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Coronary artery anomalies (CAA) represent a heterogeneous group of congenital disorders of the arterial coronary circulation, defined by an anomalous origin of the coronary ostium and/or vessel course. Of particular interest are anomalous coronary arteries originating from the opposite sinus of Valsalva (ACAOS). The interarterial variants (with the anomalous vessel situated between the great arteries) are historically called “malignant,” based on an anticipated higher risk for myocardial ischemia and sudden cardiac death (SCD), especially affecting young patients during strenuous physical activity. However, the interarterial course itself may not be the predominant cause of ischemia, but rather represents a surrogate for other ischemia-associated anatomical high-risk features. As the exact pathophysiology of ACAOS is not well-understood, there is a lack of evidence-based guidelines addressing optimal diagnostic work-up, downstream testing, sports counseling, and therapeutic options in patients with ACAOS. Therefore, treating physicians are often left with uncertainty regarding the clinical management of affected patients. This review focuses on the pathophysiologic consequences of ACAOS on myocardial ischemia and discusses the concept of the interplay between fixed and dynamic coronary stenosis. Further, we discuss the advantages and limitations of the different diagnostic modalities and give an outlook by highlighting the gaps of knowledge in the assessment of such anomalies.
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INTRODUCTION

Coronary artery anomalies (CAA) represent a heterogeneous group of congenital disorders of the arterial coronary circulation, hallmarked by the anomalous origin of the coronary ostium, vessel course, and/or unusual number (1). CAAs are the consequence of an anomalous ingrowth from the initially preformed subepicardial vascular plexus into the aortic root during the embryonic period (2, 3). Reflecting this heterogeneity, clinical presentation varies ranging from normal variants [e.g., myocardial bridges, separate origin of the left anterior descending and circumflex artery (4)], which remains often undetected, to potentially life-threatening anomalies (e.g., ectopic origin of a coronary artery from the pulmonary artery). Of particular interest are anomalous coronary arteries with the origin of the anomalous vessel from the opposite sinus of Valsalva (ACAOS), especially if they follow an interarterial course between the great arteries (i.e., aorta and pulmonary artery). This rare congenital abnormality has a prevalence of 0.26% in the general population (0.03% for left coronary ACAOS; L-ACAOS, 0.23% for right coronary ACAOS; R-ACAOS) (5, 6). These interarterial variants are historically referred to as “malignant” based on the anticipated higher risk for myocardial ischemia and sudden cardiac death (SCD), especially affecting young adults during strenuous physical activity (7–11). Indeed, autopsy series showed that ACAOS were in up to one-third the underlying cause of sports-related SCD in young military recruits in the United States (L-ACAOS more frequently than R-ACAOS) (9, 12, 13). However, this proportion does not reflect the absolute risk of SCD in people living with ACAOS (14) that remains very low (15). Furthermore, the interarterial course itself may not be the predominant cause of ischemia, but rather represents a surrogate for other ischemia-associated anatomical high-risk features. Nevertheless, the few available professional guidelines recommend strict sports abstinence in patients with interarterial courses (AHA/ACC 2015, Class IIIB/C, ESC 2020 IIIC) and a low threshold for surgical coronary revascularization (ACC/AHA 2008, Class IB/IIa C, AHA/ACC 2015, Class IB, AHA/ACC 2018, Class IB/IIa C, ESC 2020 IC/IIa C) (16–20). There, surgical revascularization demonstrates favorable outcomes, although long-term implication remains unknown (21). As the level of evidence supporting the guidelines about optimal diagnostic work-up, downstream testing, sports counseling, and therapeutic options in patients with ACAOS is limited, treating physicians are often uncertain how they should counsel their patients (22).

Beside young athletes, substantial interest has emerged for the management of older patients with newly diagnosed ACAOS. This is of particular interest, as with the growing use of non-invasive imaging for the evaluation of coronary artery disease (CAD), the number of newly detected ACAOS is growing. Management strategies in the middle-aged and elderly group is even less well-established compared to young individuals, and range from strict sports restriction and/or revascularization to watchful waiting (14, 16–18, 23) (see Table 1 for a summary of available recommendations). The latter strategy (i.e., watchful waiting) is supported by growing evidence for possibly decreasing hemodynamic relevance of the ACAOS above a certain age (24), when symptomatic CAD becomes more prevalent (25). Still, whether older individuals might suffer from a lower ACAOS-related ischemic risk compared to younger individuals (25, 26) remains under debate. Furthermore, as the exact pathophysiology is not completely understood, functional imaging methods routinely used for CAD-evaluation are possibly not directly applicable to rule out ACAOS related hemodynamic relevance.


Table 1. Guideline recommendations regarding diagnostic evaluation and treatment in patients with ACAOS.
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In this review, we will focus on the pathophysiologic consequences of ACAOS on myocardial ischemia. In addition, we will discuss the concept of the interplay of fixed and dynamic stenosis in ACAOS, which is important toward optimal stress test modality selection. Finally, we will discuss advantages and limitations of the different diagnostic modalities and provide an outlook by highlighting the gaps of knowledge in the evaluation of ACAOS patients.



METHODS

The initial literature research started systematically on Medline Ovid and Pubmed with focus on peer-reviewed, English publication on coronary anomalies, diagnostic modalities, and myocardial ischemia within the last 20 years (i.e., 2000–2020). This resulted in 588, respectively, 518 articles, which we further decreased to 201 full text analysis. These were initially included and read by MRB and/or AA. However, as old autoptic studies as well as echocardiography papers were missing, we manually search for the most referenced papers within this topic. Thus, the presented review is methodological narrative.



PATHOMECHANISMS OF ISCHEMIA IN ACAOS

Although there have been several attempts to uncover the pathophysiology of ACAOS during the previous decades, the underlying mechanisms of ischemia remain ambiguous. Historically, the interarterial course was thought to be the crucial abnormality assuming a scissor-like mechanism created by the close proximity of the aorta and pulmonary artery, especially during exertion (7). Considering the pressure condition in the respective circulatory systems, it is unlikely that the low-pressure pulmonary artery would develop substantial counterforce to occlude the anomalous coronary artery. Furthermore, at the site of closest aortopulmonary proximity, the anomalous segment usually runs inside the aortic wall (8, 27, 28). Therefore, the interarterial course may act only as a surrogate for other anatomical high-risk features like slit-like ostium, acute take-off angle, proximal narrowing (also referred to as hypoplasia) with elliptic vessel shape and intramural course (i.e., course within the tunica media of the aortic wall in; see Figure 1) (1, 24, 28, 31–39). Consequently, terminology should focus on these features rather than the interarterial course. Beside these anatomic features supported by a large body of evidence, other postulated mechanisms are dynamic lateral compression of the intramural segment (7, 27), flap-like closure of the narrowed ostium (24, 40), and increased vulnerability to coronary spasm (41). However, coronary spasms are rarely observed in clinical practice, unless catheter cannulation inadvertently results in trauma (41, 42). Especially in ACAOS with intramural course, coronary spasm appears implausible because of the embedment of the ACAOS within the aortic tunica media, a layer of elastic tissue without functional smooth muscle cells (43). In addition, provocative testing for coronary spasm using ergonovine elicits no spasticity of the ectopic segment suggesting that spasm is not contributing to ischemia in ACAOS (27, 44). Similarly, the flap-like closure mechanism is not observed in clinical practice and has only been reported in autoptic studies (24, 40). The failure of demonstrating these mechanisms in vivo may be due to the dynamic nature of the phenomenon, which may be missed by imaging. Alternatively, reproducibility may be limited owing to technical issues [e.g., inadequate spatial resolution of non-invasive imaging or blockade of the flap by the intravascular ultrasound (IVUS) or optical coherence tomography (OCT) probe during invasive assessment].
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FIGURE 1. Depiction of anatomical high-risk features in a patient with right ACAOS by coronary computed tomography angiography and invasive coronary angiography. (A–C) Illustration of the interarterial course by CCTA; (D,E) depiction of anatomical high-risk features [acute-take off-angle, proximal narrowing and oval vessel shape; purple box proximal segment, also called Angelini/Cheong sign (29), green box distal segment]; (F,G) invasive assessment with a positive FFR and demonstration of lateral compression by intravascular ultrasound. Red line depicts lumen contour. With permission from Elsevier. Bigler et al. (30).


The anatomic high-risk feature of a slit-like ostium at the ectopic origin is defined as a ≥50% reduction of the minimal lumen diameter compared to the normal distal reference diameter (36) [ <50% = oval ostium (36)] and best corresponds to the concept of relevant coronary stenosis known from CAD. Thus, the deformed coronary ostium with a decreased cross-sectional area acts as an ostial stenosis. In a small study, Kaushal et al. compared the mean ostial diameter of anomalous coronaries to those of normal vessels in 27 young patients undergoing surgical correction of ACAOS and found a significant caliber difference (mean diameter 1.5 ± 0.4 mm vs. 3.3 ± 0.8 mm) (45). Accordingly, narrowing of the proximal segment reduces the cross-sectional area in the interarterial part, the relevance of which can be measured using percent diameter stenosis of the anomalous in relation to the unobstructed, distal segment [i.e., (reference area—stenosis area)/reference area*100] (46, 47). In case of a stenosis above 50%, revascularization of the proximal vessel may be considered in symptomatic older patients with R-ACAOS (46, 48). Of note and similar to atherosclerotic lesions, not only percent diameter stenosis but also its length affects the hemodynamic relevance directly.

An acute take-off angle (below 45°), defined as an axial course of the proximal segment tangential to the great vessel circumference (40, 49), was previously associated with symptoms (36, 47). Furthermore, kinking of the anomalous coronary artery during exercise, i.e., decrease of the acute take-off angle and consequently increased narrowing at the ostium, was proposed as a contributing ischemia-inducing mechanism (38, 50).

Finally, the intramural course is probably the most threatening feature in terms of hemodynamic relevance (10, 51). As shown by several studies, the length of the intramural segment is associated with an increased risk for ischemia (28, 36, 45, 52). In addition, an elliptic proximal vessel shape [defined as height/width ratio of >1.3 (53)] is frequent within the intramural segment, and the deformation [also called lateral compression, dependent from the cardiac phase, i.e., more pronounced during systole than diastole (54)] has been shown to increase during physical activity with augmented great vessel wall stress (27, 54–59). Taken into account the law of LaPlace [wall stress = (transmural pressure * radius)/(2 * wall thickness)], the augmented wall stress affects in particular the intramural segment, where there is a substantial decrease in aortic wall thickness. The latter phenomenon is additionally exacerbated by the increasing artery diameter during physical exercise, thereby producing a lateral compression sufficient to cause myocardial ischemia even during diastole. This anatomic feature is not only relevant due to the reduced cross-sectional area compared with a round vessel shape, but also due to higher resistance as shown by the underlying mechanics, i.e., the law of Hagen-Poiseuille (60). Figure 2 demonstrates the decreasing cross-sectional area and the increasing resistance, respectively, as a function of the height/width ratio in a vessel with a given circumference. Furthermore, as outlined by the position as a denominator in the applied law, intramural length directly increases resistance to flow as well (60). Figure 2 is a theoretical model of the effect of vessel deformation with the limitation that deformation will rarely result in a perfect elliptic shape. Nonetheless, it demonstrates the increasing resistance along the anomalous segment during progressive deformation (which would be even higher with irregular deformation and consecutive turbulent flow) and the need for compensatory coronary vasodilatation for the preservation of adequate perfusion at the expense of decreased coronary flow reserve (CFR). This effect was illustrated in a case report by Brandt et al., where the authors measured CFR during surgical revascularization and demonstrated a decreased CFR when the periphery was supplied by the native vessel compared to the graft (44).
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FIGURE 2. Illustration of the impact of deformed vascular shape (i.e., lateral compression). Using two basic equations of fluid dynamics (law of Hagen-Poiseuille and law of Ohm) as well as common geometric formulas for the calculation of the cross-sectional area (CSA) in different forms, decreasing cross-sectional area, respectively, the increasing resistance as a function of the height/width ratio (i.e., a/b-ratio) in a vessel with a given (i.e., fixed) circumference was calculated. Q, volumetric flow rate; r, radius of the pipe; ΔP, pressure gradient; η, dynamic viscosity; l, length of the pipe; a, short semi-axis of the elliptic pipe, b, long semi-axis of the elliptic pipe; R, resistance; Equations of fluid dynamics taken from (60).



Two-Tier Concept

Combining the features outlined above, we support a two-tier concept for the pathomechanisms of ischemia in ACAOS (41). In this concept, the occurrence of ischemia is based on the extent of a fixed (anatomic high-risk features of slit-like ostium and proximal narrowing) and a dynamic (acute take-off angle, intramural course with the elliptic vessel shape) component. In previous studies, none of the anatomic features taken separately correlated with ischemia, indicating a complex interplay between the different components (38, 54). In addition, the hemodynamic relevance depends directly on the supplied viable myocardial mass downstream of the stenosis. Thus, providing an explication for the diverging prognosis of R- and L-ACAOS (9).

Last, ischemia is unlikely to occur every time the patient exercises (61), which suggests the presence of additional factors, e.g., volume status and type of physical activity [isotonic, e.g., cycling or running vs. isometric, e.g., weight-lifting (62, 63)]. Although more SCDs are known in patients participating in dynamic sports, the relevance of this differentiation has yet to be determined.



Fixed Component

As discussed above, slit-like ostium and proximal narrowing are present at rest and behave in a similar manner to classic coronary lesions. The reduction of the cross-sectional area creates flow restrictions, which can be evaluated by coronary angiography or intravascular imaging (64) and/or the pressure gradient over the stenotic segment (65). Fractional flow reserve [FFR, defined as the hyperemic mean distal coronary artery pressure divided by the simultaneous recorded mean aortic pressure (65)] with hyperemia induced by pharmacological vasodilatation (i.e., adenosine) was used to assess the hemodynamic relevance of ACAOS in multiple studies (56, 66, 67). Interestingly, only a poor correlation with symptoms and/or anatomic features could be documented (66). In fact, these studies assessed the fixed component alone and thus, found no hemodynamically relevant FFR according to the used threshold for atherosclerotic lesions of 0.80 (68). These findings are consistent with the postulated pathophysiology and explained by the fact that the dynamic component cannot be sufficiently reproduced using pharmacological stress with vasodilators.



Dynamic Component

Anatomic features like acute take-off angle or lateral compression in the intramural segment gain hemodynamic relevance during exercise. With increased heart rate, systolic blood pressure and myocardial contractility, systolic expansion and higher wall stress of the proximal aorta can be observed because of increased dP/dt and stroke volume (69). Thus, lateral compression of the intramural segment and subsequent flow resistance increase as a function of cardiac output and systolic blood pressure, affecting CFR during conditions of increased myocardial oxygen demand. This phenomenon causes myocardial ischemia that cannot be triggered by vasodilatatory drugs. Hence, assessment of the hemodynamic relevance of ACAOS should be performed preferably using physical exercise or dobutamine, a beta2-sympatomimetica that increases heart rate and stroke volume (46, 54, 56). In a study by Angelini et al. (46), intravascular ultrasound (IVUS) during dobutamine infusion directly demonstrated increased lateral compression. Furthermore, Lee et al. (56) conducted a study in 37 patients, where FFRDobutamine was performed in case of a negative FFRAdenosine showing discrepancies in three patients, as evidence for a dynamic component of ischemia. Of note, in multiple studies, FFRDobutamine was usually lower or equal to FFRAdenosine, revealing the inconstant presence of the dynamic component (56, 67). It is conceivable, that with increasing age, thickening and stiffness of the aortic wall decrease distensibility (69) and thus, the dynamic component loses its relevance. These findings are in line with the autoptic studies by Taylor et al. (24, 38), which reported a decreased risk for SCD beyond the age of 30. However, the simultaneously increasing risk for concomitant CAD may incur myocardial ischemia owing to the development of atherosclerotic lesions (34), which rarely directly affects the anomalous segment (56, 58, 59). However, both factors may potentiate themselves and result in myocardial ischemia.

Besides anatomic high-risk features and concomitant CAD, a recent study demonstrated the hemodynamic relevance of a so far “benign” ACAOS variant with intraseptal course. There, up to 50% of these anomalies showed inducible myocardial hypoperfusion during non-invasive stress testing, which was later confirmed by positive invasive FFR (70). Hence, repeated in-depth hemodynamic evaluation with up-to-date non-invasive and invasive testing will be required to understand the subclassification of ACAOS.



Substrate for Arrhythmia

Up to 66% of diagnosed ACAOS patients do not report any symptoms (5) and the initial presentation may be sudden cardiac death (71). Thus, diagnostic evaluation should not only obtain evidence for ischemia (which can in turn induce arrhythmia), but also assess possible underlying arrhythmogenic myocardial fibrosis and scar. The latter is suspected to occur in ACAOS as an expression of recurrent minor myocardial ischemia that may serve as the substrate for ventricular tachyarrhythmias (8, 67, 69, 72). Autopsy series demonstrated myocardial fibrosis in a significant number of patients with ACAOS (8). However, the amount of fibrosis that should be considered critical is unknown, as well as the best technique to image such lesions. The management of these patients remains difficult, as it is doubtful whether those with ACAOS and myocardial fibrosis are safe to return to competitive sports after revascularization of the anomaly.




DIAGNOSTIC MODALITIES

Considering the complex pathomechanisms of myocardial ischemia in patients with ACAOS, the optimal diagnostic modality is not only expected to detect the presence of ACAOS with high accuracy but also to collect additional information on anatomical high-risk features, ischemia, evidence for possible myocardial fibrosis/scar as substrate for ventricular tachyarrhythmias (8) and concomitant CAD (34). Thus, multimodality imaging is necessary to cover this broad range of diagnostic entitlements (5, 22). Table 2 provides an overview of the common methods.


Table 2. Overview of the diagnostic modalities for the assessment of ACAOS.
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Electrocardiogram

The standard 12-lead electrocardiogram (ECG) is a valuable diagnostic modality and important part in daily clinical workup. However, it does not play a role suspect or recognize ACAOS (73). As shown in several reports, resting ECG, even in symptomatic patients, does not show any typical alternations (8, 74–76). Similarly, stress ECG, which has already a limited diagnostic accuracy for the diagnosis of CAD [sensitivity 68%, specificity 77% (77)], is not reliable for the detection of ACAOS-dependent myocardial ischemia (8, 71, 75, 78, 79). If stress ECG may play a role by reproducing symptoms or arrhythmia is unclear (80).



Echocardiography

Using transthoracic echocardiography (TTE), the origin and the proximal course of the coronary arteries can be assessed non-invasively without radiation exposure (81, 82). Usually, diagnosis by TTE is made from a short-axis view in the plane of the aortic root including focused color Doppler interrogation of the aortic wall to identify an intramural course (52, 83). Furthermore, TTE allows the assessment of ventricular and valvular function as well as evaluation of concomitant congenital heart defects. Taking into account the general good acoustic window in children, TTE is an optimal diagnostic modality for an initial evaluation in a pediatric population, in whom radiation exposure is an issue (14, 61, 76, 84, 85). However, important limitations of TTE are the decreased diagnostic value in adults or patients with limited acoustic window (86) as well as the required experience, resulting in a substantial interobserver variability. This variability was demonstrated in a multicenter study where agreement between the echocardiographic core laboratory and the participating sites was poor (87). For the identification of anatomic high-risk features, higher resolution transesophageal echocardiography (TEE) is needed (81). Functional relevance of ACAOS can be assessed by TTE using either a physical or a pharmacological (usually dobutamine) stress looking at qualitative wall motion changes as an indirect marker for myocardial ischemia in the ACAOS subtended territories (71). However, the distal segments of the coronary arteries are not visible and therefore coronary dominance of the non-anomalous vs. anomalous vessel is not possible.



Coronary Computed Tomography Angiography

With the substantial technical advances in the last decades, coronary computed tomography angiography (CCTA) has become the preferred imaging modality for anatomic definition of ACAOS in adults (5, 22). CCTA provides the best non-invasive spatial resolution and advanced post-processing methods as 3D virtual angiographic view enable the detailed evaluation of the anatomic high-risk features (28, 36, 45, 47, 74, 88–94). In addition and especially relevant in adult patients (34), CCTA allows the evaluation of the full course of the coronary arteries including detection of concomitant atherosclerotic CAD. In recent years, radiation exposure during CCTA has been dramatically reduced to an average of around 0.5–3 mSv in daily clinical practice (95). So far, CCTA was limited to the anatomical assessment of ACAOS. However, a novel technique may overcome this shortcoming by using computed fluid dynamic analysis, i.e., the implementation of CT fractional flow reserve (CTFFR) (96, 97) in patients with ACAOS (98). While first results are promising (98–101), CTFFR has been primarily used in the evaluation of CAD and its diagnostic value in other setting remains unclear. To which degree CT perfusion (using dobutamine) may play a role in assessing ACAOS needs to be determined (102).



Cardiac Magnetic Resonance Imaging

Cardiac magnetic resonance (CMR) imaging offers tomographic 3D imaging at high spatial resolution [slightly lower than CCTA (22, 54, 88)] without radiation at the expense of prolonged scan times and higher costs (5). It allows the visualization and assessment of the origin and the course of the ACAOS in relation to the great vessels in detail and without the use of contrast agents, rendering this modality especially attractive in the pediatric population (74, 103–105). CMR is able to capture additional relevant information related to cardiac structures and function (22), including myocardial necrosis as substrate for ventricular tachyarrhythmias (8). However, CMR is limited by its difficulty to assess the distal segments of the coronary arteries, as well as concomitant CAD. Concerning functional ischemia testing, CMR allows to investigate the hemodynamic relevance by pharmacologic inotropic stress (i.e., dobutamine) (106, 107) with a higher accuracy than stress echocardiography (108).



Nuclear Cardiac Imaging

Nuclear cardiac imaging modalities [i.e., single-photon emission computed tomography (SPECT) and positron emission tomography (PET)] are established techniques for risk stratification and assessment of myocardial perfusion in the setting of CAD. Multiple studies used these modalities for the assessment of hemodynamic relevance of ACAOS (34, 75, 88, 109–111) and demonstrated favorable diagnostic performance. Furthermore, combination with CT allows the allocation to the corresponding vessel territory, a situation often altered in ACAOS (34, 109). However, as shown by a recent case report from our group (30), the limited spatial resolution may lead to undetected ischemia, in particular in cases with primary subendocardial ischemia.



Invasive Coronary Angiography

Invasive coronary angiography (ICA) has been the gold standard for the diagnostic of CAAs for several decades. However, it is less suited to visualize anatomic high-risk features and to determine the ACAOS course in relation to the great vessels. Owing to the advent of non-invasive imaging modalities as CCTA and CMR, ICA is no longer a first-line modality to define the anatomy of ACAOS (75, 112). Nevertheless, in combination with intravascular diagnostic procedures such as intravascular ultrasound (IVUS) and optical coherence tomography (OCT), ICA continues to have clinical significance. According to Angelini et al., IVUS is the gold standard for the assessment of the intramural segment since it allows the best spatial assessment as well as the demonstration of dynamic lateral compression during simulated exercise (46, 54). Both, determination of the pressure gradient (i.e., FFR) across the anomalous segment as well as IVUS, are possible under simulation of physical exercise, allowing the most comprehensive evaluation of the hemodynamic relevance to date (27, 56–59, 66, 113, 114). Moreover, non-invasive functional testing does not allow to uncover possible isolated right ventricular ischemia (e.g., in R- ACAOS with a small RCA and left coronary dominance), as only the left myocardium can be assessed. Although, the myocardium at risk might be rather small in these situations, one could argue that arrhythmias still can be induced from the right ventricle and should be assessed using invasive FFR.



Stress Testing

The ideal stress test for ACAOS should be able to assess both dynamic and fixed components, and has to be strenuous enough to provoke lateral compression. This requirement was illustratively demonstrated in a case report by Lim et al. (67), describing a 14-years old female patient with L-ACAOS that showed similar FFRAdenosine and FFRDobutamine (0.87 vs. 0.86) values at a heart rate of 153 bpm (74% of the maximal heart rate) and thus, only evaluation of the fixed component. Hence, maximal exercise load is crucial and the examiners should aim for maximal or supramaximal stress (100% of predicted maximal heart rate or above, estimated with the formula of 220–age). Unfortunately, most performed stress tests were satisfied with 85% of the maximal heart rate (34, 56, 75, 111, 115), providing a possible explanation for the low reliability and the missing correlation with clinical symptoms and prognosis (46). Table 3 provides an overview of commonly used stress protocols and their application in non-invasive and invasive diagnostic modalities. In general, maximal physical exercise should be preferred. However, this is often not feasible, especially in the invasive setting. Further, pure vasodilators (i.e., adenosine or regadenosone) are not able to provoke the dynamic components (i.e., dynamic lateral compression of the intramural course) and thus, are prone to provide false negative results. In a small case series, the lateral compression illustrated by IVUS during ICA was provoked with norepinephrine (59). However, this method does not simulate vigorous physical exercise adequately because of only slightly increased heart rate and inadequate adaption of coronary vascular resistance (116).


Table 3. Overview of possible stress protocols in assessing patients with ACAOS.
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For invasive stress testing, Angelini et al. introduced a “SAD”-test, that entails a pharmacologic stress test with rapid infusion of 500 ml saline, dobutamine stepwise infusion up to 40 μg/kg/min and in addition 0.5 mg atropine if the heart rate is below 140 bpm at the end of the dobutamine infusion (46, 54). While this stress protocol is the closest equivalent to vigorous exercise, it has two major limitations. First, a fixed target heart rate of 140 bpm lacks age-related adaption and thus, leads to insufficient exercise load among younger patients. Second, infusion of saline is necessary, since dobutamine decreases the preload and hence, systolic arterial blood pressure, aortic wall stress and myocardial oxygen consumption. However, as with the fixed heart rate, infusion of saline should have the extent to prevent blood pressure decrease during infusion of the dobutamine and maintaining an adequate preload rather than a fixed value.

Thus, our specialized clinic for ACAOS applies a more aggressive approach with steady infusion of saline during the whole invasive procedure (usually more than 1'500 ml of saline to prevent a preload decrease) and attempts to reach 100% of the maximal heart rate, i.e., using atropine in addition to the ongoing dobutamine infusion to simulate vigorous physical exercise at the upper limit. The dobutamine and volume challenge is, of course, not practicable for every patient but should be aimed for in order to simulate maximal physical exercise and obtain conclusive results even in absence of ischemia (i.e., true-negative results).

Regarding the invasive diagnostic procedure, radial access represents the preferred access site. The intubation of the anomalous ostium in combination with advanced diagnostic including FFR and intravascular imaging under rest and stress condition requires a high level of experience and should be reserved for experienced interventional cardiologists. Potential but rare risks include aortic or coronary dissections and stroke.



Diagnostic Management of Patients With ACAOS

After detailed recording of the medical history including symptoms, physical activities and strenuous exercise related symptoms, we propose the following downstream testing algorithm (i.e., summarized in a flow chart in Figure 3) in individuals with suspected or confirmed ACAOS. We divided the population into those below and above 30 years according to the studies by Taylor et al. (24, 38). We are fully aware that this dichotomization is arbitrary and should not be seen as a stringent recommendation but is rather meant for guidance.
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FIGURE 3. Flow chart of diagnostic management in patients with an anomalous coronary artery. (R-/L)-ACAOS, (right/left) anomalous coronary arteries with the origin of the anomalous vessel from the opposite sinus of Valsalva; CAD, coronary artery disease; CCTA, coronary computed tomography angiography; CMR, cardiac magnetic resonance imaging; FFR, fractional flow reserve; IVUS, intravascular ultrasound; PET, positron emission tomography; SPECT, single-photon emission computed tomography; TTE, transthoracic echocardiography.



Patients Under 30 Years of Age

In patients under 30 years of age (and especially in the pediatric population), the initial diagnostic modality should be TTE by an experienced sonographer. If ACAOS cannot be ruled out with certainty (because of inexperience, low acoustic window quality and/or others) or in cases where ACAOS is confirmed, additional imaging is required. For the subsequent diagnostic step, CCTA or CMR are the recommended diagnostic modalities, based on the local expertise and availability. Using these imaging methods, evaluation of anatomic high-risk features is crucial to directly rule out “benign” variants of CAA. Thus, ACAOS without any anatomic high-risk features can be safely deferred (5, 22), respectively referred to for further evaluations of the underlying causes in symptomatic patients.

Non-invasive functional testing is recommend when considering the association of cardiovascular events in ACAOS with strenuous exercise. This is, however, only useful when turning out positive or as reference value for subsequent evaluations. As stated by Cheezum et al., “the absence of ischemia during stress testing cannot be viewed as reassuring currently, particularly when potentially high-risk anatomic features are present” (5). In addition, we propose that every ACAOS with anatomic high-risk features should undergo an invasive evaluation of the hemodynamic relevance including assessment of IVUS and FFR under a dobutamine and volume challenge and non-invasive imaging should rather be seen as an alternative. If there is no evidence for ischemia and the patient remained asymptomatic, a conservative approach should be justifiable. In the other situations, revascularization should be recommend (14, 16) as well as a CMR (if not already done) for the evaluation of patchy myocardial necrosis.



Patients Over 30 Years of Age

In patients over 30 years of age, the diagnostic scheme is similar. However, in this setting, concomitant CAD must be ruled out. Accordingly, first-line modality is CCTA, followed by the same diagnostic procedures as outline above. Please note, even if TTE is not recommended as first-line modality in this population, we believe that it is an integral part of a cardiac diagnostic workup in adult people (similar to the ECG).





GAPS OF KNOWLEDGE

Multiple gaps of knowledge exists in ACAOS regarding the optimal diagnostic evaluation, risk stratification and management. As outlined by Brothers et al., we are not yet able to distinguish which individuals and which variants of ACAOS are at high risk for ischemia and who should we refer for revascularization (14).

The main questions are:

1. What is the prognosis of patients with only few/milder versions of anatomical high-risk features (e.g., short intramural course)? What are cut-off values for acute take-off angle, intramural length, height-width ratio of the slit like ostium that associated with an increased risk for adverse cardiac outcomes?

2. Does the decreased risk for SCD in newly detected ACAOS in older people represents a selection-bias toward a low-risk population (higher-risk individuals died at a younger age) or does the normal development in this patient cohorts based on pathophysiologic alternation (e.g., increased stiffness of the aortic wall) lead to a decreased lateral dynamic compression of the anomalous segment?

3. Does discrepancy between different invasive hemodynamic parameters [systolic/diastolic, resting and stress parameters (117)] represent valuable information on the aortic wall distensibility and the hemodynamic relevance?

4. Are sports restriction recommendations (dynamic vs. static sports, recreation vs. competitive sports) and revascularization necessary for all patients with high-risk features? What is the relevance of the age and the symptomatic burden on sports counseling?

5. Is it possible to predict the hemodynamic relevance of ACAOS purely based on non-invasive anatomical description of the high-risk features?

Ongoing studies:

Currently, several single site and multinational registries (118, 119) are recruiting patients to address the remaining gaps. Our site currently recruits patients for the systematic evaluation of ACAOS (NCT04475289) including non-invasive imaging (CCTA, stress-testing) as well as comprehensive invasive functional assessment. Our hypothesis is that the exact description of the anatomical features in the CCTA can determine the hemodynamic relevance of ACAOS using the invasively measured FFRDobutamine as reference.



CONCLUSION

Despite numerous efforts to uncover the enigma of the hemodynamic relevance in patients with ACAOS, our understanding of the complex interactions leading to myocardial ischemia, remains unsatisfactory. Due to the low prevalence in the general population, major efforts have to be made to collect data from multinational ACAOS registries to better understand the pathophysiology of this entity. We advocate a two-tier concept, where the hemodynamic relevance of ACAOS is represented by a fixed component (e.g., proximal narrowing; similar to CAD) and a dynamic component (e.g., lateral compression), accentuated during exercise, providing explanations for the various clinical presentations. Hence, comprehensively assessment of the hemodynamic relevance of ACAOS should contain multimodality non-invasive and invasive imaging with adequate stress testing.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 1. Angelini P. Coronary artery anomalies–current clinical issues: definitions, classification, incidence, clinical relevance, and treatment guidelines. Tex Heart Inst J. (2002) 29:271–8.

 2. Bogers AJ, Gittenberger-de Groot AC, Poelmann RE, Péault BM, Huysmans HA. Development of the origin of the coronary arteries, a matter of ingrowth or outgrowth? Anat Embryol. (1989) 180:437–41. doi: 10.1007/BF00305118

 3. Pérez-Pomares JM, de la Pompa JL, Franco D, Henderson D, Ho SY, Houyel L, et al. Congenital coronary artery anomalies: a bridge from embryology to anatomy and pathophysiology–a position statement of the development, anatomy, and pathology ESC working group. Cardiovasc Res. (2016) 109:204–16. doi: 10.1093/cvr/cvv251

 4. Yamanaka O, Hobbs RE. Coronary artery anomalies in 126,595 patients undergoing coronary arteriography. Cathet Cardiovasc Diagn. (1990) 21:28–40. doi: 10.1002/ccd.1810210110

 5. Cheezum MK, Liberthson RR, Shah NR, Villines TC, O'Gara PT, Landzberg MJ, et al. Anomalous aortic origin of a coronary artery from the inappropriate sinus of valsalva. J Am Coll Cardiol. (2017) 69:1592–608. doi: 10.1016/j.jacc.2017.01.031

 6. Grani C, Benz DC, Schmied C, Vontobel J, Possner M, Clerc OF. Prevalence and characteristics of coronary artery anomalies detected by coronary computed tomography angiography in 5 634 consecutive patients in a single centre in Switzerland. Swiss Med Wkly. (2016) 146:w14294. doi: 10.4414/smw.2016.14294

 7. Angelini P. Coronary artery anomalies: an entity in search of an identity. Circulation. (2007) 115:1296–305. doi: 10.1161/CIRCULATIONAHA.106.618082

 8. Basso C, Maron BJ, Corrado D, Thiene G. Clinical profile of congenital coronary artery anomalies with origin from the wrong aortic sinus leading to sudden death in young competitive athletes. J Am Coll Cardiol. (2000) 35:1493–501. doi: 10.1016/S0735-1097(00)00566-0

 9. Eckart RE, Scoville SL, Campbell CL, Shry EA, Stajduhar KC, Potter RN, et al. Sudden death in young adults: a 25-year review of autopsies in military recruits. Ann Intern Med. (2004) 141:829–34. doi: 10.7326/0003-4819-141-11-200412070-00005

 10. Lim JC, Beale A, Ramcharitar S. Anomalous origination of a coronary artery from the opposite sinus. Nat Rev Cardiol. (2011) 8:706–19. doi: 10.1038/nrcardio.2011.147

 11. Mirchandani S, Phoon CK. Management of anomalous coronary arteries from the contralateral sinus. Int J Cardiol. (2005) 102:383–9. doi: 10.1016/j.ijcard.2004.10.010

 12. Lorenz EC, Mookadam F, Mookadam M, Moustafa S, Zehr KJ. A systematic overview of anomalous coronary anatomy and an examination of the association with sudden cardiac death. Rev Cardiovasc Med. (2006) 7:205–13. Available online at: https://www.scopus.com/record/display.uri?eid=2-s2.0-33846430887&origin=inward&txGid=ab6300d428bccdd3b6fa305d297d7445

 13. Maron BJ, Haas TS, Ahluwalia A, Murphy CJ, Garberich RF. Demographics and epidemiology of sudden deaths in young competitive athletes: from the united states national registry. Am J Med. (2016) 129:1170–77. doi: 10.1016/j.amjmed.2016.02.031

 14. Brothers JA, Frommelt MA, Jaquiss RDB, Myerburg RJ, Fraser CD Jr. Tweddell JS. Expert consensus guidelines: anomalous aortic origin of a coronary artery. J Thorac Cardiovasc Surg. (2017) 153:1440–57. doi: 10.1016/j.jtcvs.2016.06.066

 15. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO. Sudden deaths in young competitive athletes analysis of 1866 deaths in the united states, 1980–2006. Circulation. (2009) 119:1085–92. doi: 10.1161/CIRCULATIONAHA.108.804617

 16. Warnes CA, Williams RG, Bashore TM, Child JS, Connolly HM, Dearani JA, et al. ACC/AHA 2008 guidelines for the management of adults with congenital heart disease: a report of the American college of cardiology/American heart association task force on practice guidelines (writing committee to develop guidelines on the management of adults with congenital heart disease). Developed in collaboration with the American society of echocardiography, heart rhythm society, international society for adult congenital heart disease, society for cardiovascular angiography and interventions, and society of thoracic surgeons. J Am Coll Cardiol. (2008) 52:e143–e263. doi: 10.1161/CIRCULATIONAHA.108.190811

 17. Van Hare GF, Ackerman MJ, Evangelista JAK, Kovacs RJ, Myerburg RJ, Shafer KM, et al. Eligibility and disqualification recommendations for competitive athletes with cardiovascular abnormalities: task force 4: congenital heart disease: a scientific statement from the American heart association and American college of cardiology. J Am Coll Cardiol. (2015) 66:2372–84. doi: 10.1016/j.jacc.2015.09.036

 18. Stout KK, Daniels CJ, Aboulhosn JA, Bozkurt B, Broberg CS, Colman JM, et al. 2018 AHA/ACC guideline for the management of adults with congenital heart disease: executive summary: a report of the American college of cardiology/American heart association task force on clinical practice guidelines. J Am Coll Cardiol. (2019) 73:1494–563. doi: 10.1016/j.jacc.2018.08.1028

 19. Baumgartner H, De Backer J, Babu-Narayan SV, Budts W, Chessa M, Diller GP, et al. ESC guidelines for the management of adult congenital heart disease: the task force for the management of adult congenital heart disease of the European society of cardiology (ESC). Eur Heart J. (2020) 41:4153–4. doi: 10.1093/eurheartj/ehaa701

 20. Pelliccia A, Sharma S, Gati S, Bäck M, Börjesson M, Caselli S, et al. 2020 ESC guidelines on sports cardiology and exercise in patients with cardiovascular disease. Eur Heart J. (2021) 42:17–96. doi: 10.1093/eurheartj/ehaa605

 21. Mery CM, De León LE, Molossi S, Sexson-Tejtel SK, Agrawal H, Krishnamurthy R, et al. Outcomes of surgical intervention for anomalous aortic origin of a coronary artery: a large contemporary prospective cohort study. J Thorac Cardiovasc Surg. (2018) 155:305–19.e4. doi: 10.1016/j.jtcvs.2017.08.116

 22. Gräni C, Buechel RR, Kaufmann PA, Kwong RY. Multimodality imaging in individuals with anomalous coronary arteries. JACC Cardiovasc Imaging. (2017) 10:471–81. doi: 10.1016/j.jcmg.2017.02.004

 23. King NM, Tian DD, Munkholm-Larsen S, Buttar SN, Chow V, Yan T. The aberrant coronary artery - the management approach. Heart Lung Circ. (2018) 27:702–7. doi: 10.1016/j.hlc.2017.06.719

 24. Taylor AJ, Rogan KM, Virmani R. Sudden cardiac death associated with isolated congenital coronary artery anomalies. J Am Coll Cardiol. (1992) 20:640–7. doi: 10.1016/0735-1097(92)90019-J

 25. Grani C, Benz DC, Steffen DA, Clerc OF, Schmied C, Possner M. Outcome in middle-aged individuals with anomalous origin of the coronary artery from the opposite sinus: a matched cohort study. Eur Heart J. (2017) 38:2009–16. doi: 10.1093/eurheartj/ehx046

 26. Gräni C, Benz DC, Steffen DA, Giannopoulos AA, Messerli M, Pazhenkottil AP, et al. Sports behavior in middle-aged individuals with anomalous coronary artery from the opposite sinus of valsalva. Cardiology. (2018) 139:222–30. doi: 10.1159/000486707

 27. Angelini P, Velasco JA, Ott D, Khoshnevis GR. Anomalous coronary artery arising from the opposite sinus: descriptive features and pathophysiologic mechanisms, as documented by intravascular ultrasonography. J Invasive Cardiol. (2003) 15:507–14.

 28. Jegatheeswaran A, Devlin PJ, McCrindle BW, Williams WG, Jacobs ML, Blackstone EH, et al. Features associated with myocardial ischemia in anomalous aortic origin of a coronary artery: a congenital heart surgeons' society study. J Thorac Cardiovasc Surg. (2019) 158:822–34.e3. doi: 10.1016/j.jtcvs.2019.02.122

 29. Angelini P, Cheong B. Left coronary artery from the right coronary sinus: what can CT angiography tell us? J Cardiovasc Comput Tomogr. (2010) 4:255–7. doi: 10.1016/j.jcct.2010.05.007

 30. Bigler MR, Ueki Y, Otsuka T, Huber AT, Kadner A, Räber L, et al. Discrepancy between SPECT and dobutamine FFR in right anomalous coronary artery undergoing unroofing. Ann Thorac Surg. (2020) 110:e569. doi: 10.1016/j.athoracsur.2020.05.128

 31. Brothers JA, Whitehead KK, Keller MS, Fogel MA, Paridon SM, Weinberg PM, et al. Cardiac MRI and CT: differentiation of normal ostium and intraseptal course from slitlike ostium and interarterial course in anomalous left coronary artery in children. AJR Am J Roentgenol. (2015) 204:W104–9. doi: 10.2214/AJR.14.12953

 32. Davies JE, Burkhart HM, Dearani JA, Suri RM, Phillips SD, Warnes CA, et al. Surgical management of anomalous aortic origin of a coronary artery. Ann Thorac Surg. (2009) 88:844–7. doi: 10.1016/j.athoracsur.2009.06.007

 33. Davis JA, Cecchin F, Jones TK, Portman MA. Major coronary artery anomalies in a pediatric population: incidence and clinical importance. J Am Coll Cardiol. (2001) 37:593–7. doi: 10.1016/S0735-1097(00)01136-0

 34. Gräni C, Benz DC, Schmied C, Vontobel J, Mikulicic F, Possner M, et al. Hybrid CCTA/SPECT myocardial perfusion imaging findings in patients with anomalous origin of coronary arteries from the opposite sinus and suspected concomitant coronary artery disease. J Nucl Cardiol. (2017) 24:226–34. doi: 10.1007/s12350-015-0342-x

 35. Ripley DP, Saha A, Teis A, Uddin A, Bijsterveld P, Kidambi A, et al. The distribution and prognosis of anomalous coronary arteries identified by cardiovascular magnetic resonance: 15 year experience from two tertiary centres. J Cardiovasc Magn Reson. (2014) 16:34. doi: 10.1186/1532-429X-16-34

 36. Cheezum MK, Ghoshhajra B, Bittencourt MS, Hulten EA, Bhatt A, Mousavi N, et al. Anomalous origin of the coronary artery arising from the opposite sinus: prevalence and outcomes in patients undergoing coronary CTA. Eur Heart J Cardiovasc Imaging. (2017) 18:224–35. doi: 10.1093/ehjci/jev323

 37. Cheitlin MD, De Castro CM, McAllister HA. Sudden death as a complication of anomalous left coronary origin from the anterior sinus of Valsalva, A not-so-minor congenital anomaly. Circulation. (1974) 50:780–7. doi: 10.1161/01.CIR.50.4.780

 38. Taylor AJ, Byers JP, Cheitlin MD, Virmani R. Anomalous right or left coronary artery from the contralateral coronary sinus: “high-risk” abnormalities in the initial coronary artery course and heterogeneous clinical outcomes. Am Heart J. (1997) 133:428–35. doi: 10.1016/S0002-8703(97)70184-4

 39. Diao KY, Zhao Q, Gao Y, Shi K, Ma M, Xu HY, et al. Prognostic value of dual-source computed tomography (DSCT) angiography characteristics in anomalous coronary artery from the opposite sinus (ACAOS) patients: a large-scale retrospective study. BMC Cardiovasc Disord. (2020) 20:25. doi: 10.1186/s12872-019-01285-3

 40. Virmani R, Chun PK, Goldstein RE, Robinowitz M, McAllister HA. Acute takeoffs of the coronary arteries along the aortic wall and congenital coronary ostial valve-like ridges: association with sudden death. J Am Coll Cardiol. (1984) 3:766–71. doi: 10.1016/S0735-1097(84)80253-3

 41. Angelini P, Uribe C. Anatomic spectrum of left coronary artery anomalies and associated mechanisms of coronary insufficiency. Catheter Cardiovasc Interv. (2018) 92:313–21. doi: 10.1002/ccd.27656

 42. Gräni C, Grunwald C, Windecker S, Siontis GCM. Coronary artery anomaly in takotsubo cardiomyopathy: cause or innocent bystander? Tex Heart Inst J. (2020) 47:44–6. doi: 10.14503/THIJ-18-6809

 43. Grani C, Kaufmann PA, Windecker S, Buechel RR. Diagnosis and management of anomalous coronary arteries with a malignant course. Interv Cardiol. (2019) 14:83–8. doi: 10.15420/icr.2019.1.1

 44. Brandt B 3rd, Martins JB, Marcus ML. Anomalous origin of the right coronary artery from the left sinus of Valsalva. N Engl J Med. (1983) 309:596–8. doi: 10.1056/NEJM198309083091007

 45. Kaushal S, Backer CL, Popescu AR, Walker BL, Russell HM, Koenig PR, et al. Intramural coronary length correlates with symptoms in patients with anomalous aortic origin of the coronary artery. Ann Thorac Surg. (2011) 92:986–91. doi: 10.1016/j.athoracsur.2011.04.112

 46. Angelini P, Uribe C, Monge J, Tobis JM, Elayda MA, Willerson JT. Origin of the right coronary artery from the opposite sinus of Valsalva in adults: characterization by intravascular ultrasonography at baseline and after stent angioplasty. Catheter Cardiovasc Interv. (2015) 86:199–208. doi: 10.1002/ccd.26069

 47. Zhang LJ, Wu SY, Huang W, Zhou CS, Lu GM. Anomalous origin of the right coronary artery originating from the left coronary sinus of Valsalva with an interarterial course: diagnosis and dynamic evaluation using dual-source computed tomography. J Comput Assist Tomogr. (2009) 33:348–53. doi: 10.1097/RCT.0b013e318184cdb0

 48. Gould KL, Lipscomb K, Hamilton GW. Physiologic basis for assessing critical coronary stenosis. Instantaneous flow response and regional distribution during coronary hyperemia as measures of coronary flow reserve. Am J Cardiol. (1974) 33:87–94. doi: 10.1016/0002-9149(74)90743-7

 49. Nasis A, Machado C, Cameron JD, Troupis JM, Meredith IT, Seneviratne SK. Anatomic characteristics and outcome of adults with coronary arteries arising from an anomalous location detected with coronary computed tomography angiography. Int J Cardiovasc Imaging. (2015) 31:181–91. doi: 10.1007/s10554-014-0535-4

 50. Grollman JH Jr, Mao SS, Weinstein SR. Arteriographic demonstration of both kinking at the origin and compression between the great vessels of an anomalous right coronary artery arising in common with a left coronary artery from above the left sinus of Valsalva. Cathet Cardiovasc Diagn. (1992) 25:46–51. doi: 10.1002/ccd.1810250110

 51. Angelini P, Walmsley R, Cheong BY, Ott DA. Left main coronary artery originating from the proper sinus but with acute angulation and an intramural course, leading to critical stenosis. Tex Heart Inst J. (2010) 37:221–5.

 52. Frommelt PC, Sheridan DC, Berger S, Frommelt MA, Tweddell JS. Ten-year experience with surgical unroofing of anomalous aortic origin of a coronary artery from the opposite sinus with an interarterial course. J Thorac Cardiovasc Surg. (2011) 142:1046–51. doi: 10.1016/j.jtcvs.2011.02.004

 53. Harris MA, Whitehead KK, Shin DC, Keller MS, Weinberg PM, Fogel MA. Identifying abnormal ostial morphology in anomalous aortic origin of a coronary artery. Ann Thorac Surg. (2015) 100:174–9. doi: 10.1016/j.athoracsur.2015.02.031

 54. Angelini P, Flamm SD. Newer concepts for imaging anomalous aortic origin of the coronary arteries in adults. Catheter Cardiovasc Interv. (2007) 69:942–54. doi: 10.1002/ccd.21140

 55. Angelini P, Uribe C. Symptomatic right coronary anomaly with dynamic systolic intramural obliteration and isolated right ventricular ischemia. Catheter Cardiovasc Interv. (2019) 93:445–7. doi: 10.1002/ccd.28028

 56. Lee SE, Yu CW, Park K, Park KW, Suh JW, Cho YS, et al. Physiological and clinical relevance of anomalous right coronary artery originating from left sinus of Valsalva in adults. Heart. (2016) 102:114–9. doi: 10.1136/heartjnl-2015-308488

 57. Boler AN, Hilliard AA, Gordon BM. Functional assessment of anomalous right coronary artery using fractional flow reserve: an innovative modality to guide patient management. Catheter Cardiovasc Interv. (2017) 89:316–20. doi: 10.1002/ccd.26660

 58. Tsujita K, Maehara A, Mintz GS, Franklin-Bond T, Mehran R, Stone GW, et al. In vivo intravascular ultrasonic assessment of anomalous right coronary artery arising from left coronary sinus. Am J Cardiol. (2009) 103:747–51. doi: 10.1016/j.amjcard.2008.11.016

 59. de Oliveira DM, Gomes V, Caramori P. Intravascular ultrasound and pharmacological stress test to evaluate the anomalous origin of the right coronary artery. J Invasive Cardiol. (2012) 24:E131–4.

 60. Batchelor GK. An Introduction to Fluid Dynamics. Cambridge: Cambridge University Press (1967).

 61. Brothers J, Carter C, McBride M, Spray T, Paridon S. Anomalous left coronary artery origin from the opposite sinus of Valsalva: evidence of intermittent ischemia. J Thorac Cardiovasc Surg. (2010) 140:e27–9. doi: 10.1016/j.jtcvs.2009.06.029

 62. Mitchell JH, Haskell W, Snell P, Van Camp SP. Task force 8: classification of sports. J Am Coll Cardiol. (2005) 45:1364–7. doi: 10.1016/j.jacc.2005.02.015

 63. Grani C, Chappex N, Fracasso T, Vital C, Kellerhals C, Schmied C, et al. Sports-related sudden cardiac death in Switzerland classified by static and dynamic components of exercise. Eur J Prev Cardiol. (2016) 23:1228–36. doi: 10.1177/2047487316632967

 64. Gould KL, Lipscomb K. Effects of coronary stenoses on coronary flow reserve and resistance. Am J Cardiol. (1974) 34:48–55. doi: 10.1016/0002-9149(74)90092-7

 65. Pijls NH, Van Gelder B, Van der Voort P, Peels K, Bracke FA, Bonnier HJ, et al. Fractional flow reserve. A useful index to evaluate the influence of an epicardial coronary stenosis on myocardial blood flow. Circulation. (1995) 92:3183–93. doi: 10.1161/01.CIR.92.11.3183

 66. Driesen BW, Warmerdam EG, Sieswerda GT, Schoof PH, Meijboom FJ, Haas F, et al. Anomalous coronary artery originating from the opposite sinus of Valsalva (ACAOS), fractional flow reserve- and intravascular ultrasound-guided management in adult patients. Catheter Cardiovasc Interv. (2018) 92:68–75. doi: 10.1002/ccd.27578

 67. Lim MJ, Forsberg MJ, Lee R, Kern MJ. Hemodynamic abnormalities across an anomalous left main coronary artery assessment: evidence for a dynamic ostial obstruction. Catheter Cardiovasc Interv. (2004) 63:294–8. doi: 10.1002/ccd.20182

 68. Tonino PA, De Bruyne B, Pijls NH, Siebert U, Ikeno F, van' T, Veer M, et al. Fractional flow reserve versus angiography for guiding percutaneous coronary intervention. N Engl J Med. (2009) 360:213–24. doi: 10.1056/NEJMoa0807611

 69. Cheitlin MD, MacGregor J. Congenital anomalies of coronary arteries: role in the pathogenesis of sudden cardiac death. Herz. (2009) 34:268–79. doi: 10.1007/s00059-009-3239-0

 70. Doan TT, Zea-Vera R, Agrawal H, Mery CM, Masand P, Reaves-O'Neal DL, et al. Myocardial ischemia in children with anomalous aortic origin of a coronary artery with intraseptal course. Circ Cardiovasc Interv. (2020) 13:e008375. doi: 10.1161/CIRCINTERVENTIONS.119.008375

 71. Sachdeva S, Frommelt MA, Mitchell ME, Tweddell JS, Frommelt PC. Surgical unroofing of intramural anomalous aortic origin of a coronary artery in pediatric patients: single-center perspective. J Thorac Cardiovasc Surg. (2018) 155:1760–8. doi: 10.1016/j.jtcvs.2017.11.003

 72. Pelliccia A. Congenital coronary artery anomalies in young patients: new perspectives for timely identification. J Am Coll Cardiol. (2001) 37:598–600. doi: 10.1016/S0735-1097(00)01122-0

 73. Roberts WO, Asplund CA, O'Connor FG, Stovitz SD. Cardiac preparticipation screening for the young athlete: why the routine use of ECG is not necessary. J Electrocardiol. (2015) 48:311–5. doi: 10.1016/j.jelectrocard.2015.01.010

 74. Palmieri V, Gervasi S, Bianco M, Cogliani R, Poscolieri B, Cuccaro F, et al. Anomalous origin of coronary arteries from the “wrong” sinus in athletes: diagnosis and management strategies. Int J Cardiol. (2018) 252:13–20. doi: 10.1016/j.ijcard.2017.10.117

 75. Uebleis C, Groebner M, von Ziegler F, Becker A, Rischpler C, Tegtmeyer R, et al. Combined anatomical and functional imaging using coronary CT angiography and myocardial perfusion SPECT in symptomatic adults with abnormal origin of a coronary artery. Int J Cardiovasc Imaging. (2012) 28:1763–74. doi: 10.1007/s10554-011-9995-y

 76. Erez E, Tam VK, Doublin NA, Stakes J. Anomalous coronary artery with aortic origin and course between the great arteries: improved diagnosis, anatomic findings, and surgical treatment. Ann Thorac Surg. (2006) 82:973–7. doi: 10.1016/j.athoracsur.2006.04.089

 77. Sperandii F, Guerra E, Tranchita E, Minganti C, Lanzillo C, Nigro A, et al. Clinical significance of ST depression at exercise stress testing in competitive athletes: usefulness of coronary CT during screening. J Sports Med Phys Fitness. (2018) 58:1876–82. doi: 10.23736/S0022-4707.17.07961-0

 78. Osaki M, McCrindle BW, Van Arsdell G, Dipchand AI. Anomalous origin of a coronary artery from the opposite sinus of Valsalva with an interarterial course: clinical profile and approach to management in the pediatric population. Pediatr Cardiol. (2008) 29:24–30. doi: 10.1007/s00246-007-9054-6

 79. Pavlidis AN, Karavolias GK, Malakos JS, Sbarouni E, Georgiadou P, Voudris VV. Anomalous origin of coronary arteries: when one sinus fits all. Acute Card Care. (2012) 14:99–102. doi: 10.3109/17482941.2012.683797

 80. Liberthson RR, Dinsmore RE, Fallon JT. Aberrant coronary artery origin from the aorta. Report of 18 patients, review of literature and delineation of natural history and management. Circulation. (1979) 59:748–54. doi: 10.1161/01.CIR.59.4.748

 81. Fernandes F, Alam M, Smith S, Khaja F. The role of transesophageal echocardiography in identifying anomalous coronary arteries. Circulation. (1993) 88:2532–40. doi: 10.1161/01.CIR.88.6.2532

 82. Zeppilli P, dello Russo A, Santini C, Palmieri V, Natale L, Giordano A, et al. In vivo detection of coronary artery anomalies in asymptomatic athletes by echocardiographic screening. Chest. (1998) 114:89–93. doi: 10.1378/chest.114.1.89

 83. Frommelt PC, Frommelt MA, Tweddell JS, Jaquiss RD. Prospective echocardiographic diagnosis and surgical repair of anomalous origin of a coronary artery from the opposite sinus with an interarterial course. J Am Coll Cardiol. (2003) 42:148–54. doi: 10.1016/S0735-1097(03)00503-5

 84. Thankavel PP, Balakrishnan PL, Lemler MS, Ramaciotti C. Anomalous left main coronary artery origin from the right sinus of Valsalva: a novel echocardiographic screening method. Pediatr Cardiol. (2013) 34:842–6. doi: 10.1007/s00246-012-0550-y

 85. Badano LP, Muraru D, Onut R, Lestuzzi C, Toso F. Three-dimensional imaging of anomalous origin of the right coronary artery in a young athlete. Eur J Echocardiogr. (2011) 12:481. doi: 10.1093/ejechocard/jer047

 86. Zeltser I, Cannon B, Silvana L, Fenrich A, George J, Schleifer J, et al. Lessons learned from preparticipation cardiovascular screening in a state funded program. Am J Cardiol. (2012) 110:902–8. doi: 10.1016/j.amjcard.2012.05.018

 87. Lorber R, Srivastava S, Wilder TJ, McIntyre S, DeCampli WM, Williams WG, et al. Anomalous aortic origin of coronary arteries in the young: echocardiographic evaluation with surgical correlation. JACC Cardiovasc Imaging. (2015) 8:1239–49. doi: 10.1016/j.jcmg.2015.04.027

 88. Ichikawa M, Sato Y, Komatsu S, Hirayama A, Kodama K, Saito S. Multislice computed tomographic findings of the anomalous origins of the right coronary artery: evaluation of possible causes of myocardial ischemia. Int J Cardiovasc Imaging. (2007) 23:353–60. doi: 10.1007/s10554-006-9165-9

 89. Graidis C, Dimitriadis D, Karasavvidis V, Dimitriadis G, Argyropoulou E, Economou F, et al. Prevalence and characteristics of coronary artery anomalies in an adult population undergoing multidetector-row computed tomography for the evaluation of coronary artery disease. BMC Cardiovasc Disord. (2015) 15:112. doi: 10.1186/s12872-015-0098-x

 90. Komatsu S, Sato Y, Ichikawa M, Kunimasa T, Ito S, Takagi T, et al. Anomalous coronary arteries in adults detected by multislice computed tomography: presentation of cases from multicenter registry and review of the literature. Heart Vessels. (2008) 23:26–34. doi: 10.1007/s00380-007-1005-x

 91. Memisoglu E, Ropers D, Hobikoglu G, Tepe MS, Labovitz AJ. Usefulness of electron beam computed tomography for diagnosis of an anomalous origin of a coronary artery from the opposite sinus. Am J Cardiol. (2005) 96:1452–5. doi: 10.1016/j.amjcard.2005.07.048

 92. van Ooijen PMA, Dorgelo J, Zijlstra F, Oudkerk M. Detection, visualization and evaluation of anomalous coronary anatomy on 16-slice multidetector-row CT. Eur Radiol. (2004) 14:2163–71. doi: 10.1007/s00330-004-2493-z

 93. de Jonge GJ, van Ooijen PMA, Piers LH, Dikkers R, Tio RA, Willems TP, et al. Visualization of anomalous coronary arteries on dual-source computed tomography. Eur Radiol. (2008) 18:2425–32. doi: 10.1007/s00330-008-1110-y

 94. Sharma V, Burkhart HM, Dearani JA, Suri RM, Daly RC, Park SJ, et al. Surgical unroofing of anomalous aortic origin of a coronary artery: a single-center experience. Ann Thorac Surg. (2014) 98:941–5. doi: 10.1016/j.athoracsur.2014.04.114

 95. Benz DC, Grani C, Hirt Moch B, Mikulicic F, Vontobel J, Fuchs TA, et al. Minimized radiation and contrast agent exposure for coronary computed tomography angiography: first clinical experience on a latest generation 256-slice scanner. Acad Radiol. (2016) 23:1008–14. doi: 10.1016/j.acra.2016.03.015

 96. Leipsic J, Yang TH, Thompson A, Koo BK, Mancini GB, Taylor C, et al. CT angiography (CTA) and diagnostic performance of noninvasive fractional flow reserve: results from the determination of fractional flow reserve by anatomic CTA (DeFACTO) study. AJR Am J Roentgenol. (2014) 202:989–94. doi: 10.2214/AJR.13.11441

 97. Gaur S, Achenbach S, Leipsic J, Mauri L, Bezerra HG, Jensen JM, et al. Rationale and design of the HeartFlowNXT (HeartFlow analysis of coronary blood flow using CT angiography: NeXt sTeps) study. J Cardiovasc Comput Tomogr. (2013) 7:279–88. doi: 10.1016/j.jcct.2013.09.003

 98. Tang CX, Lu MJ, Schoepf JU, Tesche C, Bauer M, Nance J, et al. Coronary computed tomography angiography-derived fractional flow reserve in patients with anomalous origin of the right coronary artery from the left coronary sinus. Korean J Radiol. (2020) 21:192–202. doi: 10.3348/kjr.2019.0230

 99. Kawaji T, Shiomi H, Shizuta S, Kimura T. Diagnosis of functional ischemia in a right coronary artery with anomalous aortic origin. J Cardiovasc Comput Tomogr. (2016) 10:188–90. doi: 10.1016/j.jcct.2015.11.001

 100. Tahir H, Ahmad S, Awan MU, Omar B, Glass J, Cole J. Anomalous origin of left anterior descending artery and left circumflex artery from right coronary sinus with malignant left anterior descending artery course: role of coronary CT angiography derived fractional flow reserve in decision making. Cureus. (2018) 10:e3220. doi: 10.7759/cureus.3220

 101. Miki T, Miyoshi T, Watanabe A, Osawa K, Amioka N, Ito H. Anomalous aortic origin of the right coronary artery with functional ischemia determined with fractional flow reserve derived from computed tomography. Clin Case Rep. (2018) 6:1371–2. doi: 10.1002/ccr3.1582

 102. Linsen PVM, Kofflard MJM, Lam SW, Kock M. First in humans: dobutamine stress cardiac computed tomography to evaluate dynamic compression of an anomalous left coronary artery. Coron Artery Dis. (2018) 29:607–8. doi: 10.1097/MCA.0000000000000641

 103. Kilner PJ, Geva T, Kaemmerer H, Trindade PT, Schwitter J, Webb GD. Recommendations for cardiovascular magnetic resonance in adults with congenital heart disease from the respective working groups of the European society of cardiology. Eur Heart J. (2010) 31:794–805. doi: 10.1093/eurheartj/ehp586

 104. Angelini P, Cheong BY, Lenge De Rosen VV, Lopez JA, Uribe C, Masso AH, et al. Magnetic resonance imaging-based screening study in a general population of adolescents. J Am Coll Cardiol. (2018) 71:579–80. doi: 10.1016/j.jacc.2017.11.051

 105. Angelini P, Cheong BY, Lenge De Rosen VV, Lopez A, Uribe C, Masso AH, et al. High-risk cardiovascular conditions in sports-related sudden death: prevalence in 5,169 schoolchildren screened via cardiac magnetic resonance. Tex Heart Inst J. (2018) 45:205–13. doi: 10.14503/THIJ-18-6645

 106. Strigl S, Beroukhim R, Valente AM, Annese D, Harrington JS, Geva T, et al. Feasibility of dobutamine stress cardiovascular magnetic resonance imaging in children. J Mag Reson Imaging. (2009) 29:313–19. doi: 10.1002/jmri.21639

 107. Molossi S, Agrawal H, Mery CM, Krishnamurthy R, Masand P, Sexson Tejtel SK, et al. Outcomes in anomalous aortic origin of a coronary artery following a prospective standardized approach. Circ Cardiovasc Interv. (2020) 13:e008445. doi: 10.1161/CIRCINTERVENTIONS.119.008445

 108. Nagel E, Lehmkuhl HB, Bocksch W, Klein C, Vogel U, Frantz E, et al. Noninvasive diagnosis of ischemia-induced wall motion abnormalities with the use of high-dose dobutamine stress MRI: comparison with dobutamine stress echocardiography. Circulation. (1999) 99:763–70. doi: 10.1161/01.CIR.99.6.763

 109. Grani C, Benz DC, Possner M, Clerc OF, Mikulicic F, Vontobel J. Fused cardiac hybrid imaging with coronary computed tomography angiography and positron emission tomography in patients with complex coronary artery anomalies. Congenit Heart Dis. (2017) 12:49–57. doi: 10.1111/chd.12402

 110. Ergul Y, Nisli K, Kayserili H, Karaman B, Basaran S, Dursun M, et al. Evaluation of coronary artery abnormalities in Williams syndrome patients using myocardial perfusion scintigraphy and CT angiography. Cardiol J. (2012) 19:301–8. doi: 10.5603/CJ.2012.0053

 111. De Luca L, Bovenzi F, Rubini D, Niccoli-Asabella A, Rubini G, De Luca I. Stress-rest myocardial perfusion SPECT for functional assessment of coronary arteries with anomalous origin or course. J Nucl Med. (2004) 45:532–6. Available online at: https://jnm.snmjournals.org/content/45/4/532/tab-article-info

 112. Post JC, van Rossum AC, Bronzwaer JG, de Cock CC, Hofman MB, Valk J, et al. Magnetic resonance angiography of anomalous coronary arteries. A new gold standard for delineating the proximal course? Circulation. (1995) 92:3163–71. doi: 10.1161/01.CIR.92.11.3163

 113. Häner JD, Bär S, Ueki Y, Otsuka T, Gräni C, Räber L. Novel diagnostic approach to invasively confirm interarterial course of anomalous right coronary artery. JACC Cardiovasc Interv. (2020) 13:132–4. doi: 10.1016/j.jcin.2019.08.008

 114. Agrawal H, Molossi S, Alam M, Sexson-Tejtel SK, Mery CM, McKenzie ED, et al. Anomalous coronary arteries and myocardial bridges: risk stratification in children using novel cardiac catheterization techniques. Pediatr Cardiol. (2017) 38:624–30. doi: 10.1007/s00246-016-1559-4

 115. Romp RL, Herlong JR, Landolfo CK, Sanders SP, Miller CE, Ungerleider RM, et al. Outcome of unroofing procedure for repair of anomalous aortic origin of left or right coronary artery. Ann Thorac Surg. (2003) 76:589–95. doi: 10.1016/S0003-4975(03)00436-3

 116. Yurchak PM, Rolett EL, Cohen LS, Gorlin R. Effects of norepinephrine on the coronary circulation in man. Circulation. (1964) 30:180–7. doi: 10.1161/01.CIR.30.2.180

 117. Doan TT, Wilkinson JC, Agrawal H, Molossi S, Alam M, Mery CM, et al. Instantaneous wave-free ratio (iFR) correlates with fractional flow reserve (FFR) assessment of coronary artery stenoses and myocardial bridges in children. J Invasive Cardiol. (2020) 32:176–9. Available online at: https://www.invasivecardiology.com/articles/instantaneous-wave-free-ratio-ifr-correlates-fractional-flow-reserve-ffr-assessment-coronary-artery-stenoses-and-myocardial-bridges-children

 118. Brothers JA, Gaynor JW, Jacobs JP, Caldarone C, Jegatheeswaran A, Jacobs ML. The registry of anomalous aortic origin of the coronary artery of the congenital heart surgeons' society. Cardiol Young. (2010) 20(Suppl. 3):50–8. doi: 10.1017/S1047951110001095

 119. Padalino MA, Franchetti N, Sarris GE, Hazekamp M, Carrel T, Frigiola A, et al. Anomalous aortic origin of coronary arteries: early results on clinical management from an international multicenter study. Int J Cardiol. (2019) 291:189–93. doi: 10.1016/j.ijcard.2019.02.007

Conflict of Interest: LR received research grants to the institution by Abbott Vascular, Biotronik, Boston Scientific, Medis, Sanofi, and Regeneron and consultation/speaker fees by Abbott Vacular, Amgen, AstraZeneca, Canon, Occlutech, and Vifor. YU reports personal fees from Infraredex, outside the submitted work. CG received travel and conference fees from Amgen. SW reports research and educational grants to the institution from Abbott, Amgen, BMS, Bayer, Boston Scientific, Biotronik, Cardinal Health, CardioValve, CSL Behring, Daiichi Sankyo, Edwards Lifesciences, Johnson & Johnson, Medtronic, Querbet, Polares, Sanofi, Terumo, Sinomed and serves as unpaid member of the steering/excecutive group of trials funded by Abbott, Abiomed, Amgen, BMS, Boston Scientific, Biotronik, Cardiovalve, Edwards Lifesciences, MedAlliance, Medtronic, Polares, Sinomed, V-Wave and Xeltis, but has not received personal payments by any pharmaceutical company or device manufacturer. He is also member of the steering/excecutive committee group of several investigated-initiated trials that receive funding by industry without impact on his personal remuneration.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Bigler, Ashraf, Seiler, Praz, Ueki, Windecker, Kadner, Räber and Gräni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcvm-07-591326-t002.jpg
Echocardiography
Physical characteristics

Spatial resolution T
Temporal resolution o+
Anatomy of coronary arteries

Proximal o+
Distal ++
Assessment of vascular territories -
Anatomic high-risk features in ACAOS

Interarterial course ++
Fixed components

Slit-like ostium +
Proximal narrowing ++
Dynamic components

Take-off angle ++
Eliptic shape ++
Intramural course ++
Physiologic high-risk consequences in ACAOS
Ischemia 40
Scar +
Features in patients <30 years

Feasibility in children + 4+
Other concomitant congenital malformations o+
Features in patients >30 years

Evaluation of CAD -
Cardiac function ot
Procedural circumstances

lonizing radiation exposure -
Required expertise 4+
Duration ++

“with transesophageal echocardiography; **with CT FFR or possibly CT stress perfusion; °physical exercise possible.

CCTA

+++
++

++++
ot
o+

+4

o+t
+++

o

+++

o

++

++

o+
)

+
++
+

CMR

++
++

++++
++
++

++++

++
++

o
++
ot

o
4+

+++
++++

++++

+++
+4+

ICA with IVUS/FFR

4+
+++

+++

et

++

+++

s

++

ot

ottt

++++
++

++
+H+++
+4++

SPECT

o

++
+4+

++

+4+
+++
++

PET

¥

o
+4+

++

++

+4+
+++
++

CAD, coronery artery disease; CCTA, coronary computed tomography angiography; CMR, cardiac magnetic resonance; ICA, invasive coronary angiography; IVUS, intravasculer
ultrasound; FFR, fractional flow reserve; SPECT, single-photon emission computed tomography; PET, positron emission tomography.

Please note, highest level of evidence for the guideline recommendation is *1 B" for all diagnostic modalties (14, 16-18).

Adapted from Gréni C. et al. (22).





OPS/images/fcvm-07-591326-t003.jpg
Protocol/dose

Applied in

Increase in coronary blood
flow to detect relevant fixed
stenosis

Increased heart minute
volume to provoke dynamic
lateral compression
Reproducibilty of
symptoms

Tolerability

HR, heart rate.

Physical exercise

85% of max.
HR

Non-invasive

testing
et

++

ot

+4++

100% of max.

HR
Non-invasive

testing
ot

ot

ot

+4

Adenosine

140 pg/kg/min

Non-invasive /
invasive testing

o+

++

Regadenoson

Bolus: 400 ug

Non-invasive
testing

ot

+++

Norepinephrine

001 pg/kg/min

Invasive testing

++

++

++

++

Dobutamine

40 pg/kg/min

Non-invasive /
invasive testing

s

++

++

++

Dobutamine +
volume
challenge

40 p/kg/min +
saline: 1.5-3 1+
atropine: 1mg
Invasive testing

s

s

ot

++





OPS/images/fcvm-07-591326-g003.gif





OPS/images/fcvm-07-591326-t001.jpg
ACC/AHA 2008 guidelines for
the management of adults
with congenital heart disease

The evaluation of individuals who
have survived unexplained
aborted sudden cardiac death or
with unexplained life-threatening
arthythmia, coronary ischemic
symptoms, or LV dysfunction
should include assessment of
coronary artery origins and
course.

18

CT or CMR angiography is useful
as the initial screening method in
centers with expertise in such
imaging

8)

Surgical coronary
revascularization should be
performed in patients with
L-ACAOS with/without
documented ischemia
R-AGAOS with documented
ischemia

0=

Surgical coronary
revascularization can be
beneficial in the setting of
documented vascular wall
hypoplasia, coronary
compression, or documented
obstruction to coronary flow,
regardiess of inabilty to
document coronary ischermia
(laC)

Delineation of potential
mechanisms of flow restriction
via IVUS can be beneficial in
patients with ACAOS

(laC)

AHA/ACC 2018 guidelines for
the management of adults
with congenital heart disease

Coronary angiography, using
ICA, CCTA, or CMR, is
recommended for evaluation of
ACAOS

<)

Anatomic and physiological
evaluation should be performed
in patients with ACAOS

(e

Surgery is recommended for
ACAOS (L-and R) for symptoms
or diagnostic evidence
consistent with coronary
ischemia attributable to the
ACAOS

)

Surgery s reasonable for
L-ACAOS in the absence of
symptoms or ischemia
(laC)

Surgery for ACAOS i reasonable
in the setting of ventricular
arthythmias

(laC)

Surgery or continued
observation may be reasonable
for asymptomatic patients with
/ACAOS without ischemia or
anatomic or physiologic
evaluation suggesting potential
for compromise of coronary
perfusion

(IbB)

2016 AATS expert consensus
guidelines: anomalous
coronary artery

Individuals with suspected
ACAOS should undergo TTE to
identify the origin and course of
the proximal coronary arteries.
(8

Additional imaging studies, such
as CCTA or CMR are reasonable
to better visualize the coronary
artery anatomy and to confirm
the diagnosis.

(laB)

In asymptomatic patients without
ahistory of aborted SCD,
exercise stress testing combined
with nuclear perfusion scan or
echocardiographic imaging
should be used to assess the
potential ischemic burden of
ACAOS

(8

ICA should be performed in
suspected AGAOS if the
anatomy cannot be defined with
non-invasive imaging, and in
adults with risk factors for
coexistent atherosclerotic GAD
(8

2015 AHA/ACC scientific
statement for competitive
athletes with cardiovascular
abnormalities

Athletes with R-ACAOS should
be evaluated by an exercise
stress test. For those without
either symptoms or a positive
exercise stress test, permission
to compete can be considered
after adequate counseling of the
athlete, taking into consideration
the uncertainty of a negative
stress test

(Ila C)

Athletes with an L-ACAOS
should be restricted from
participation in all compeitive
sports before surgical repair
(independent from symptoms)
(1)

Non-operated athletes with a
R-AGAOS who exhibit
symptoms, arrhythmias, or signs
of ischemia on exercise stress
test should be restricted from
participation in all competitive
sports

(o)

2020 ESC guidelines for the
management of adult
congenital heart disease

Non-pharmacological functional
imaging (e.g., nuclear study,
echocardiography, or CMR with
physical stress) s recommended
in patients with coronary
anomalies to confirm/exclude
myocardial ischemia

(]

Surgery is recommended for
ACAOS in patients with typical
angina symptoms who present
with evidence of stress-induced
myocardial ischemia in a
matching territory or high-risk
anatomy

(e

Surgery should be considered in
asymptomatic patients with
ACAOS and evidence of
myocardial ischemia

(laC)

Surgery should be considered in
asymptomatic patients with
L-ACAOS and no evidence of
myocardial ischemia but a
high-risk anatomy

(laC)

Surgery may be considered for
symptomatic patients with
ACAOS even if there is no
evidence of myocardial ischemia
or high-risk anatomy

(b C)

Surgery may be considered for
asymptomatic patients with
L-ACAOS without myocardial
ischemia or high-risk anatomy
when thy present at young age
(<35 years)

(b C)

2020 ESC guidelines on
sports cardiology and
exercise in patients with
cardio-vascular disease

When considering sports
activties, evaluation with imaging
tests to identify high-risk patterns
and an exercise stress test to
check for ischaernia should be
considered in individuals with
ACAOS.

(laC)

In asymptomatic individuals with
a CAA without anatomnical
high-risk features, competition
may be considered, after
adequate counseling on the
tisks, provided there is absence
of inducible ischaemia.

(lbC)

After surgical repair of an
ACAOS, participation in all
sports may be considered, at the
earliest 8 months after surgery, if
they are asymptomatic and there
is no evidence of inducible
myocardial ischaemia or complex
cardiac arthythmias during
maximal exercise stress test.

(b C)

Participation in most competitive
sports with a moderate and high
cardiovascular demand among
individuals with AOCA with an
acutely angled take-off or an
anomalous course between the
large vessels is not
recommended.

e

ACAOS, anomalous coronery arteries with the origin of the anomalous vessel from the opposite sinus of Valsalva; CAD, coronary artery disease; CCTA, coronary computed tormography angiography; CMR, cardiac magnetic resonance;
ICA, invasive coronary angiography; IVUS, intravascular ultrasound; SCD, sudden cardiac death.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hemodynamic Relevance of Anomalous Coronary Arteries Originating From the Opposite Sinus of Valsalva-In Search of the Evidence



		Introduction



		Methods



		Pathomechanisms of Ischemia in ACAOS



		Two-Tier Concept



		Fixed Component



		Dynamic Component



		Substrate for Arrhythmia







		Diagnostic Modalities



		Electrocardiogram



		Echocardiography



		Coronary Computed Tomography Angiography



		Cardiac Magnetic Resonance Imaging



		Nuclear Cardiac Imaging



		Invasive Coronary Angiography



		Stress Testing



		Diagnostic Management of Patients With ACAOS



		Patients Under 30 Years of Age



		Patients Over 30 Years of Age













		Gaps of Knowledge



		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Hemodynamic Relevance of
Anomalous Coronary Arteries
Originating From the Opposite
Sinus of Valsalva-In Search of

the Evidence





OPS/images/fcvm-07-591326-g001.gif





OPS/images/fcvm-07-591326-g002.gif
LEwaTOR: alouingthe ctioulation of reststance

P=RQ

Lowet o asesnsfor snpicttms LEn—
nepap R Lo

RORA I ialion o naila
Rosistancoin estonto 3 circlo

Helghuwiainatio Holghistheato










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





