

[image: image1]
Non-invasive Ischaemia Testing in Patients With Prior Coronary Artery Bypass Graft Surgery: Technical Challenges, Limitations, and Future Directions












	
	REVIEW
published: 23 December 2021
doi: 10.3389/fcvm.2021.795195






[image: image2]

Non-invasive Ischaemia Testing in Patients With Prior Coronary Artery Bypass Graft Surgery: Technical Challenges, Limitations, and Future Directions

Andreas Seraphim1,2, Kristopher D. Knott1,2, Joao B. Augusto1,2, Katia Menacho1,2, Sara Tyebally1, Benjamin Dowsing1,2, Sanjeev Bhattacharyya1, Leon J. Menezes1, Daniel A. Jones1,3, Rakesh Uppal1,3, James C. Moon1,2 and Charlotte Manisty1,2*


1Department of Cardiac Imaging, Barts Health National Health System Trust, London, United Kingdom

2Institute of Cardiovascular Science, University College London, London, United Kingdom

3William Harvey Research Institute, Queen Mary University of London, London, United Kingdom

Edited by:
Carla Sousa, São João University Hospital Center, Portugal

Reviewed by:
Kevin Domingues, District Hospital of Santarém, Portugal
 Alvise Guariento, Hospital for Sick Children, Canada

*Correspondence: Charlotte Manisty, c.manisty@ucl.ac.uk

Specialty section: This article was submitted to Cardiovascular Imaging, a section of the journal Frontiers in Cardiovascular Medicine

Received: 14 October 2021
 Accepted: 25 November 2021
 Published: 23 December 2021

Citation: Seraphim A, Knott KD, Augusto JB, Menacho K, Tyebally S, Dowsing B, Bhattacharyya S, Menezes LJ, Jones DA, Uppal R, Moon JC and Manisty C (2021) Non-invasive Ischaemia Testing in Patients With Prior Coronary Artery Bypass Graft Surgery: Technical Challenges, Limitations, and Future Directions. Front. Cardiovasc. Med. 8:795195. doi: 10.3389/fcvm.2021.795195



Coronary artery bypass graft (CABG) surgery effectively relieves symptoms and improves outcomes. However, patients undergoing CABG surgery typically have advanced coronary atherosclerotic disease and remain at high risk for symptom recurrence and adverse events. Functional non-invasive testing for ischaemia is commonly used as a gatekeeper for invasive coronary and graft angiography, and for guiding subsequent revascularisation decisions. However, performing and interpreting non-invasive ischaemia testing in patients post CABG is challenging, irrespective of the imaging modality used. Multiple factors including advanced multi-vessel native vessel disease, variability in coronary hemodynamics post-surgery, differences in graft lengths and vasomotor properties, and complex myocardial scar morphology are only some of the pathophysiological mechanisms that complicate ischaemia evaluation in this patient population. Systematic assessment of the impact of these challenges in relation to each imaging modality may help optimize diagnostic test selection by incorporating clinical information and individual patient characteristics. At the same time, recent technological advances in cardiac imaging including improvements in image quality, wider availability of quantitative techniques for measuring myocardial blood flow and the introduction of artificial intelligence-based approaches for image analysis offer the opportunity to re-evaluate the value of ischaemia testing, providing new insights into the pathophysiological processes that determine outcomes in this patient population.
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INTRODUCTION

Coronary artery bypass surgery is the most frequently performed cardiac surgical procedure, with ~200,000 patients undergoing isolated coronary artery bypass surgery each year in the US (1). Despite improved post-operative survival (2) particularly among high risk groups (3, 4), patients undergoing surgical revascularisation represent the severe end of coronary artery disease spectrum and comprise a high risk group. With long term survival of patients undergoing CABG approaching that of the general population (5–7), a significant number of patients with prior CABG surgery are expected to experience symptom recurrence requiring re-intervention (8). Studies have reported considerable rates of myocardial infarction and ischaemia-driven revascularisation even within the first 5-years post CABG (9). Data from the European Heart Survey suggests that 14% of patients undergoing coronary revascularisation between 2001 and 2002 had had a history of CABG (10), with similar rates seen in more contemporary data from the UK (11). Importantly, outcomes following repeat revascularisation are significantly worse compared to patients with no history of CABG, both in the context of stable coronary artery disease (11) and acute coronary syndromes (12). It is therefore not surprising that there is a clinically-driven, high demand for detailed functional non-invasive investigations for myocardial ischaemia in this patient group.



CORONARY AND GRAFT DISEASE POST CORONARY ARTERY BYPASS GRAFT SURGERY

The two key pathophysiological processes thought to be driving symptom recurrence are vein graft failure and progression of native vessel coronary disease. Graft failure after coronary artery bypass graft surgery is thought to follow a bimodal distribution, often defined as early (<6 months) or late (13), and is known to be higher for venous compared to arterial grafts (5, 14). Vein graft failure (VGF) rates of up to 25% during the first 12–18 months post CABG are reported even in contemporary studies (15, 16), with VGF rates of 40–50% seen at 10 years (17). In contrast, internal mammary grafts have a reported 10-year patency rate over 90% (18). At the same time, native disease progression appears to accelerate particularly in bypassed vessels, with up to 46% new total occlusions seen within 5 years post CABG (19). Although data on the prognostic impact of graft failure is conflicting (20–22), both graft failure and native disease progression are associated with symptom recurrence, and are often the suspected processes prompting evaluation of ischaemia.

Invasive coronary and graft angiography remains the definitive anatomical test for evaluating the extent of coronary disease, but may not provide sufficient information to guide complex management decisions post CABG due to the lack of functional correlation. Physiological lesion assessment using fractional flow reserve (FFR) is more challenging in the context of grafts, due to the severity and complexity of native coronary artery disease (calcification, tortuosity, and chronic total occlusions) and the differing flow relationships between native and graft circulations. Therefore, clinical decision-making based on FFR warrants caution (23), as although technically feasible there is limited data to support its use. Importantly, given the different physiological profile of vein grafts compared to native coronary vessels with regards to the rate of disease progression, extrapolating findings of major clinical trials (24) demonstrating the clinical utility of FFR assessment in native vessels which tended to exclude post CABG patients may be inappropriate. Furthermore, alterations in native coronary anatomy and the interplay between extensive diffuse disease and development of collateral systems result in unique and complex haemodynamic circuits that are difficult to evaluate (25). Detection of ischaemia in the context of chronic coronary artery disease is therefore often performed using a range of non-invasive imaging tests, and represents a large proportion of cardiac investigations, resulting in significant healthcare costs (26). Both the United Kingdom National Institute of Clinical Excellence (NICE) (27) and European Society of Cardiology guidelines (28) advocate the use of a non-invasive functional testing for evaluation of patients with known coronary artery disease, including those with previous revascularisation.



CURRENT GUIDELINE RECOMMENDATIONS AND CHALLENGES FOR IMAGING POST CABG

All non-invasive imaging modalities have technical limitations in terms of image acquisition and interpretation, affecting their diagnostic performance. The challenges associated with the use of non-invasive ischaemia evaluation of patients with prior CABG are indeed reflected by a degree of discrepancy among societal guidelines. For example, according to American College of Cardiology (ACC) Task force recommendations, the use of stress echocardiography in asymptomatic patients solely for the purpose of risk stratification is not recommended within 5 years from CABG surgery (29). In contrast, the more recent European Society of Cardiology (ESC) guidelines are more liberal in the use of non-invasive testing post revascularisation, even supporting the use of early ischaemia testing for setting a reference, or periodically every 3–5 years (28). In terms of symptomatic patients with prior CABG, the American College of Cardiology/American Heart Association (ACC/AHA) guidelines recommend evaluation using non-invasive stress imaging tests, with a preference toward exercise as a method of stress (30). Similarly, the European guidelines recommend the use of stress imaging over exercise stress ECG if practically possible (28). Beyond this, international guidelines offer little guidance on the choice of functional testing after CABG, resulting in wide variations in practice patterns. Indeed, large multicentre registry data confirm that the choice of stress testing after CABG is primarily defined by the clinical center rather than patient clinical characteristics (31).

Both detection and interpretation of ischaemia testing in patients with CABG remains a challenge, and despite the availability of a wide array of diagnostic imaging tools no test has demonstrated superiority in these patients. Difficulties associated with ischaemia testing in patients following surgical revascularisation are primarily due to the complex anatomical, haemodynamic and myocardial alterations that result from surgery. Surgery results in variable degrees of electro-mechanical myocardial abnormalities (32, 33) and changes in coronary anatomy and flow (34), often limiting the diagnostic performance of all non-invasive tests. Consequently, questions remain as to whether any functional imaging test is sensitive and specific enough to identify subtle differences in regional myocardial blood flow or contractility and provide reliable data to inform revascularisation strategies and appropriately risk stratify patients. As any form of revascularisation post coronary artery bypass is associated with increased risk of complications (35, 36) and suboptimal outcomes (37, 38), accurate detection and consistent interpretation of ischaemia becomes important. Furthermore, accepting the notion that the extent of myocardial ischaemia translates to a higher risk of future ischaemic events, and considering the poor outcomes after myocardial infarction in this patient group (39), accurate detection of ischaemia in these patients may enable risk stratification and potentially guide clinical management.



CHALLENGES IN NON-INVASIVE STRESS TESTING POST-SURGICAL REVASCULARISATION

Patients referred for CABG surgery typically have advanced epicardial disease, which is often a combination of both focal and diffuse atherosclerosis involving multiple coronary territories. This is also a reflection of a higher risk population that suffers with significant comorbidity, which further complicates ischaemia testing. For example, left ventricular (LV) dysfunction is not uncommon in patients post-surgical revascularisation, and this poses additional challenges in the evaluation of ischaemia beyond the complexity of the underlying coronary artery disease. The degree of LV impairment is thought to impact the stress response to pharmacological vasodilators such as adenosine, with prior studies suggesting that increased dosing may be needed in these patients (40). Similarly, the presence of LV dysfunction increases arrhythmic complications in those undergoing dobutamine stress testing (41), whereas pharmacological therapy such as beta-blockers may blunt heart rate augmentation during exercise. Beyond the haemodynamic effects of LV dysfunction, the presence of implantable electronic devices can be detrimental to image quality and the ability to elicit adequate heart rate response during stress. The high prevalence of cardiovascular factors that contribute to the development of coronary artery disease also increase the risk of chronic kidney and lung disease (42), introducing additional limitations in the use of each imaging modality. Furthermore, additional challenges related to the complexity of post-CABG coronary and myocardial blood flow physiology, as well as technicalities in image acquisition further complicate ischaemia assessment.


Challenges in Evaluating Myocardial Blood Flow Post Coronary Artery Bypass Graft Surgery
 
Coronary Anatomy and Myocardial Ischaemia Correlation

Coronary artery bypass graft surgery results in significant alterations in coronary physiology, with significant variations in post-operative anatomy among individual patients. Variations in anastomosis position and complex grafting approaches based on the distribution and severity of native vessel disease mean that correlation of ischaemia and coronary anatomy is often difficult in patients following surgery (Figure 1).


[image: Figure 1]
FIGURE 1. Panel of nine cases of coronary anatomy post coronary artery bypass graft surgery. All cases show a left internal mammary artery anastomosed to the to the left anterior descending artery (LAD), demonstrating significant variations in anastomosis position along the length of the vessel, as well as significant variations in the post-operative anatomy of the remaining vessels.


Integration of anatomical and perfusion data may therefore facilitate re-assignment of ischaemia to culprit vessel, and may provide additional insights into the mechanism of ischaemia (43). It is therefore unsurprising that hybrid imaging techniques that combine anatomical and functional testing in patients post CABG provide incremental information on the localization of atherosclerotic lesions (43) as well as prognosis (44) (Figure 2).


[image: Figure 2]
FIGURE 2. Rubidium-82 PET-CT with adenosine stress in an 86-year-old male with previous coronary artery bypass grafting. PET-CT images (A,B) obtained at stress and rest demonstrate a reversible perfusion defect in the mid to apical anterior segments extending into the apex. Cardiac hybrid imaging with three-dimensional fusion of PET-CT with CT coronary angiography enables localization of ischaemia to a coronary artery territory (C). CT coronary angiography reveals a patent LIMA to LAD graft with good distal opacification, and obstructive plaques in the proximal and mid segments of an intermediate artery (white arrow), responsible for the reversible perfusion defect demonstrated.


However, the extent of coronary artery disease encountered in these patients often promotes the development of extensive collateral systems (45) and these can often complicate correlation of ischaemia to a corresponding epicardial vessel. Similarly, CABG surgery often results in unique haemodynamic conditions such as retrograde and competitive blood flow (46) that cannot be easily characterized by non-invasive tests. A number of studies evaluating stress myocardial perfusion post CABG reported a high prevalence of perfusion defects in territories supplied by patent grafts (43, 47–50), however the underlying mechanism of this remains unclear (Figure 3). Discrepancy between graft and native vessel size (47), persistent microvascular dysfunction (52), technical limitations associated with delayed contrast arrival (53) and native coronary artery disease progression either proximal or distal to the anastomosis (48, 51) have all been proposed as potential contributing mechanisms. Data from the SWEDEHEART registry suggested that a substantial amount of invasive coronary angiography performed due to symptom recurrence identified no graft failure, highlighting the possibility that symptom recurrence post CABG may be largely attributed to native disease progression (54). However, despite the frequency of such perfusion defects in patients post CABG, interpretation and subsequent management varies considerably between clinicians.


[image: Figure 3]
FIGURE 3. Patient with angiographically confirmed patent LIMA to LAD and evidence of inducible perfusion defect in LIMA—native LAD subtended territories. Images shown are short axis views from base to apex (left to right). (A) First pass perfusion imaging with adenosine stress, demonstrating a perfusion defect in the basal to mid antero-septum, basal to mid anterolateral and inferolateral and apical lateral walls. (B) Stress myocardial blood flow (MBF) evaluation using perfusion CMR showing reduced MBF in multiple territories, including those supplied by the LIMA—native LAD (e.g., MBF in mid antero-septum is 0.85 ml/g/min, MBF in apical septum is 1.65 ml/g/min). (C) Bullseye plot demonstrating stress MBF in each myocardial territory based on American Heart Association (AHA) segmentation. (D) Late gadolinium images showing no evidence of previous infarction in the LIMA—native LAD territories. (E,F) Coronary angiography demonstrating patent LIMA graft (E) and anastomosis site (F) with good distal run off. From Seraphim et al. (51). Reproduced under the Creative Commons Attribution 4.0 International License.




Myocardial Infarction and Evaluation of Peri-Infarct Ischaemia

Patients with prior surgical revascularisation often have complex patterns of previous myocardial infarction with a number of studies demonstrating a wide range of scar pattern and distribution post procedure (55, 56). This indeed reflects the multi-factorial etiology of ischaemic injury sustained by these patients, including the impact of surgery itself. The presence of complex myocardial scar makes evaluation of ischaemia challenging, particularly when this is super-imposed or adjacent to areas of scar. Bernhardt et al., combined CMR perfusion and tissue characterization with late gadolinium enhancement (LGE) assessment and reported improved prediction of clinically relevant bypass graft stenosis, supporting the idea that ischaemia interpretation in patients post CABG requires some knowledge of scar distribution (57) (Figure 4).


[image: Figure 4]
FIGURE 4. Peri-infarct ischaemia and scar. Basal (top) and Mid (Bottom) short axis views of a CMR perfusion in patient scheduled to undergo coronary artery bypass graft surgery, demonstrating a previous infarct within the left anterior descending (LAD) territory and a large superimposed perfusion defect extending beyond the area of previous infarction (*). (A) First pass perfusion CMR during adenosine stress; (B) Perfusion mapping of the same myocardial segment as shown in (A). (C) Dark blood LGE demonstrating a previous infarction within the LAD territory.


Evidently, imaging modalities that can provide simultaneous evaluation of ischaemia and tissue characterization can be advantageous in these circumstances, more so in cases of extensive or complex anatomical scar. Similarly, imaging modalities capable of providing complete LV coverage such as PET and SPECT enable a more comprehensive assessment of the relation between ischaemia and scar in this context, particularly when paired with anatomical data (Figure 2). Despite this, echocardiography remains the most widely used modality for evaluation of relative differences in wall motion, and often enables accurate evaluation of the extent of regional viability and ischaemia, particularly when facilitated by contrast echocardiography (Figure 5) (58). It is worth noting that a recent expert consensus statement on the use of multimodality of myocardial viability, makes no recommendations on a preferred imaging modality in this population (59), further highlighting the complexities in the evaluation of patients with prior CABG.


[image: Figure 5]
FIGURE 5. Contrast echocardiography post coronary artery bypass graft surgery. Sixty-three-year-old patient with previous CABG and atypical chest pain. (A–D) Apical 3 Chamber view. Baseline, low dose, peak dose, and recovery stages, respectively. Contrast Enhanced Images. Akinetic mid and apical antero-septal wall segments (arrow). No improvement in contractility of these segments during low dose stage confirms non-viable segments. Improvement in contractility of all other segments during low dose and peak dose suggests the presence of viable myocardium and no inducible ischaemia.




Incomplete Revascularisation at the Time of Surgery

One of the key aims of coronary artery bypass graft surgery is to minimize myocardial ischaemia through complete revascularisation if this is technically attainable (60). However, native vessel characteristics such as heavy calcification and small vessel size, often result in modification of the revascularisation strategy intra-operatively, with a number of myocardial territories remaining un-grafted (61). In a meta-analysis of 25,938 patients undergoing CABG surgery, Garcia and colleagues (62) reported that incomplete revascularisation was detected in 25% of patients. Beyond this, even if complete anatomical bypassing of significant epicardial coronary lesions is performed, restoration of coronary flow using grafts is unlikely to accurately replicate native coronary disease flow and haemodynamic conditions. Indeed, studies evaluating myocardial blood flow shortly after CABG surgery, reported that myocardial blood flow remains lower than commonly reported values in patients with native vessel disease (Table 1). Although arguably a reflection of more advanced coronary artery disease, it is conceivable that in a significant proportion of patients post CABG, some degree of ischaemia is often encountered despite successful surgical revascularisation.


Table 1. Non-invasive myocardial blood flow assessment post-surgical revascularisation.

[image: Table 1]

Differentiating graft failure or progression of native coronary disease from incompletely revascularised myocardium is challenging, especially without some form of early post-operative evaluation as a baseline. Indeed, the latest ESC guidelines on chronic coronary syndromes (28) recommend the use of non-invasive ischaemia evaluation for documentation of residual ischaemia as a reference for subsequent assessment.



Microvascular Ischaemia

Myocardial blood flow following surgical revascularisation is not solely governed by native epicardial coronary disease. Microvascular disease, is almost universal in patients post CABG, and is also associated with a reduction in stress MBF and perfusion reserve (MPR) (68). Itself an independent predictor of outcomes in patients with native vessel disease (69), the clinical consequences of microvascular disease in patients with prior CABG are poorly understood. Our understanding of the physiological impact of surgery itself, particularly the effect of cardioplegic arrest and cardiopulmonary bypass (70) on microvascular function is limited, with both invasive and non-invasive studies reporting an early post-operative impairment of flow that appears to recover over time (52, 71). Importantly, the impact of surgery may differ among subgroups, with some evidence suggesting that patients with diabetes experience worse microvascular dysfunction post-operatively (72). Advances in image quality across all modalities has meant that non-invasive tests are becoming increasingly capable of detecting microvascular disease, thereby providing additional insights into the pathophysiological mechanisms of reduced myocardial blood flow. Quantitative perfusion indices such as stress MBF and MPR have been used to help differentiate epicardial coronary disease and microvascular dysfunction in the context of native vessel disease (73), but whether a similar assessment can be performed in patients with prior surgical revascularisation is unclear.




Technical Challenges in Non-invasive Stress Imaging in Patients With Prior CABG
 
The Effect of Prolonged Contrast Transit Time in Graft Subtended Myocardial Territories

All tracer-based methods of ischaemia evaluation, rely on the peripheral injection of an intravenous contrast or tracer and the subsequent acquisition of a dynamic series of myocardial images. Subsequent use of tracer-specific kinetic models allows quantification of myocardial blood flow (MBF) (74). In patients with prior CABG, the increased length of graft conduits results in a prolonged tracer transit time, potentially distorting the first pass kinetics of the contrast bolus complicating both the visual interpretation of relative perfusion defects and the subsequent estimation of myocardial blood flow in graft-subtended territories (75). Such delay in contrast arrival, although small, is thought to particularly affect longer conduits, such as internal mammary (LIMA) grafts (53). Very few studies evaluated the effects of delayed transit of contrast in grafts, with conflicting results in terms of its absolute impact on quantitative indices of myocardial perfusion (51, 53). Data using computational fluid dynamics modeling reveals a close relationship between local coronary hemodynamics and contrast dispersion that potentially impacts any bolus-based perfusion measurement (76, 77). It is therefore possible, that all tracer kinetic modeling methods used to estimate MBF would need to consider the effects of differential contrast arrival, presence of collateral flow and blood mixing from competitive flow as possible sources of systematic error of quantitative blood flow measurements.



Differential Response to Pharmacological Stress Between Vein vs. Arterial Grafts

Most non-invasive tests for ischaemia rely on the detection of relative perfusion imbalances caused by a differential hyperaemic response to some form of pharmacological challenge. The effect of a number of vasoactive agents such as adenosine, dipyridamole and regadenoson (78), on the native coronary circulation is to a certain degree predictable and reproducible (66), and this simplifies their use as pharmacological stressors. However, the possibility of a differential vasoactive effect on grafts, particularly a disparity between arterial and venous grafts raises concerns with regards to the use of these agents in patients post CABG.

Previous studies using invasive haemodynamic data showed a reduced, or indeed absent, vasodilatory response of venous compared to arterial grafts following intra-graft injection of adenosine (79, 80). Similar findings were obtained with other pharmacological vasodilators (81). Indeed, these differences in vasomotor properties between graft conduits have been proposed as a possible explanation for the variability in long-term patency between arterial and venous grafts (82). Whether this differential response to pharmacological stress limits the diagnostic accuracy of perfusion detects remains unclear. Arnold et al. demonstrated that the hyperaemic MBF in response to adenosine was higher in segments supplied by arterial compared to venous grafts as assessed by quantitative CMR (83), further highlighting that quantitative ranges and cut offs for defining normal myocardial blood flow and myocardial perfusion reserve may differ from those seen in native coronaries. Whether the use of alternative pharmacological stress agents such as dobutamine would overcome this potential limitation is unclear. Dobutamine increases myocardial blood flow predominantly through an increase in myocardial oxygen demand, resulting from the increase in heart rate and myocardial contractility (84), although it is also thought to exert a relative weaker direct vasodilatation effect (85). Limited data exist on head to head comparison of different stress agents in patients post CABG (86, 87), but superiority of dobutamine over commonly used stressors has not been confirmed. Data from patients without previous surgical revascularisation would suggest that coronary flow augmentation is significantly higher with vasodilator agents such as adenosine and regadenoson compared to dobutamine or exercise, but whether this translates to an improved diagnostic performance is unclear. Furthermore, comparison between exercise and pharmacological stressors has not been widely studied in the context of previous CABG (88).



Arrhythmia and Electro-Mechanical Changes Post CABG

Surgical revascularisation results in both electrical and myocardial structural changes (89), thought to be secondary to procedural-related factors such as shifts in myocardial position (90), pericardial release (91), and peri-operative ischaemic injury (92). Atrial arrhythmias, particularly atrial fibrillation, are also common after surgery (93) and these are known to impact on the diagnostic performance of essentially all non-invasive ischaemia tests. Abnormal septal motion is common after cardiac surgery (94), making the interpretation of wall motion evaluation at both rest and peak stress challenging. Similarly, the electro-mechanical response to pharmacological agents such as dobutamine is thought to be altered in patients following CABG (95).





DIAGNOSTIC PERFORMANCE OF NON-INVASIVE ISCHAEMIA TESTING FOR THE DETECTION OF GRAFT FAILURE AND NATIVE DISEASE PROGRESSION

Ischaemia testing post-surgical revascularisation is broadly performed to evaluate distinct pathophysiological processes, which if identified can potentially alter clinical management. These include the presence of graft failure, native disease progression and in some cases the presence of residual ischaemia when incomplete revascularisation is suspected.

Each imaging modality suffers from its own limitations (Table 2) when it comes to surgically treated patients and in most studies the reported performance is inferior to that seen in patients without prior CABG (57, 96). Echocardiography is the most widely used technique for ischaemia evaluation and its diagnostic accuracy has been reported in a number of studies, using both pharmacological and exercise testing (97–102). In the context of CABG, limited LV coverage, and challenges in visualizing viable myocardium, peri-infarct ischaemia, and detecting multi-vessel disease are the main limitations. Although myocardial contrast echocardiography can overcome some of these limitations by offering quantitative perfusion assessment (103), it has not gained wider acceptance clinically, mainly due to lack of automation that hinders its adoption into the clinical workflow. CMR is being increasingly described as a reproducible and accurate method of ischaemia assessment, with an expanding body of evidence confirming its prognostic value and cost-effectiveness in the context of native coronary artery disease (104, 105). However, all major studies evaluating the diagnostic and prognostic performance of stress perfusion CMR have excluded patients with prior CABG, reflecting the complexity of ischaemia assessment in this patient population. Limited LV coverage with CMR poses challenges, particularly in terms of co-registering coronary anatomy and perfusion assessment and as in all modalities depending on first pass perfusion, there are questions regarding the impact of arterial delay of contrast through long grafts (51, 75). Despite increasing evidence on the safety of CMR imaging in patients with implantable electronic devices (106), artifact can affect image quality and perfusion interpretation. Furthermore, cost and limited availability continue to impede its clinical adoption as a mainstream test for ischaemia evaluation. Despite this, due to its high spatial resolution CMR is well-suited for evaluation of peri-infarct ischaemia and viability assessment in the same setting. Nuclear techniques (both PET and SPECT), have historically been crucial non-invasive modalities for ischaemia testing, and their performance and prognostic use is supported by a large body of evidence (22, 88, 107–112). As for native disease assessment, exposure to ionizing radiation continues to be considered a limitation, although with novel cameras and tracer technology the dose of this is decreasing. Furthermore, the possibility of hybrid imaging with computed tomography (CT) offers a great potential, with the advantage of paired anatomical and perfusion analysis being particularly relevant in the context of prior surgical revascularisation. Computed tomography coronary angiography itself offers an excellent tool for anatomical evaluation of graft patency (113), with high diagnostic accuracy for detection of graft occlusion or stenosis, but heavy calcification and native vessel disease especially in anastomotic sites and small-caliber distal runoff vessels, reduce its overall diagnostic performance without the benefit of paired perfusion assessment. Beyond this, mathematically modeled fractional flow reserve using CT (FFRCT) has not been validated among patients with prior CABG (114) and its use in this patient population is not currently recommended (115).


Table 2. Comparison of non-invasive imaging tests for the assessment of myocardial ischaemia in patients with previous coronary artery bypass grafts—features, strengths, and limitations.

[image: Table 2]

No single technique appears to have a clear diagnostic advantage over other, and selection is primarily based on patient-specific criteria, local expertise, and technique availability. A number of studies examined the diagnostic performance of non-invasive stress tests for the detection of graft failure or indeed the progression of native coronary artery disease post CABG (Table 3). These reported variable diagnostic accuracy against invasive coronary angiography and the majority made no distinction between ischaemia secondary to graft failure or ischaemia secondary to non-grafted native vessel disease. Furthermore, the lack of baseline studies immediately or soon after surgery makes it difficult to draw conclusions about ischaemia caused by incomplete revascularisation at the time of surgery vs. ischaemia caused by a new pathophysiological process. Finally, most studies used a combination of symptomatic and asymptomatic patients, making comparisons between modalities challenging.


Table 3. Diagnostic performance of non-invasive stress tests to identify graft failure and native disease progression post coronary artery bypass graft surgery.

[image: Table 3]

Comparison of the diagnostic accuracy of each test is hindered by the lack of systematic evaluation of their limitations in this patient group, but also the absence of contemporary studies using the latest state of the art tools. Indeed, most studies were historically performed using SPECT and stress echocardiography and were significantly limited by the existing technology, which warrants caution in extrapolating these results to current practice. Certainly, the true potential of modern tools of advanced echocardiography such as strain and myocardial contrast echocardiography (117), the use of solid-state detector technology in SPECT imaging (118) as well as artificial intelligence-based approaches in quantitative myocardial perfusion in the evaluation of patients with prior CABG remains unknown.



PROGNOSTIC ROLE OF ISCHAEMIA TESTING FOLLOWING SURGICAL REVASCULARISATION

Despite the technical challenges associated with ischaemia testing in patients with prior CABG surgery, a number of studies across the entire spectrum of imaging modalities suggested that detection of ischaemia post CABG predicts adverse clinical outcomes (Table 3). As such, evaluation of ischaemia in this group of patients becomes important for both risk stratification and for potentially guiding treatment decisions.

Historical data using exercise testing suggested that the presence of residual ischaemia post CABG is associated with increased risk of mortality, even among asymptomatic patients (119). Given the limitations of treadmill exercise ECG testing in patients with prior CABG (120), a number of studies subsequently evaluated the prognostic effect of ischaemia testing using non-invasive imaging, with the majority demonstrating a prognostic role for these tests (Table 4).


Table 4. Prognostic role of non-invasive ischaemia testing in patients with prior coronary artery bypass graft surgery.
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Most evidence on the prognostic impact of ischaemia detection comes from stress echocardiography (121, 123, 124, 131) and SPECT imaging (22, 31, 110–112, 127, 128), reflecting the dominant role of these modalities, particularly in previous decades. Despite including a large number of patients and long follow up times, collective interpretation of these studies is made difficult by significant study design heterogeneity (131), including differences in stress agents, use of optimal medical therapy, abnormal test definitions and primary end points. Very few studies have used advanced imaging techniques (121), including newly developed methods of quantitative myocardial perfusion evaluation which have already demonstrated incremental prognostic utility in patients without prior CABG (118, 132–134). Furthermore, in view of their retrospective design most studies did not provide data on the mechanism of ischaemia, complicating the translation of this finding into a form of clinical therapy.

There is a wide range of pathophysiological processes that can contribute to myocardial ischaemia in patients post CABG, and each may have a different impact on prognosis. Graft failure, native disease progression and microvascular dysfunction may all affect patient outcomes, but their respective contribution is unclear. Similarly, outcomes following any form of revascularisation are generally thought to be superior if “complete revascularisation” is achieved, with a reduction in adverse events including subsequent myocardial infarction, repeat revascularisation and mortality (135). The mechanisms by which the completeness of revascularisation affects outcomes are also not well-defined, and may not be entirely associated with restoration of myocardial blood flow. One of the challenges in unraveling this, is that the vast majorities of studies have used relative crude anatomical definitions of completeness of revascularisation (136) with very few studies deploying a functional assessment for evaluating the effect of completeness of revascularisation on prognosis (137, 138).

However, evidence supporting the notion that detection of ischaemia in this patient group improves clinical outcomes is lacking, particularly in asymptomatic patients. Harb et al. (122), evaluated the impact of routine stress testing post CABG, and found that although ischaemia detection was associated with adverse clinical events, repeat revascularisation did not alter outcomes. Similarly, in the large, multi-centered ROSETTA-CABG registry, patients undergoing routine post-CABG perfusion assessment with SPECT were compared with patients undergoing selective testing, and no difference in adverse clinical outcomes between the two groups was found (139).



FUTURE DIRECTIONS

The field of cardiac imaging has undergone dramatic developments in recent years, not only enabling enhanced diagnostic accuracy but providing tools for re-evaluating physiology and pathophysiological processes. Indeed, basic concepts in clinical cardiology, including that of myocardial ischaemia, continue to be centered on knowledge derived several decades ago and commonly remain uncontested. Recent studies, such as the ORBITA (140) and ISCHEMIA (141) trials have challenged our traditional ideas of myocardial ischaemia and its impact on patients symptoms and outcomes.

Advances in scanner performance, image reconstruction and wider availability of machine learning methods for data analysis have made it feasible to introduce quantitative methods of myocardial perfusion into routine clinical workflow. Such quantitative measures can be acquired in a highly automated fashion and offer incremental diagnostic value for ischaemia assessment particularly in complex models of coronary artery disease (142). Despite this, validation of such non-invasive myocardial perfusion indices against invasive coronary physiology in patients with prior CABG is lacking. Future prospective studies with paired information on coronary anatomy and quantitative perfusion imaging could provide new insights into the pathophysiological mechanisms of ischaemia in this patient population, potentially offering improved patient risk stratification and identification of novel therapeutic targets.



CONCLUSION

Patients commonly re-present for clinical assessment post coronary artery bypass grafting, and often pose a diagnostic challenge. Ischaemia evaluation in these patients is complex and subsequent clinical decision-making in response to the imaging results may be inconsistent. Challenges relate to both cardiovascular disease complexity (native coronary disease and collateralisation, graft variation, and infarction), and technical difficulties (arrhythmia, contrast transit time, and devices) (Figure 6), with no single imaging technique demonstrating clear superiority. Acknowledging the technical limitations of each modality may facilitate our decision making in selecting the most appropriate test based on the clinical scenario, personalized to the individual patient. Advances in imaging technology combined with the enhanced computational support of machine learning may help our understanding of these mechanisms, offering insights into the effects of revascularisation and potentially identifying novel therapeutic targets.


[image: Figure 6]
FIGURE 6. Factors impacting non-invasive ischaemia assessment in patients with prior surgical revascularization.
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