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Late Fontan Circulatory Failure. What Drives Systemic Venous Congestion and Low Cardiac Output in Adult Fontan Patients?
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The Fontan circulation provides definite palliation for children born with a single anatomical or functional ventricle by diverting systemic venous blood directly to the pulmonary arteries, effectively rendering systemic venous return into portal vessels to the lung. Although this restores pulmonary blood flow and avoids the mixture of oxygenated and deoxygenated blood, it also results in elevated systemic venous pressures and low cardiac output. These are the two hallmarks of any Fontan circulation and the cause of Fontan circulatory failure later in life. We highlight the determinants of systemic venous return, its changed relationship with the pulmonary circulation, how it affects preload, and the changed role of the heart (myocardium, valves, and heart rate). By critically evaluating the components of the Fontan circulation, we hope to give some clues in how to optimize the Fontan circulation and avenues for future research.
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INTRODUCTION

Francois Fontan and Eugene Baudet's pioneering work on the surgical treatment of patients with tricuspid atresia eventually led to the development of the Fontan operation (1). The surgeons' main aim was to restore pulmonary blood flow and to eliminate the mixture of venous and oxygenated blood. Whilst this remains crucial to the concept of the Fontan circulation, Drs Fontan and Baudet's hypothesis that this required some form of an atrial (or ventricular) “pump” was later superseded when de Leval nicely illustrated that the right atrium as a valveless chamber does not contribute to blood flow at the higher venous pressures observed in Fontan patients. The right atrium also has no reservoir function, rather causing energy loss than contributing to hemodynamic efficiency (2). The use of computational fluid dynamics avant-la-lettre to demonstrate the advantage of the total cavopulmonary connection over the atriopulmonary connection is testimony to the innovation that has made advancements in the field of congenital heart disease possible.

While the Fontan operation became the final palliation for thousands of patients with a single anatomical or functional ventricle worldwide, pediatric and adult congenital cardiologists are increasingly confronted with the limitations posed by the circulation created many years ago (3–5). There is no doubt that the surgical intervention has dramatically improved the longevity and quality of our patients' lives, but long-term morbidity and mortality remain high (4). Exercise intolerance, Fontan-associated liver disease, protein loosing enteropathy, plastic bronchitis, arrhythmia, thrombo-embolic complications, and neuro-cognitive limitations are just a few of the complications related to Fontan circulatory failure that clinicians are increasingly seeing in clinical practice.

The extent of the definition of “Fontan circulatory failure” recently proposed in ESC Heart Failure also underscores our lack of knowledge with regards to Fontan physiology and likely also translates into a lack of effective treatment options for Fontan circulatory failure (6). As Fontan, Baudet, Marcelletti, and de Leval did in the past, there is an urgent need for innovative solutions improving palliation of single ventricle physiology and tackling the complications unintentionally caused by the construction of a Fontan circulation. Although we have published a more theoretical approach to conceptualize the Fontan circulation (5), the aim of this introductory article is to present our current understanding of Fontan physiology and the different sources and components of Fontan attrition over time into adult life. There is no doubt that every Fontan circuit constructed bears in itself the components of its own failure. But since innovation follows understanding based on simple observation, the case of the failing Fontan is not necessarily hopeless.



CREATING THE FONTAN CIRCULATION

De Leval's observations paved the way for the modern version of a Fontan circuit: the total cavopulmonary connection (2). In the neonatal period and early infancy, interventions guarantee adequate systemic flow (coarctectomy, Damus-Kaye-Stansel, or Norwood arch repair in case of obstruction) while simultaneously balancing pulmonary blood flow (banding or shunt). This is followed by diversion of systemic venous return from the superior caval vein to the pulmonary artery at the age of 3–9 months (bidirectional Glenn or partial cavopulmonary shunt), followed by Fontan completion at the age of 2–4 years (connection of the inferior caval vein to the pulmonary artery) (7).

From the beginning, it was clear that not all Fontan circulations would be created equal. For example, a patient starting off with slightly higher pulmonary vascular resistance, pulmonary artery hypoplasia, distortion of the pulmonary arteries, AV valve regurgitation, or ventricular dysfunction will likely have worse Fontan physiology after palliation. Maybe more significantly, this also stresses the importance of a carefully and considerate construction of the Fontan circulation and especially its most limiting building block: pulmonary circulation. Allowing sufficient growth of the pulmonary arteries prior to referring for a Glenn may be crucial if one considers the implications of small changes in pulmonary vascular resistance on cardiac output and systemic venous pressure in a Fontan patient as outlined below (8–10).

What is in essence an extra-cardiac operation nevertheless has dramatic consequences for the cardiovascular system. The Fontan circuit consists of the surgical venous connection and the graft, the pulmonary arteries, the pulmonary capillaries, and pulmonary veins and renders the systemic venous return into portal vessels to the lung (5). Since systemic venous return is connected directly to the pulmonary arteries without a subpulmonary ventricle, the Fontan circuit imposes an additional flow restriction, causing upstream congestion and decreased downstream flow (11). The main function of the Fontan circuit is to generate sufficient hydraulic power to overcome the resistance of the pulmonary circulation at rest and during exercise.



PHYSIOLOGY OF THE FONTAN CIRCULATION


Venous Return: In the Driver's Seat


Fontan at Rest

It remains remarkable that venous pressure in the Fontan portal system is sufficient to generate pulmonary blood flow. In ideal circumstances, a mean pulmonary arterial pressure of (at least) 15 mmHg is required to keep the pulmonary vasculature patent (i.e., higher than alveolar pressure and distal pulmonary venous pressure) (12). In a Fontan patient, this is accomplished by a combination of mainly passive and weakly active forces [peripheral muscle contraction (13), respiratory inspiration (14, 15), and downward displacement of the atrioventricular valve expanding atrial volumes (12)]. We must also consider that the absence of a subpulmonary ventricle in the Fontan circulation has additional consequences such as a lack of dilatation and recruitment of pulmonary blood vessels, lack of kinetic energy, asymmetric pulmonary perfusion, and loss of pulsatility. Loss of pulsatility may further increase the energy necessary to propel blood through the pulmonary vasculature. Since normally one third of the energy generated by the right ventricle is absorbed by the pulmonary blood vessels in systole and restituted in diastole to maintain patency of the distal vessels, it follows that pulmonary impedance increases when hydraulic power converts into a pure pressure gradient as is the case in the Fontan circulation.

Second, since the superior caval vein (±30% of venous return), inferior caval vein (±45% of venous return), and hepatic veins (±25% of venous return) now function as portal vessels to the lungs, factors determining systemic venous return will determine filling of the systemic ventricle and eventually cardiac output. Macé et al. described that such a circulation results in a downward shift of the venous return curve (16). As this would result in decreased venous return, not matching (required) cardiac output, blood volume increases as a physiologic adaptation to the Fontan state. This increases cardiac output at the expense of an increase in systemic venous pressures and increased overall blood volume. Simultaneously (and advantageously), the higher systemic venous pressure will result in recruitment of pulmonary blood vessels, hence lowering pulmonary vascular resistance.

Third, there is a shift of the mean circulatory filling pressure, which is usually located at the level of peripheral small veins and venules to the pulmonary vasculature. With the atrial pressure as back pressure, the venous resistance is now similar to pulmonary vascular resistance. This shift illustrates the importance of the pulmonary circulation and how it functions as a dam causing congestion upstream and low flow downstream, the two hallmarks of Fontan physiology (16). From this it comes to reason that factors affecting mean filling pressure (blood volume and venous muscle tone), atrial pressure (atrial compliance, contractility, and valve competence and resistance but also ventricular filling pressures) and venous resistance (autonomic tone, muscle pump, intra-abdominal pressure, flow inefficiency, pulmonary artery dysplasia, and pulmonary vascular resistance) will affect venous return (Figure 1).
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FIGURE 1. Venous return curve. In Fontan patients the venous return curve shows on downward rotation due the pulmonary vasculature (and hence PVR) being incorporated in venous return (1). Volume load brings back venous return at the level of biventricular circulation at the expense of an increase in mean circulatory filling pressure (2). Finally since left atrial pressure is the backpressure for venous return, increased left atrial pressure will result in decrease cardiac output. The dashed lines indicate the Frank Starling curve, indicating lower contractility (3).




Fontan During Exercise

Exercise capacity is determined by the ability of the cardiorespiratory system to deliver oxygenated blood to the working muscles, thereby providing substrate for energy generation. Normally the main factor determining oxygen delivery is the cardiac output (CO) generated by the hydraulic power of each ventricle (17). In a normal circulation right atrial pressure (and systemic venous pressure) changes little during exercise (18), making systemic venous return largely independent of “afterload” because of the intervening right ventricle. In a Fontan circulation, there is no subpulmonary pump, so systemic venous return (provided by the peripheral muscle pump, venous compliance, and venomotor tone) is responsible for providing the work necessary to augment flow. Prior research has consistently demonstrated that very little work is required to generate CO against the vascular load of the pulmonary circulation under resting conditions (see also paragraph above) (19, 20). This is also the condition sine qua non for a working Fontan circulation. However, during exercise, pulmonary artery pressure normally increases in a near-linear manner such that there is a dramatic increase in the work required by the subpulmonary pump in order for CO to augment normally (21–23). Moreover, intensive exercise training results in disproportionate subpulmonary cardiac remodeling, highlighting the disproportionate effect of exercise on the subpulmonary pump (24). Insufficient systemic venous return augmentation during exercise in Fontan patients due to limitations in the ability to increase systemic venous pressures against pulmonary vascular load is the primary source of exercise limitation in a Fontan circulation. Indeed, Egbe et al. clearly indicated that steeper pressure-flow plots (independent of the cause) are associated with worse exercise tolerance (25). But their study in poor Fontan patients and our earlier study in “good” Fontan patients also highlights the significant limitations in CO augmentation (i.e., CO at peak exercise) during exercise when compared to a normal biventricular system (25, 26) (Figure 2).
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FIGURE 2. Hydraulic power relative to cardiac output during exercise. Both on healthy controls and Fontan patients, the increase in hydraulic power as expressed relative baseline to augment cardiac output is larger on the subpulmonary ventricle, even in NYHA Fontan patients (green lines), the increase in hydraulic power (and hence cardiac output) is limited (1). NYHA ≥ 2 Fontan patients (red lines), a steeper increase in hydraulic load will further limit the increase in cardiac output during exercise (2). The dashed horizontal line represent hemodynamic reserve of the Fontan patients, which is limited due to the absence of a subpulmonary ventricle. Black line, controls; Green lines, NYHA 1 Fontan; Red lines, NYHA ≥ 2 Fontan.


It is well-known that ventricular and stroke volumes oscillate with respiration. In a normal biventricular physiology this results in peak right and left ventricular volumes (and stroke volume) at peak inspiration and expiration, respectively, a differential effect which is maintained throughout exercise (27). In a Fontan circulation, Inferior caval vein flow shows marked respiratory variability with inspiratory facilitation and expiratory inhibition, which becomes less evident during exercise (28). So aside from maintaining a low systemic venous pressure (at rest and during exercise), providing sufficient hydraulic power to increase CO (during exercise), the right heart and pulmonary circulation are important to buffer venous return and keep left ventricular stroke volume constant (at rest but especially during exercise). Indeed, we have shown that the respiratory pump in Fontan patients causes a respiratory-induced variation in stroke volume (which appears to exacerbated during exercise) which is only partly attenuated by the pulmonary circulation (15).

The paragraphs above delineate the importance of systemic venous return for a well-functioning Fontan circulation. They also suggest considering the place of the pulmonary circulation which renders superior and inferior caval vein as well as hepatic veins into portal vessels toward the pulmonary circulation with its advantages (pulmonary blood flow) and disadvantages (increased systemic venous pressure, decreased cardiac output, and increased stroke volume variation at rest but especially during exercise). In doing so, preload to the ventricle which is usually abundant, becomes limited and systemic venous return through the pulmonary circulation becomes the main determinant in the regulation of pulmonary blood flow and hence exercise capacity.

Understanding the importance of the Fontan portal circuit for a well-functioning Fontan circulation may also give us some clues in how to optimize the Fontan circulation.

Power loss in the TCPC has been a point of intensive research since pressure gradients across surgical connections, uneven distribution of pulmonary flow to the lungs, and collision of flow is disadvantageous for the Fontan circulation (29, 30). Offsetting of the caval anastomoses was recognized early on, and adaptations for the Fontan connection reducing power loss have been suggested. Oftentimes, the size of the Fontan conduit (either small from the beginning, or reduced in size whilst aging) may result in suboptimal hemodynamics which will be exacerbated during exercise as assessed by 4D MRI flow (31–33). Likely optimizing the Fontan conduit early in life (allowing sufficient pulmonary artery growth and additional shunt if needed) and later in life (stenting of the conduit to adult size or stenting of a hypoplastic left pulmonary artery if present) are required to maintain optimal Fontan hemodynamics as long as possible (5). Splanchnic vasoconstriction and decreased venous compliance are present in a well-functioning Fontan circulation, but failure of these compensatory mechanisms has been observed (34, 35). Regular exercise (36), compression stocking in case of varicose veins, and paracentesis in case of tense ascites may be of use in selected patients. Pulmonary vasodilators have been studied in patients with a Fontan circulation but the overall net clinical benefit in the two largest randomized controlled trials (FUEL trial and TEMPO trial) with an improvement in peak oxygen consumption of 3–5% has been limited so far (37, 38). Most centers (including ours) would advocate diuresis in case of Fontan circulatory failure with elevated systemic venous pressures, but the effects of decreasing overall blood volume in a preload dependent circulation requires more study (especially on its early and long term effect on cardiac output) (3). Furthermore, the extent to how much systemic venous pressure can increase during exercise requires further study, since this may pose a natural limitation to exercise capacity in Fontan patients (18, 26) and explain exacerbated reductions in peak CO in failing Fontan patients (Figure 3).
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FIGURE 3. Pressure flow plots indicating the increase in PA pressure vs. cardiac output during exercise. When comparing NYHA 1 Fontan patients with NYHA 2&3 Fontan patients, note there is a decrease in cardiac output despite increase in resting PA pressure (1). During exercise, the increase in PA pressure is steeper for NYHA 2&3 patients. A hypothetical maximum of PA pressure (systematic venous pressure) results is an exacerbated decrease in cardiac output resulting in significant functional limitation of the Fontan patient (2). The dashed lines represent hemodynamic reserve of the Fontan patient.





The Heart: The Co-pilot as Bystander


A Preload Deprived Heart

Most cardiac lesions and most cardiac patients are characterized by cardiac dysfunction due to pressure and/or volume overload of the systemic or subpulmonary ventricle. But there is remarkably little evidence evaluating the effect of chronic volume deprivation on the ventricle (5). The paragraphs above illustrate why the systemic ventricle in a Fontan circulation lacks preload at rest and during exercise. Since there is no subpulmonary ventricle, even low-level changes in pulmonary vascular resistance (PVR) cause significant changes in cardiac output. Indeed, Egbe et al. showed that Fontan patients who have low cardiac index, measured during cardiac catheterization or echocardiography, coupled with higher PVR had the highest risk for Fontan circulatory failure (39, 40).



The Myocardium

The staged Fontan palliation is associated with significant changes in volume load to the ventricle which evolves from being volume overloaded (prior to the Glenn) to preload deprived (after Glenn and Fontan completion) (41). This and other factors (surgical insult) may result in ventricular dilation, eccentric hypertrophy [increased mass:volume ratio due to a decrease in ventricular volume with increased wall thickness (42)] and could cause systolic and/or diastolic dysfunction (43). Indeed, systolic and diastolic dysfunction has been observed prior and after the Fontan operation (44) and relate to the degree of volume load prior to Fontan completion (45) and even to outcome (46). Other studies did show a normal contractile response to dobutamine, suggesting that in most Fontan patients ventricular function is not the main factor limiting CO at rest or during exercise (47). However, it is also true that due to expanding indications for Fontan repair, borderline ventricles have been incorporated into Fontan circuits in more recent years. This, in combination with aging of the ventricle in older Fontan patients, will render ventricular dysfunction (systolic and diastolic) a more important issue in the years to come (26). Aging may even be accelerated in Fontan patients similarly to what has been observed in sedentary people where the left ventricle becomes stiffer (due to lack of exercise induced ventricular stretching) and evolves toward heart failure with preserved ejection fraction phenotype (48, 49). Increased afterload (which could contribute to systolic and diastolic deterioration) has been reported, but may be secondary to decreased output in order to maintain blood pressure (50). Moreover, studies evaluating Ace inhibitors in patients with a Fontan circulation have been negative so far (51, 52). Indications for Ace inhibitors in 2-ventricle circulations, such as the presence neurohormonal activation, greater than mild ventricular dysfunction or atrioventricular valvular regurgitation, or increased afterload, have not been replicated in the Fontan cohort and warrant a considered approach in prescribing these drugs for Fontan patients (ref Wilson). When evaluating data from the article by Egbe et al. on pressure-flow plots during exercise, Fontan patients with a steeper pressure-flow curve also have a steeper increase in pulmonary wedge pressure during exercise (25, 26). This is all the more surprising in a preload limited circulation where one would expect a decrease in wedge pressure during exercise (if these were normal ventricles) (26, 53). Moreover, in the absence of a subpulmonary ventricle, even low-level changes in left atrial pressures will cause significant changes in cardiac output as is evident in differences in peak CO between Fontan subgroups (Figure 4).
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FIGURE 4. Pressure flow plots indicating the increase in wedge pressure vs. cardiac output during exercise. When comparing NYHA 1 Fontan patients with NYHA 2&3 Fontan patients, note there is a decrease in cardiac output despite increase in wedge pressure (1), which becomes more pronounced during exercise (2). This is counterintuitive in a preload dependent circulation. Diastolic dysfunction (which may be a consequence of preload deprivation) will exacerbate systemic venous hypertension and cardiac output limitation during exercise.


When creating a Fontan circulation, the pediatric cardiologist and congenital cardiac surgeon have made tremendous advances, especially when balancing adequate pulmonary artery growth whilst preventing excessive volume load to the ventricle (5, 8, 10). The importance of physical activity (which introduces pulsatility to the pulmonary vasculature and improves filling of the ventricle with stiffness-reducing stretching) as well as preventing the accumulation of risk factors for a heart failure with preserved ejection fraction phenotype (obesity, hypertension, diabetes) cannot be understated during the life trajectory of any Fontan patients. Improved assessment and understanding of diastolic function in patients with a Fontan circulation is an unmet clinical need that hampers innovation and should be addressed. Continuous (milrinone) or intermittent (levosimendan) infusion of inotropes can improve organ perfusion and reduce venous congestion. In a large series of Fontan patients undergoing transplantation, 74% of patients received inotropic support. The potential benefit of a combination of diuretics with inotropes (resulting in systemic and pulmonary vasodilation in combination with inotropy) to maintain a euvolemic state requires further study.



Heart Rate

In Fontan patients the sinus node may be dysfunctional, either congenitally or damaged during multiple surgeries. Although chronotropic limitation has been extensively described in Fontan patients, prior studies have demonstrated that atrial pacing at rest does not augment CO, that at comparable exercise levels Fontan patients already have a faster heart rate, and that pacing beyond maximal heart rates does not improve exercise capacity (54–56). Whereas, CO augmentation in healthy controls is achieved by an increase in heart rate and stroke volume, in Fontan patients increase in CO is primarily achieved by increases of transpulmonary flow (or venous return). Indeed, increase in heart rate relative to metabolic demand is robust or even enhanced in Fontan patients. However, when stroke volume starts falling and CO plateaus, heart rate ceases to increase. All this suggests chronotropic constraint to prevent collapse should heart rate further increase (with falling stroke volumes) (57). The Bainbridge reflex could explain causality, but a direct feedback mechanism as CO cannot be maintained is another possibility (Figure 5).
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FIGURE 5. Stroke volume index vs. heart rate during exercise. In Fontan patient heart rate and exercise capacity is limited. In a significant proportion of Fontan patients, heart rate relative to workload is preserved (or even increased). Nevertheless, heart rate reserve is still reduced, which may be a physiologic mechanism preventing a full in stroke volume (and cardiac output). This highlighted in the figure, where the infliction point (vertical dashed line) beyond which a further increase in heart rate would result in falling cardiac output.


A more aggressive rhythm control management strategy (including atrial pacing for junctional rhythms, DC cardioversion, ablation, and medical therapy) is warranted in Fontan patients. Not only would they not tolerate faster heart rates (58), preservation of atrial suction and contraction and optimizing diastolic filling time is important in preload dependent circulations (59).



The Atrioventricular Valve(s)

The atrioventricular valve(s) are often structurally abnormal in patients with a Fontan circulation, but functional atrioventricular valve regurgitation due to ventricular and/or annular dilatation, prior volume, and/or pressure overload has been described as well (60). Atrioventricular valve regurgitation is common, with about one fifth of patients presenting with moderate or severe atrioventricular valve regurgitation. Although its consequences have been well-described with a 2- to 3-fold increased risk of Fontan circulatory failure (61), its management after Fontan completion remains cumbersome (62). The highest risks for significant atrioventricular valve regurgitation are observed in patients with mitral atresia and a common atrioventricular valve and less frequently in patients with two valves or patients with tricuspid atresia (61). Experience from the Mayo clinic indicates that early intervention (before Fontan completion) has better outcome and that valve interventions after completion are associated with an increased risk of mortality or need for transplantation (63). Pathophysiology is straightforward, with increases in atrial pressure resulting in increased systemic venous pressures, lower cardiac output, and decreased reserve during exercise.



Neurohormonal State

Although we as clinicians feel that the interventions and altered Fontan circulatory hemodynamics trump all else, there is convincing evidence of neurohormonal activation in virtually all patients with a Fontan circulation (including asymptomatic patients) (64). Similar observations have resulted in the development of- and evidence related to the use of ace inhibitors, angiotensin receptor blockers, mineralocorticoid receptor blockers, and betablockers in acquired heart failure, eventually improving outcome of those patients; however, studies to replicate these findings in the Fontan population have been negative until now.

Deterioration of the Fontan circulation also often coincides with an increased risk for thrombosis and thromboembolic events, which are frequent in Fontan patients, occurring in up to 33% of patients, and are often serious (mode of death in 25% of patients) (65–67). Several reports have indicated coagulation factor abnormalities, both prothrombotic (plasminogen deficiency, antithrombin 3 deficiency, and protein S and C defiency) as well as procoagulant (increase in factor VIII), which have been related to increased venous pressure (potentially affecting protein synthesis in the liver) (66). The contribution of inflammation, which has been observed in patients with a Fontan circulation, to thrombosis risk has not yet been investigated (68).

With limited patient numbers and insufficient power to perform adequate randomized controlled trials in Fontan patients, it may seem hopeless to even invest in similar research in Fontan patients. However, one could argue that a Fontan patient represents a prime example of a patient in a thrombo-inflammatory state with increased neurohormonal activation destined to develop diastolic dysfunction. A better understanding of the underlying pathomechanisms with identification of therapeutic targets may not only serve the Fontan patient, but the underserved HFpEF patient as well.




Limitations

Further elaboration on the influence of arterio-venous and veno-venous collateral flow, the development of Fontan-associated liver disease, and abnormal lymphatics on Fontan hemodynamics is beyond the scope of this review, but should be considered in any patient with Fontan circulatory failure.




CONCLUSIONS

The Fontan circulation provides a unique solution for patients with a single functional or anatomical ventricle, expanding life expectancy and quality of life. However, every Fontan circulation carries within itself the seeds of its own decay (69). Increased systemic venous pressures (and the subsequent development of Fontan-associated liver disease and abnormal lymphatics) and low cardiac output at rest, but especially during exercise (causing exercise intolerance), are the key components of every Fontan circulation and deteriorate slowly over time. The Fontan portal system redefines the place of the pulmonary circulation as the main factor influencing systemic venous return and hence cardiac output. This also infers that even small changes in atrial pressure could have large effects on cardiac output. Following this, the deleterious effects of diastolic dysfunction (accelerated aging, chronic deprivation), systolic dysfunction, atrioventricular valve regurgitation, and/or atrial dysfunction will be enhanced in the Fontan circulation. There is a responsibility for patients and caregivers alike during the life trajectory of a Fontan patient. The pediatric cardiologist and congenital cardiac surgeon should always aim for the perfect Fontan circulation, the patient should maintain an active, healthy lifestyle, avoiding weight gain, and the adult congenital cardiologist should not accept suboptimal hemodynamics (i.e., AV valve regurgitation, undersized Fontan conduits, or pulmonary artery hypoplasia). There is a need for innovation, such as retraining of the pulmonary vasculature and ventricle using right-sided assist devices prior to transplant, further research on implantable right-sided assist devices, aims to reduce the risk of AV valve surgery, and novel pathways to improve the thrombo-inflammatory state in Fontan patients.



AUTHOR CONTRIBUTIONS

AV: writing manuscript. GC and TS: critical review manuscript. MG: writing and critical review manuscript. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Fontan F, Baudet E. Surgical repair of tricuspid atresia. Thorax. (1971) 26:240–8. doi: 10.1136/thx.26.3.240

 2. de Leval M, Kilner P, Gewillig M, Bull C. Total cavopulmonary connection: a logical alternative to atriopulmonary connection for complex Fontan operations: experimental studies and early clinical experience. J Thorac Cardiovasc Surg. (1988) 96:682–95. doi: 10.1016/S0022-5223(19)35174-8

 3. Van De Bruaene A, Hickey EJ, Kovacs AH, Crean AM, Wald RM, Silversides CK, et al. Phenotype, management and predictors of outcome in a large cohort of adult congenital heart disease patients with heart failure. Int J Cardiol. (2018) 252:80–7. doi: 10.1016/j.ijcard.2017.10.086

 4. Daley M, Du Plessis K, Zannino D, Hornung T, Disney P, Cordina R, et al. Reintervention and survival in 1428 patients in the Australian and New Zealand Fontan Registry. Heart. (2020) 106:751–7. doi: 10.1136/heartjnl-2019-315430

 5. Gewillig M, Brown SC, van de Bruaene A, Rychik J. Providing a framework of principles for conceptualising the Fontan circulation. Acta Paediatrica. (2020) 109:651–8. doi: 10.1111/apa.15098

 6. Alsaied T, Rathod RH, Aboulhosn JA, Budts W, Anderson JB, Baumgartner H, et al. Reaching consensus for unified medical language in Fontan care. ESC Hear Fail. (2021) 8:3894–905. doi: 10.1002/ehf2.13294

 7. Gewillig M, Brown SC. The Fontan circulation after 45 years: update in physiology. Heart. (2016) 102:1081–6. doi: 10.1136/heartjnl-2015-307467

 8. Gewillig M, Brown SC, Heying R, Eyskens B, Ganame J, Boshoff DE, et al. Volume load paradox while preparing for the Fontan: not too much for the ventricle, not too little for the lungs. Interact Cardiovasc Thorac Surg. (2010) 10:262–5. doi: 10.1510/icvts.2009.218586

 9. Reddy VM, Mcelhinney DB, Moore P, Petrossian E, Hanley FL. Pulmonary artery growth after bidirectional cavopulmonary shunt: is there a cause for concern? J Thorac Cardiovasc Surg. (1996) 112:1180–92. doi: 10.1016/S0022-5223(96)70131-9

 10. Tatum GH, Sigfússon G, Ettedgui JA, Myers JL, Cyran SE, Weber HS, et al. Pulmonary artery growth fails to match the increase in body surface area after the Fontan operation. Heart. (2006) 92:511–4. doi: 10.1136/hrt.2005.070243

 11. Rychik J, Andrew Atz CM, David Celermajer FS, Deal BJ, Gatzoulis MA, Gewillig MH, et al. On behalf of the American Heart Association Coun-cil on cardiovascular disease in the young and council on cardiovascu-lar and stroke nursing evaluation and management of the child and adult with fontan circulation circulation. Circulation. (2019) 140:234–84. doi: 10.1161/CIR.0000000000000696

 12. Rychik J. Long-term outcomes after Fontan surgery. Nat Clin Pract Cardiovasc Med. (2008) 5:368–9. doi: 10.1038/ncpcardio1220

 13. Shafer KM, Garcia JA, Babb TG, Fixler DE, Ayers CR, Levine BD. The importance of the muscle and ventilatory blood pumps during exercise in patients without a subpulmonary ventricle (Fontan operation). J Am Coll Cardiol. (2012) 60:2115–21. doi: 10.1016/j.jacc.2012.08.970

 14. Van De Bruaene A, Kutty S. The peculiar challenges of breathing and exercising with a Fontan circulation. Am J Physiol Hear Circ Physiol. (2019) 316:H311–3. doi: 10.1152/ajpheart.00762.2018

 15. Van De Bruaene A, Claessen G, Gerche A La, Kung E, Marsden A, De Meester P, et al. Effect of respiration on cardiac filling at rest and during exercise in Fontan patients: a clinical and computational modeling study. Int J Cardiol Heart Vasc. (2015) 9:100–8. doi: 10.1016/j.ijcha.2015.08.002

 16. Macé L, Dervanian P, Bourriez A, Mazmanian GM, Lambert V, Losay J, et al. Changes in venous return parameters associated with univentricular Fontan circulations. Am J Physiol Heart Circ Physiol. (2000) 279:H2335–43. doi: 10.1152/ajpheart.2000.279.5.H2335

 17. Saouti N, Westerhof N, Helderman F, Marcus JT, Boonstra A, Postmus PE, et al. Right ventricular oscillatory power is a constant fraction of total power irrespective of pulmonary artery pressure. Am J Respir Crit Care Med. (2010) 182:1315–20. doi: 10.1164/rccm.200910-1643OC

 18. Colman K, Alsaied T, Lubert A, Rossiter H, Mays WA, Powell AW, et al. Peripheral venous pressure changes during exercise are associated with adverse Fontan outcomes Congenital heart disease. Heart. (2020) 107:1–6. doi: 10.1136/heartjnl-2020-317179

 19. Lewis GD, Bossone E, Naeije R, Grünig E, Saggar R, Lancellotti P, et al. Pulmonary vascular hemodynamic response to exercise in cardiopulmonary diseases. Circulation. (2013) 128:1470–9. doi: 10.1161/CIRCULATIONAHA.112.000667

 20. La Gerche A, Macisaac AI, Burns AT, Mooney DJ, Inder WJ, Voigt J-U, et al. Pulmonary transit of agitated contrast is associated with enhanced pulmonary vascular reserve and right ventricular function during exercise. J Appl Physiol. (2010) 109:1307–17. doi: 10.1152/japplphysiol.00457.2010

 21. La Gerche A, Claessen G, Van De Bruaene A, Pattyn N, Van Cleemput J, Gewillig M, et al. Cardiac MRI: a new gold standard for ventricular volume quantification during high-intensity exercise. Circ Cardiovasc Imaging. (2013) 6:329–38. doi: 10.1161/CIRCIMAGING.112.980037

 22. La Gerche A, Heidbuchel H, Burns AT, Mooney DJ, Taylor AJ, Pfluger P, et al. Disproportionate exercise load and remodeling of the athlete's right ventricle. Med Sci Sports Exerc. (2011) 43:974–81. doi: 10.1249/MSS.0b013e31820607a3

 23. Van De Bruaene A, La Gerche A, Prior DL, Voigt J-U, Delcroix M, Budts W. Pulmonary vascular resistance as assessed by bicycle stress echocardiography in patients with atrial septal defect type secundum. Circ Cardiovasc Imaging. (2011) 4:237–45. doi: 10.1161/CIRCIMAGING.110.962571

 24. Benito B, Gay-Jordi G, Serrano-Mollar A, Guasch E, Shi Y, Tardif JC, et al. Cardiac arrhythmogenic remodeling in a rat model of long-term intensive exercise training. Circulation. (2011) 123:13–22. doi: 10.1161/CIRCULATIONAHA.110.938282

 25. Egbe AC, Miranda WR, Anderson JH, Borlaug BA. Hemodynamic and clinical implications of impaired pulmonary vascular reserve in the fontan circulation. J Am Coll Cardiol. (2020) 76:2755–63. doi: 10.1016/j.jacc.2020.10.003

 26. Gewillig M, Cools B, Van De Bruaene A. Pulmonary vascular reserve in fontan patients looking upstream for the true heart of the matter*. J Am Coll Cardiol. (2020) 76:2764–7. doi: 10.1016/j.jacc.2020.10.006

 27. Claessen G, Claus P, Delcroix M, Bogaert J, La Gerche A, Heidbuchel H. Interaction between respiration and right versus left ventricular volumes at rest and during exercise: a real-time cardiac magnetic resonance study. Am J Physiol Hear Circ Physiol. (2014) 306:816–24. doi: 10.1152/ajpheart.00752.2013

 28. Hjortdal VE, Emmertsen K, Stenbøg E, Fründ T, Schmidt MR, Kromann O, et al. Effects of exercise and respiration on blood flow in total cavopulmonary connection: a real-time magnetic resonance flow study. Circulation. (2003) 108:1227–31. doi: 10.1161/01.CIR.0000087406.27922.6B

 29. Bove EL, de Leval MR, Migliavacca F, Balossino R, Dubini G. Toward optimal hemodynamics: computer modeling of the Fontan circuit. Pediatr Cardiol. (2007) 28:477–81. doi: 10.1007/s00246-007-9009-y

 30. Whitehead KK, Pekkan K, Kitajima HD, Paridon SM, Yoganathan AP, Fogel MA. Nonlinear power loss during exercise in single-ventricle patients after the Fontan. Circulation. (2007) 116(11 Suppl. 1):165–71. doi: 10.1161/CIRCULATIONAHA.106.680827

 31. Rijnberg FM, Hazekamp MG, Wentzel JJ, De Koning PJH, Westenberg JJM, Jongbloed MRM, et al. Energetics of blood flow in cardiovascular disease: concept and clinical implications of adverse energetics in patients with a fontan circulation. Circulation. (2018) 137:2393–407. doi: 10.1161/CIRCULATIONAHA.117.033359

 32. Rijnberg FM, van Assen HC, Hazekamp MG, Roest AAW, Westenberg JJM. Hemodynamic consequences of an undersized extracardiac conduit in an adult fontan patient revealed by 4-dimensional flow magnetic resonance imaging. Circ Cardiovasc Imaging. (2021) 14:12612. doi: 10.1161/CIRCIMAGING.121.012612

 33. Tang E, Wei Z, Whitehead KK, Khiabani RH, Restrepo M, Mirabella L, et al. Effect of Fontan geometry on exercise haemodynamics and its potential implications. Heart. (2017) 103:1806–12. doi: 10.1136/heartjnl-2016-310855

 34. Opotowsky AR, Halpern D, Kulik TJ, Systrom DM, Wu F. Inadequate venous return as a primary cause for Fontan circulatory limitation. J Hear Lung Transplant. (2014) 33:1194–6. doi: 10.1016/j.healun.2014.07.007

 35. Kelley JR, Mack GW, Fahey JT. Diminished venous vascular capacitance in patients with univentricular hearts after the Fontan operation. Am J Cardiol. (1995) 76:158–63. doi: 10.1016/S0002-9149(99)80049-6

 36. Wittekind S, Mays W, Gerdes Y, Knecht S, Hambrook J, Border W, et al. A novel mechanism for improved exercise performance in pediatric fontan patients after cardiac rehabilitation. Pediatr Cardiol. (2018) 39:1023–30. doi: 10.1007/s00246-018-1854-3

 37. Goldberg DJ, Zak V, Goldstein BH, Schumacher K, Rhodes J, Penny DJ, et al. Results of the fuel trial. Circulation. (2020) 141:641–51. doi: 10.1161/CIRCULATIONAHA.119.044352

 38. Hebert A, Mikkelsen UR, Thilen U, Idorn L, Jensen AS, Nagy E, et al. Bosentan improves exercise capacity in adolescents and adults after fontan operation: the TEMPO (treatment with endothelin receptor antagonist in fontan patients, a randomized, placebo-controlled, double-blind study measuring peak oxygen consumption) study. Circulation. (2014) 130:2021–30. doi: 10.1161/CIRCULATIONAHA.113.008441

 39. Egbe AC, Connolly HM, Miranda WR, Ammash NM, Hagler DJ, Veldtman GR, et al. Hemodynamics of Fontan failure: the role of pulmonary vascular disease. Circ Hear Fail. (2017) 10:e004515. doi: 10.1161/CIRCHEARTFAILURE.117.004515

 40. Egbe AC, Connolly HM, Taggart NW, Al-otaibi M, Borlaug BA. Invasive and noninvasive hemodynamic assessment in adults with Fontan palliation. Int J Cardiol. (2018) 254:96–100. doi: 10.1016/j.ijcard.2017.11.116

 41. Fogel MA, Weinberg PM, Chin AJ, Fellows KE, Hoffman EA. Late ventricular geometry and performance changes of functional single ventricle throughout staged fontan reconstruction assessed by magnetic resonance imaging. J Am Coll Cardiol. (1996) 28:212–21. doi: 10.1016/0735-1097(96)00111-8

 42. Gewillig M, Daenen W, Aubert A, Van der Hauwaert L. Abolishment of chronic volume overload. Implicatoins for diastolic function of the systemic ventricle immdiately after Fontan repair. Circulation. (1992) 86:II93–9.

 43. Cheung YF, Penny DJ, Redington AN. Serial assessment of left ventricular diastolic function after Fontan procedure. Heart. (2000) 83:420–4. doi: 10.1136/heart.83.4.420

 44. Akagi T, Benson LN, Green M, Ash J, Gilday DL, Williams WG, et al. Ventricular performance before and after fontan repair for univentricular atrioventricular connection: angiographic and radionuclide assessment. J Am Coll Cardiol. (1992) 20:920–6. doi: 10.1016/0735-1097(92)90194-R

 45. Sluysmans T, Sanders SP, van der Velde M, Matitiau A, Parness IA, Spevak PJ, et al. Natural history and patterns of recovery of contractile function in single left ventricle after Fontan operation. Circulation. (1992) 86:1753–61. doi: 10.1161/01.CIR.86.6.1753

 46. Akagi T, Benson LN, Williams WG, Freedom RM. Regional ventricular wall motion abnormalities in tricuspid atresia after the fontan procedure. J Am Coll Cardiol. (1993) 22:1182–8. doi: 10.1016/0735-1097(93)90435-4

 47. Senzaki H, Masutani S, Ishido H, Taketazu M, Kobayashi T, Sasaki N, et al. Cardiac rest and reserve function in patients with Fontan circulation. J Am Coll Cardiol. (2006) 47:2528–35. doi: 10.1016/j.jacc.2006.03.022

 48. Howden EJ, Sarma S, Lawley JS, Opondo M, Cornwell W, Stoller D, et al. Reversing the cardiac effects of sedentary aging in middle age—a randomized controlled trial. Circulation. (2018) 137:1549–60. doi: 10.1161/CIRCULATIONAHA.117.030617

 49. Hieda M, Sarma S, Hearon CM Jr, MacNamara JP, Dias KA, Samels M, et al. One-year committed exercise training reverses abnormal left ventricular myocardial stiffness in patients with stage B heart failure with preserved ejection fraction. Circulation. (2021) 144:934–46. doi: 10.1161/CIRCULATIONAHA.121.054117

 50. Gewillig M, Brown SC, Eyskens B, Heying R, Ganame J, Budts W, et al. The Fontan circulation: who controls cardiac output? Interact Cardiovasc Thorac Surg. (2010) 10:428–33. doi: 10.1510/icvts.2009.218594

 51. Hsu DT, Zak V, Mahony L, Sleeper LA, Atz AM, Levine JC, et al. Enalapril in infants with single ventricle: results of a multicenter randomized trial. Circulation. (2010) 122:333–40. doi: 10.1161/CIRCULATIONAHA.109.927988

 52. Wilson TG, Iyengar AJ, Winlaw DS, Weintraub RG, Wheaton GR, Gentles TL, et al. Use of ACE inhibitors in Fontan: rational or irrational? Int J Cardiol. (2016) 210:95–9. doi: 10.1016/j.ijcard.2016.02.089

 53. Cedars A, Opotowsky A, Tedford RJ, Burkhoff D. Resist neglecting diastolic dysfunction in Fontan physiology. J Am Coll Cardiol. (2021) 77:1595–6. doi: 10.1016/j.jacc.2021.01.036

 54. Barber G, Di Sessa T, Child JS, Perloff K, Laks H, George BL, et al. Hemodynamic responses to isolated increments in heart rate by atrial pacing after a Fontan procedure. Am Heart J. (1988) 115:837–41. doi: 10.1016/0002-8703(88)90887-3

 55. Paridon SM, Karpawich PP, Pinsky WW. The effects of rate responsive pacing on exercise performance in the postoperative univentricular heart. Pacing Clin Electrophysiol. (1993) 16:1256–62. doi: 10.1111/j.1540-8159.1993.tb01712.x

 56. Karpawich PP, Paridon SM, Pinsky WW. Failure of rate responsive ventricular pacing to improve physiological performance in the univentricular heart. Pacing Clin Electrophysiol. (1991) 14:2058–61. doi: 10.1111/j.1540-8159.1991.tb02815.x

 57. Claessen G, La Gerche A, Van De Bruaene A, Claeys M, Willems R, Dymarkowski S, et al. Heart rate reserve in fontan patients: chronotropic incompetence or hemodynamic limitation? J Am Heart Assoc. (2019) 8:e012008. doi: 10.1161/JAHA.119.012008

 58. Van Puyvelde T, Ameloot K, Roggen M, Troost E, Gewillig M, Budts W, et al. Outcome after cardiopulmonary resuscitation in patients with congenital heart disease. Eur Hear J Acute Cardiovasc Care. (2018) 7:459–66. doi: 10.1177/2048872617697451

 59. van der Ven JPG, Bossers SSM, van den Bosch E, Dam N, Kuipers IM, van Iperen GG, et al. Dobutamine stress testing for the evaluation of atrial and diastolic ventricular function in Fontan patients. Open Heart. (2021) 8:e001487. doi: 10.1136/openhrt-2020-001487

 60. Tseng SY, Siddiqui S, Di Maria MV, Hill GD, Lubert AM, Kutty S, et al. Atrioventricular valve regurgitation in single ventricle heart disease: a common problem associated with progressive deterioration and mortality. J Am Heart Assoc. (2020) 9:e015737. doi: 10.1161/JAHA.119.015737

 61. King G, Ayer J, Celermajer D, Zentner D, Justo R, Disney P, et al. Atrioventricular valve failure in Fontan palliation. J Am Coll Cardiol. (2019) 73:810–22. doi: 10.1016/j.jacc.2018.12.025

 62. Stephens EH, Dearani JA. Management of the bad atrioventricular valve in Fontan…time for a change. J Thorac Cardiovasc Surg. (2019) 158:1643–8. doi: 10.1016/j.jtcvs.2019.08.129

 63. Stephens EH, Dearani JA, Niaz T, Arghami A, Phillips SD, Cetta F. Effect of earlier atrioventricular valve intervention on survival after the Fontan operation. Am J Cardiol. (2020) 137:103–10. doi: 10.1016/j.amjcard.2020.09.028

 64. Hjortdal VE, Stenbøg EV, Ravn HB, Emmertsen K, Jensen KT, Pedersen EB, et al. Neurohormonal activation late after cavopulmonary connection. Heart. (2000) 83:439–43. doi: 10.1136/heart.83.4.439

 65. Agarwal A, Firdouse M, Brar N, Yang A, Lambiris P, Chan AK, et al. Incidence and management of thrombotic and thromboembolic complications following the superior cavopulmonary anastomosis procedure: a literature review. Clin Appl Thromb Hemost. (2017) 24:405–15. doi: 10.1177/1076029616679506

 66. Firdouse M, Agarwal A, Chan AK, Mondal T. Thrombosis and thromboembolic complications in fontan patients: a literature review. Clin Appl Thromb Hemost. (2014) 20:484–92. doi: 10.1177/1076029613520464

 67. Khairy P, Fernandes SM, Mayer JE, Triedman JK, Walsh EP, Lock JE, et al. Long-term survival, modes of death, and predictors of mortality in patients with Fontan surgery. Circulation. (2008) 117:85–92. doi: 10.1161/CIRCULATIONAHA.107.738559

 68. Goldstein SA, Beshish AG, Bush LB, Lowery RE, Wong JH, Schumacher KR, et al. Analysis of inflammatory cytokines in postoperative Fontan pleural drainage. Pediatr Cardiol. (2019) 40:744–52. doi: 10.1007/s00246-019-02059-6

 69. Arnaert S, De Meester P, Troost E, Droogne W, Van Aelst L, Van Cleemput J, et al. Heart failure related to adult congenital heart disease: prevalence, outcome and risk factors. ESC Hear Fail. (2021) 8:2940–50. doi: 10.1002/ehf2.13378

Conflict of Interest: The 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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Van De Bruaene, Claessen, Salaets and Gewillig. 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-09-825472-g005.gif





OPS/images/fcvm-09-825472-g003.gif





OPS/images/fcvm-09-825472-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Late Fontan Circulatory Failure. What Drives Systemic Venous Congestion and Low Cardiac Output in Adult Fontan Patients?



		Introduction



		Creating the Fontan Circulation



		Physiology of the Fontan Circulation



		Venous Return: In the Driver's Seat



		Fontan at Rest



		Fontan During Exercise









		The Heart: The Co-pilot as Bystander



		A Preload Deprived Heart



		The Myocardium



		Heart Rate



		The Atrioventricular Valve(s)



		Neurohormonal State









		Limitations







		Conclusions



		Author Contributions



		References

















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

Late Fontan Circulatory Failure. What
Drives Systemic Venous Congestion
and Low Cardiac Output in Adult
Fontan Patients?





OPS/images/fcvm-09-825472-g001.gif





OPS/images/fcvm-09-825472-g002.gif
Hydrmulic pownr (3 beseling}










OPS/images/crossmark.jpg
©

2

i

|





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





