts, coupled to the functional status of the TVECA regional myocardium in a heart with extensive coronary disease and significant collateralization, is a likely physiologic-based explanation for the long-term clinical outcomes benefit from IMA grafting.
Competitive flow is the term used to describe flow interaction between the graft conduit and the TVECA, presumed to occur to a greater extent as the angiographic stenosis in the TVECA lessens. Thus it is presumed that there is more competitive flow to a TVECA with a 50% proximal stenosis than a 70% proximal stenosis. Glineur has reported that this situation of arterial graft competitive flow occurs when conductance (the ability of fluid to transmit through materials) of the graft closely matches that of the native circulation, and is mainly dependent on stenosis severity and on graft diameter and length[68]. However, because intraoperative conventional coronary angiography has not been widely available, and because coronary angiography per se does not represent true physiologic conditions, our knowledge about competitive flow in arterial grafts is limited. Moreover, since the behavior of these grafts changes over time, documentation of competitive flow at the time the bypass is created would be useful for understanding its true physiologic impact[69]. 

Pagni et al[70,71] performed a series of animal studies assessing the flow patterns in the graft conduit (IMA and/or vein grafts) and the unobstructed native TVECA. These studies documented four characteristic flow phases during systole and diastole associated with actual competitive flow between the IMA conduit and the TVECA in this experimental setting, without a proximal stenosis (fully competitive flow): In phases 1 and 2, during diastole, there is antegrade flow in both the TVECA and the arterial graft. In early systole, there is antegrade flow in the TVECA but retrograde flow in the distal arterial graft, which reverses in late systole, where there is retrograde flow in the TVECA and ante​grade flow in the arterial conduit[70]. 

The actual flow patterns that occur with more significant proximal stenoses and more severe distal disease are less understood. Gould et al[72] demon​strated the relationship between coronary flow reserve (CFR) and isolated coronary stenoses, where CFR was maintained until the stenosis reached 70% or greater. With diffuse anatomic disease, however, this relationship degrades, and “critical” coronary flow reduction becomes prognostic[73]. Ding’s simulated competitive flow results in models of the IMA-LAD anastomosis are similar to Gould and Pagni, with a dependency on the degree of proximal stenosis[58]. Using angiographic characteristics, however, Berger[50] concluded that minimal competitive flow occurs until the proximal stenoses is greater than 70% angiographically.

Our extensive studies of bypass grafting in off-pump CABG, where the actual physiology of blood flow in grafts and perfusion to the myocardium has been studied in over 1000 patients on a per graft basis, documented exactly this same reversal of flow pattern as Pagni in angiographically widely-patent IMA grafts to the LAD[67]. However, all these TVECAs (LAD or circumflex marginal branches) had a minimum of 70% proximal stenoses by preoperative angiography (Figure 5). The real-time intraoperative imaging technique was NIRF angiography (SPY, Novadaq Technologies, Toronto, Ontario, CA), coupled with the Complex Angiography and Perfusion Analysis analysis platform developed and patented in our Imaging Laboratory[35]. Importantly, this technology in OPCAB images blood flow and perfusion simultaneously in the TVECAs and graft conduits, and where there are physiologic conditions of coronary flow, coronary pressure, and myocardial functional per​formance[36]. 

These clinical studies uncovered two important factors. First, competitive flow was not ever documented angiographically in non-arterial conduits to TVECAs, regardless of the degree of TVECA proximal stenosis, similar to Glineur’s data[68]. Presumably, at the time of surgery, the flow down vein grafts free of technical problems is so dominant that even with intermediate (40%-70%) stenosis in the TVECA, competitive flow doesn’t occur. Second, in a sub-study of in situ IMA conduits to TVECAs with a 70% or greater proximal stenosis on the L side of the heart (LAD, circumflex marginal branches), a total of 23% of IMA grafts did not improve regional myocardial perfusion. That is, the post vs pre quantified distal regional myocardial perfusion (Figure 4) didn’t increase, despite a widely patent anastomosis angiographically and the absence of any clinical signs of incomplete relief of regional hypoperfusion/ischemia, or hemodynamic instability[67]. Examination of the real-time image sequences from these 23% in situ IMA grafts documented that > 80% had NIRF angiography documented competitive flow by these Pagni criteria. 

These objective, imaging-based data document that competitive flow in arterial grafts does occur with proximal stenoses of 70% or greater severity at a much higher frequency that presumed based on indirect data as reported[74,75]. These data also strongly support the concept that the flow interaction between the in situ conduit and the TVECA is in fact less influenced by the proximal stenosis severity (anatomy) and more influenced by the physiologic status of the distal regional myocardium in terms of perfusion deficit and regional myocardial ischemia. As discussed above, based on these physiologic factors the arterial conduits will adapt to meet these demands over time and to the degree possible[66,69]. Nordgaard et al[76] demonstrated in an experimental model that WSS and OSI of an IMA graft was affected by the degree of competitive flow, where high competitive flow produced unfavorable WSS conditions consistent with endothelial dysfunction and subsequent graft narrowing and failure. However, the severity of competitive flow was based on percent proximal stenosis, and did not account for the fun​ctionality status of the stenosis.

These intraoperative imaging findings, in fact, are supported by the critically important developments over the past decade in PCI revascularization, based on the numerous studies with FFR and instantaneous wave free (iFR) studies[77-82]. In the FFR vs Angiography for Multivessel Evaluation (FAME) (ClinicalTrials.gov, No. NCT00267774) 1 study, 20% of angiographic stenoses between 70% and 90% were determined to be non-functional stenoses, consistent with our OPCAB studies[77]. Moreover, as presented by Stone et al[17], the physiologic status of the myocardium in patients with SIHD, and the ability of OMT to influence that status, creates equipoise in determining a conservative vs interventional therapeutic approach to patients, even with documented moderate-to-severe ischemia prior to therapy initiation. Importantly, in this context PCI and CABG are considered alternative forms of revascularization intervention determined by current RCT data from the head-to-head SYNTAX[42] and Future Revascularization Evaluation in patients with Diabetes mellitus: Optimal management of Multivessel disease (FREEDOM) (ClinicalTrials.gov number NCT00086450) trials[83]. However, the fact that they are alternative revascularization strategies means that the physiologic substrate for that intervention is equivalent, from a physiologic perspective. Our data strongly support the importance of physiology in determining short-term and long-term outcomes from surgical revascularization, in parallel to this experience in percutaneous revascu​larization[36]. In addition, others have described the current potential role of FFR-guided CABG, further emph​a​sizing the emerging importance of physiology in revascularization[84]. 

In addition, recent data from SYNTAX examining the causes of death following PCI vs CABG in complex CAD emphasized the importance of the physiological impact of revascularization on the myocardial substrate in complex CAD[85]. CABG was associated with a significantly reduced rate of MI-related death, indicating that the anatomically-incomplete but functionally complete CABG revascularization provided sustained global perfusion and protection from subsequent ischemic events (e.g., MI), in part because of the collater​alization associated with more extensive severity of CAD.

Importantly, the emerging call for multi-arterial revascu​larization to become the “standard of care” for contemporary CABG fits tightly into this strategy. Because of the findings outlined here, the concept of “complete anatomic revascularization” must be revised into “reasonable incomplete revascularization”[86,87]. A multi-arterial strategy may be initially thought to limit the number of potential grafts, producing incom​plete revascularization, at least from an anatomic perspective. However, recognizing the importance of physiology in surgical revascularization, including the functional nature of the proximal stenoses, physiologic status of the distal regional myocardium vs assumed competitive flow, understood dynamic nature of the in situ arterial conduit, and the existence of collateral flow in the myocardial substrate being operated upon, allows for more specific design of a revascularization strategy using arterial conduits that will remain beneficial over the long-term. 

POSTOPERATIVE FACTORS AND INFLUENCES

The current results, based on clinical outcomes, from CABG intervention in patients with moderate and severe SIHD by anatomic criteria are excellent, and clearly are preferable to OMT and PCI interventions in the correct patient population[88]. Overall, however, the 25-plus year decline in risk-adjusted 30-d mortality for CABG, despite the concomitant increase in predicted operative risk, has plateaued over the past 5 years (STS database) at approximately 2%. This plateau is so distinct from the prior trend that it is appropriate to query why this might be the case[89]. Is 2% “as low at is feasible”, given the current population coming to CABG? Is the relative impact of collecting and sharing clinical outcomes data on continuous quality improvement efforts lessened at this level of high-performance? Or is risk-adjusted mortality as a benchmark for quality no longer effective at this high-performance level[45]? 

An alternative perspective is that current standard outcomes are not granular enough to drive further quality improvements, as has been demonstrated previously with the infrastructure of the STS National Database[90,91]. Other metrics, in addition to existing ones, are needed to further drive clinical improvements in outcomes. It may well be that these physiologic aspects of revascularization (preoperative, intraoperative and postoperative), along with intraoperative docu​mentation of technical quality and the absence of surgeon error represent the new metrics needed to drive quality improvement in the future.

One area where the impact of quality improvement interventions remains to demonstrate its effectiveness is in the area of secondary prevention of SIHD follow​ing CABG. Based on then-contemporary data from other areas of cardiovascular medicine therapy, we documented in the largest randomized clinical trial of continuous quality improvement to date the effective​ness of dissemination of information, local quality improvements and the infrastructure of a national data​base the increased adoption of secondary prevention measures [ASA, beta-blocker, statin, and ACE inhibitor therapy (in appropriate patients)] following CABG[91]. This study covered a time interval that was relatively early in the statin era, and while the adoption at > 400 surgical centers across the United States increased for each measure and the composite of all measures, the adoption of post-operative statin therapy was the most dramatic.

Since the Achilles’ heel of CABG has been the late development of atherosclerotic disease in vein graft conduits (in patients operated upon 15-50 years ago)[53], the full effect of this postoperative statin intervention still remains to be evaluated. Importantly, the benefits of statin therapy in non-surgical patients with SIHD are incontrovertible[92]. However, if the anti-atherosclerotic effects of statins in CABG mirror the effects in other settings of IHD, this intervention should impact long-term outcomes by retarding the development of disease progression in CABG patients[93]. Other pleiotropic effects of statins have been advocated as beneficial in CABG patients as well[26,92]. 

In an important recent study, however, room for improvement and justification for that improvement was highlighted. Iqbal et al[94] studied the use of OMT in patients with complex coronary disease undergoing revascularization in SYNTAX, and addressed the long-term significance of these use patterns. OMT was defined as the combination of at least one antiplatelet drug, statin, beta-blocker and angiotensin-converting enzyme inhibitor/angiotensin receptor blocker. OMT was underused in all revascularization patients, especially in the CABG group. In five-year outcomes analyses, OMT was an independent predictor of survival, including mortality and the composite end-point of death/MI/stroke. The treatment effect with OMT (36% relative reduction over 5 years) was greater than the treatment effect of the revascularization strategy (26% relative reduction in mortality with CABG vs PCI over 5 years). All components of OMT were important for reducing adverse outcomes in both revascularization strategies. Clearly, contemporary cardiac surgery must continue to aggressively incorporate this life-sustaining physiologic intervention in post-CABG patients, no only for the first six weeks but work with all cardiovascular providers to make sure this intervention is sustained indefinitely following CABG[17]. 

One area of continuous evolution in secondary pre​vention is the utilization of dual anti-platelet therapy (DAPT) following CABG, and in particular in the approxi​mately 18% of CABG cases performed using the OPCAB technique. The AHA/ACC/STS recently updated the guidelines for Secondary Prevention Following CABG, in particular with reference to DAPT. At the same time, the Guidelines on duration of DAPT in patients with Coronary Artery Disease has been updated as well[95]. The recent introduction of other new anti-platelet agents may result in the emergence of an improved DAPT strategy. Thus this post-operative secondary prevention arena following CABG will continue to evolve, as the full impact of statin therapy and DAPT therapy becomes evident. Again, the effects of these agents in modifying the physiology of atherosclerosis and platelet actions drives new potential improvements in clinical outcomes in CABG[95]. 

The STS has recently published Clinical Practice Guidelines on Arterial Conduits for Coronary Artery Bypass Grafting[96]. This excellent, technically and anatomically focused Guideline recommending that use of arterial grafts (specific targets, number, and type) should be a part of the discussion of the heart team in determining the optimal approach for each patient. This physiologic discussion provides in part the underlying scientific support for that recommendation.

Finally, this emerging granularity of the physiologic circumstances and effects of revascularization in CABG promises to have a similar impact as FFR/iFR have had on PCI intervention: The generation and incorporation of an entire body of new knowledge, which has benefitted both revascularization strategies. Thus far, these data presented here have produced a new definition for the goal of CABG, namely, to relentlessly restore blood supply, by both anatomic and physiologic criteria, to all areas of myocardium possible for the longest interval of time possible. “What we don’t know” represents the future[97]. 
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Figure 1  International Study of Comparative Health Effectiveness with Medical and Invasive Approaches (NCT01471522) trial design.  After Stone et al[17]. CCTA may not be performed with estimated glomerular filtration rate < 60 mL/min.  Participants in whom CCTA show significant left main disease (≥ 50% stenosis) or no obstructive disease are excluded. CCTA results are otherwise kept blinded. ISCHEMIA: International study of comparative health effectiveness with medical and invasive approaches; CCTA: Coronary computed tomographic angiography; eGFR: Estimated glomerular filtration rate; OMT: Optimal medical therapy = guideline-directed medical therapy; SIHD: Stable ischemic heart disease.
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Figure 2  From Ferguson et al[37], with adaptation from Gutterman et al[62]. In a healthy heart, arteriolar endothelium produces NO, prostacyclin (PGI2, and EETs) as well as low levels of hydrogen peroxide, which support a quiescent non proliferative state. With the onset of disease (A), flow through the microvasculature releases hydrogen peroxide, creating a proinflammatory environment throughout the organ, potentially leading to hypertrophy, fibrosis, and atherosclerosis. In B, with bypass grafting of ischemic myocardium, the microvascular health of the myocardium is “normalized”. NO: Nitric oxide; PGI2: Prostacyclin; EET: Epoxyeicosatrienoic acids.
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Figure 3  Composite of string sign data. Angiographic documentation of the development of a “string-sign” IMA graft. A: Data from Dincer et al[98]. A1: Composite still images from angiogram of IMA-LAD graft at 8 d postop. White arrow show anastomotic site; A2: Composite still images from an angiogram at 1-year postop. Black arrow identifies “string-sign” IMA conduit with little if any distal flow; A3: Composite still images from angiogram at 5 years postop, documenting a widely patent IMA-LAD graft. The three white arrows outline the native TVECA LAD proximal and distal to the anastomosis. There is no angiographic evidence of atherosclerotic disease in the IMA, and no anastomotic evidence of narrowing; B: Data from Kitamura et al[99]. Images that clearly illustrate the physiology of arterial conduits. B1: A stringlike LIMA with no-flow into the LAD. Because of the limitations of conventional angiography, flow down the TVECA LAD cannot be simultaneously visualized, but was patent with good antegrade flow; B2: Repeat LIMA arteriography now showing anatomical patency of the graft, as a result of temporary occlusion of the recipient LAD with a percutaneous transluminal coronary angioplasty balloon. The acute influence of anterior wall hypoperfusion immediately translated into resumed functionality of the LIMA graft, documenting the coupling of physiologic IMA flow to the distal regional myocardial physiologic status. IMA: Internal mammary artery; LAD: Left anterior descending coronary artery; TVECA: Target vessel epicardial coronary artery.
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Figure 4  SPY near-infrared imaging of the physiology of revascularization and quantification of the change in regional myocardial perfusion as a result of bypass grafting. A: Near-infrared frame from 34-s video of IMA graft to LAD in 256 grey scale (left panel) and more intuitive color scale (see color bar) to differentiate perfusion differences to the myocardium. The video shows the dynamic arterial and microvascular blood flow interaction between the native TVECA flow and the IMA graft flow in real-time and under true physiologic conditions; B: The Complex Angiography and Perfusion Analysis platform result from and IMA to LAD graft in a patient with prior anterior MI and regional myocardial ischemia preoperatively. The right upper panel quantitatively compares pre-bypass TVECA regional myocardial perfusion (blue line and bar) with post-bypass combination of TVECA + IMA perfusion (red line and bar). The green line in the graph is the relative contribution to perfusion of the IMA graft flow. The two bottom images are synchronized with respect to timing, as shown by the marker on the upper left graph. This patient with anterior ischemia had a 7-fold increase in perfusion to the anterior regional myocardium as a result of IMA grafting. In addition, the proximal LAD in this patient was 100% occluded, and the pre-grafting TVECA perfusion was entirely from flow through lateral and inferior collaterals. IMA: Internal mammary artery; LAD: Left anterior descending coronary artery; TVECA: Target vessel epicardial coronary artery.
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Figure 5  Intraoperative real-time documentation of competitive flow in arterial internal mammary artery-left anterior descending coronary anastomosis with > 70% stenosis. Competitive flow documented in in situ arterial graft to TVECA with > 70% proximal stenosis. A: Dynamic flow data from Pagni et al[71] illustrating flow in IMA (red) and LAD (black) in an experimental model of competitive flow where the LAD has no proximal stenosis (maximal competitive flow). In phases 1 and 2, during diastole, there is antegrade flow in both the TVECA and the arterial graft. In early systole, there is antegrade flow in the TVECA but retrograde flow in the distal arterial graft, which reverses in late systole, where there is retrograde flow in the TVECA and antegrade flow in the arterial conduit; B: Diagrammatically the IMA-LAD interaction at the anastomosis in this patient; C: Four still frames taken from the 34-s video of this bypass graft using near-infrared imaging technology (SPY, Novadaq Technologies, Toronto, Ontario, CA). The arrow indicates the site of the anastomosis. The four frames are in temporal sequence but not consecutive frames; they are selected at the four diagram points indicated at the middle panel. Each diagram point is taken from the appropriate time-point within each of the four intervals (early diastole, late diastole, early systole, late diastole). This real-time intraoperative imaging shows identical flow patterns as demonstrated in the Pagni experimental model, despite the proximal > 70% stenosis. IMA: Internal mammary artery; LAD: Left anterior descending coronary artery; TVECA: Target vessel epicardial coronary artery.
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Table 1  Factors and influences in arterial revascularization


  Arterial revascularization in CABG


�
�
     Emerging “standard of care” for CABG


�
�
     Years of data to document benefits, but slow to adopt


�
�
        Both based on long term survival outcomes


�
�
     Mechanisms for increased survival based on traditional anatomic 


     construct for surgical revascularization �
�
        Better long-term graft patency 


�
�
  Preoperative factors and influences


�
�
     Effectiveness of GDMT - physiologic modulation of underlying ischemia


�
�
     Extent of disease


�
�
        Collateral development


�
�
           Influence on myocardium


�
�
           Impact on subsequent revascularization


�
�
     ISCHEMIA trial


�
�
        Equipoise issue


�
�
           Implications for revascularization


�
�
              Same physiologic principles impacting PCI must also impact CABG


�
�
                Difference in anatomic extent of disease


�
�
                Surgical revascularization not dependent on completeness of 


                (anatomic) revascularization�
�
  Intraoperative factors and influences


�
�
     Dynamic nature of in situ arterial grafts


�
�
     Competitive flow in arterial grafts (vs vein grafts)


�
�
     Incomplete revascularization vs appropriate incomplete 


     revascularization�
�
     FFR-based revascularization


�
�
  Postoperative factors and influences


�
�
     Secondary prevention measures in CAD


�
�
     DAPT


�
�
     Secondary prevention efforts following CABG


�
�
CABG: Coronary artery bypass grafting; GDMT: Guideline directed medical therapy; PCI: Percutaneous cardiovascular intervention; DAPT: Dual anti-platelet therapy; FFR: Fractional flow reserve; ISCHEMIA: International Study of Comparative Health Effectiveness with Medical and Invasive Approaches.
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