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Abstract: Adults with congenital heart disease (ACHD) constitute a growing population with complex cardiac physiopathology and frequent extra-cardiac involvement. The recent dramatic improvement of their life expectancy has resulted in an increasing proportion of ACHD patients requiring non-cardiac surgery. While a large body of evidence demonstrated the importance of an accurate risk assessment in patients with acquired heart disease before non-cardiac surgery in order to reduce perioperative morbidity and mortality and detailed algorithms have been released by international societies, no specific guidelines are available for the perioperative management in this population. Nonetheless, understanding the complex anatomy and unusual physiology of both repaired and unrepaired congenital heart disease is paramount to meet the unique needs of these patients and to ensure an adequate perioperative management and prevention of complications. Furthermore, anaesthesiologists and surgeons unfamiliar with congenital heart disease may be not aware of the variety of different disease-related issues, which may arise in ACHD patients during the hemodynamic changes of the perioperative phase, with possible severe adverse effects on cardiac performance. We herein review the limited evidence from the literature and summarize our personal experience in a tertiary ACHD centre in order to propose a first structured approach for preoperative risk assessment and perioperative management to reduce the mortality and morbidity risk in adults with congenital heart disease undergoing non-cardiac surgery.
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1  Introduction

The focus of this review is the management of cardiovascular risk in adults with congenital heart disease (ACHD) undergoing non-cardiac surgery. The necessity of a thorough and practical reappraisal of this issue arises from the demographic change occurred in the last three decades in ACHD population which currently outnumbers the paediatric population with congenital heart disease (CHD), as a result of a dramatic improvement in life expectancy [1]. Consequently, a concomitant steadily rising proportion of ACHD patients with complex physiology requiring non-cardiac surgery has recently been reported [2]. Notably, perioperative mortality represents the third most common cause of death in this population, after sudden cardiac death and progressive heart failure (HF) [3]. ACHD patients constitute a complex and heterogeneous population with high incidence of hospital admissions, arrhythmic events, acute HF episodes and need for cardiac reinterventions. Furthermore, besides the cardiac problem itself they can present multiple comorbidities, either secondary to chronic cardiac-related multi-organ deterioration (i.e., liver failure, impaired lung function, renal insufficiency, alterations of the erythropoietic system) or acquired age-related cardiovascular diseases, such as diabetes, atherosclerosis and hypertension [4,5]. However, to date, only few data on the perioperative management of ACHD patients are available. Surgeons and anaesthesiologists not routinely involved in the care of patients with CHD may not be aware of the unique challenges that may be encountered during non-cardiac surgery in these patients. In the present paper we review the impact of the specific physiopathological features of congenital heart defects on the management of the pre, intra and postoperative phases of a non-cardiac surgical intervention. Furthermore, we propose an approach for comprehensive risk stratification and suggest strategies to minimize the risk in these complex patients based on the limited data available from the literature, current guidelines and our experience in a tertiary ACHD centre.

2  Preoperative Management

2.1 Risk Stratification in ACHD

In the recent years, a large body of evidence has demonstrated the importance of an accurate risk assessment in patients with heart disease before non-cardiac surgery in order to reduce perioperative morbidity and mortality. Accordingly, the major Cardiovascular Societies have released specific Guidelines and recommendations [6,7], suggesting different risk indices [8,9] and algorithms based on the underlying cardiac disease and the type of intervention. However, they are not suited for risk evaluation in ACHD patients who may have additional disease-related risk factors and unique hemodynamic conditions. In 1998, one retrospective study in a large cohort demonstrated that patients with complex anatomy, cyanosis, history of congestive HF and patients undergoing operations involving the respiratory or nervous system and urgent procedures are at higher risk [2]. Nevertheless, no further studies have systematically investigated risk factors in this population and risk assessment remains a challenging task, requiring a complete understanding of the previous cardiac surgeries and current cardiac physiology.

2.1.1 Risk Related to the Type of Non-Cardiac Surgery

The 2014 ESC/ESA Guidelines on non-cardiac surgery [6] classify non-cardiac interventions in the general population into three categories according to the 30-day risk of cardiovascular death and myocardial infarction, which are reported in Tab. 1. Perioperative risk is deemed higher in case of urgent procedures. These concepts are generally extended to ACHD patients, despite the fact that those guidelines are mainly focused on traditional cardiovascular risk factors that are not the major concern in this complex population and do not consider specific issues related to CHD physiology. Moreover, it has been demonstrated that this population is at higher risk of mortality and perioperative morbidity even during simple procedures compared to the general population [10]. Accordingly, current guidelines suggest to considering CHD as a risk factor in itself during non-cardiac surgery [6].
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2.1.2 Patient-Related Risk Factors in ACHD Population

Numerous patient-related factors should be taken into account. In particular, knowledge of the baseline anatomy, previous surgeries and current medications is essential and previous medical records should be carefully reviewed. A checklist of issues to consider should include all the following points:

-Disease Complexity Assessment

Cardiac disease complexity is the single major determinant of outcome in patients with CHD. The American College of Cardiology Task Force of the 32nd Bethesda Conference developed a classification to categorize disease severity in simple lesions, moderate lesions, and complex lesions [11]. Most recently, the 2018 AHA/ACC guideline for the management of adults with CHD [12] proposed the Adult Congenital Heart Disease Anatomic and Physiological classification (ACHD-AP), which includes the same categorization of the previous classification and encompasses 4 physiopatological stages (A–D), for each class of anatomical severity (I-III), with a total of 12 categories, allowing a more accurate risk stratification [13] (Tab. 2). Invasive procedures in patients with complex anatomy and impaired physiological state are at higher risk [2,14,15]. Therefore ACHD guidelines [12] recommend that, in patients with ACHD-AP class IB-D, II and III, non-cardiac surgical procedures should be performed in a hospital with an ACHD program or in consultation with experts in ACHD (Recommendation class I, level of evidence C).
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-Assessment of Ventricular Function and Treatment Optimization

Physical examination allows the identification of signs of decompensated HF such as peripheral oedema, pulmonary rales, hepatomegaly, jugular vein distension. A cardiac murmur should raise the suspicion of valvular disease, ventricular outflow obstruction, and/or the presence of a shunt. Echocardiography can readily provide important information on ventricular function, presence and severity of valvular dysfunction, magnitude and direction of possible native and/or post-operative shunts. Preoperative echocardiographic assessment of ejection fraction for estimation of ventricular function is a powerful predictor of postoperative complications, as well as of ICU length of stay in patients with complex anatomy [14]. In ACHD, natriuretic peptides have demonstrated the same diagnostic and prognostic role showed in acquired heart diseases and, therefore, can represent a further marker of the preoperative hemodynamic status. Current ACHD guidelines recommend optimizing treatment before non-cardiac procedures to reduce the perioperative risk [12]. The management of left ventricular failure with renin-angiotensin-aldosterone system blocking agents, beta-blockers, diuretics and digoxin, is similar to other forms of acquired HF. The same recommendations can be reasonably extended to cases with systemic right ventricle (RV), including congenitally corrected transposition of the great arteries (ccTGA) and Mustard or Senning repair of transposition of the great arteries (TGA). Patients with predominant RV failure and/or pulmonary hypertension (i.e., Eisenmenger syndrome) are at high risk and therefore any invasive procedures, unless urgent, should be performed in presence of durable, relative hemodynamic stability. Diuretics should be cautiously administered to avoid an excessive preload reduction and specific therapy for pulmonary hypertension (PH) should be preferably optimized. In patients with single ventricle and Fontan circulation an optimal volume status should be preserved along with optimization of medical treatment to maintain a normal ventricular filling pressure. Serum albumin levels should be checked in order to exclude a protein losing enteropathy.

-Valvular Residual Lesions and Surgical Sequelae

During follow-up, progressive valvular dysfunction is frequently observed on surgically repaired valves. Typical examples are pulmonary regurgitation late after surgical relief of right ventricular outflow tract obstruction in patients with Tetralogy of Fallot (TOF) or atrio-ventricular (AV) valves disease after repair of atrioventricular septal defect (AVSD). On the other hand, dysfunction of unrepaired valves may be caused by residual/recurrent obstructive lesions (i.e., subaortic stenosis), by unrepaired defects (i.e., aortic regurgitation in patients with small unrepaired perimembranous ventricular septal defect) or may represent a functional sequela of abnormal hemodynamic overload (tricuspid regurgitation in TOF repair, AV valve dysfunction in Fontan circulation and TGA with atrial switch). Residual lesions and surgical sequelae should be systematically searched and recognized in ACHD patients undergoing non-cardiac surgery in order to evaluate the hemodynamic status and optimize medical treatment. In addition, in the presence of significant lesions (i.e., TOF and severe pulmonary regurgitation and right ventricular dysfunction, bicuspid aortic valve with severe stenosis and symptoms) individualized indications on the timing of elective major non-cardiac surgery should be given by the ACHD team, who may defer non-urgent procedures after correction of the cardiac defect.

-Shunting Lesions

Shunting lesions pose unique challenges to the intraoperative management. Blood flow direction across a shunt is mainly driven by pressure difference between systemic and pulmonary vascular resistance (SVR and PVR respectively). Therefore, in absence of PH, the blood flow is directed from the high-pressured left chambers towards the right heart. During induction of anaesthesia, a PVR drop (i.e., due to oxygen administration) or a catecholaminergic-related increase in SVR may increase a left-to-right shunt and contribute to systemic hypoperfusion [16]. Conversely, high doses of induction drugs may result in systemic hypotension, occasionally resulting in flow reversal and right-to-left shunt with subsequent arterial desaturation [17].

-Arrhythmic Burden

Arrhythmic events are frequently encountered in the ACHD population. The main contributing factors are represented by hemodinamically significant sequelae and myocardial scars subsequent to the surgical correction. The most common type is the so-called “incisional tachycardia”, an intra atrial reentrant tachycardia mainly observed in patients with atrio-pulmonary Fontan type and TGA after atrial switch. Since this type of tachycardia is often drug resistant and can cause rapid hemodynamic deterioration, an electrical cardioversion may be required. Supraventricular arrhythmias in patients with Ebstein anomaly may be due to multiple re-entrant atrioventricular accessory pathways, therefore a short PR interval and/or delta waves must always be searched at ECG.

On the other hand, ventricular arrhythmias are more frequent in ACHD patients whose surgical repair required ventriculotomy and patch implantation with hemodinamically significant sequelae and extensive ventricular scarring. The typical example is TOF repair with residual severe pulmonary regurgitation. ECG Holter monitoring may be helpful in assessing the preoperative arrhythmic risk. Accordingly, before non-cardiac procedures in patients with pro-arrhythmic forms of CHD and/or a history of significant tachyarrhythmia, all the cardiac (i.e., ventricular dysfunction, volume overload, significant pressure overload) and extracardiac (electrolyte disorders, thyroid dysfunction, pulmonary diseases, infections) factors that can potentially trigger or exacerbate tachyarrhythmias during or after the intervention must be checked and possibly corrected.

-Pacing Devices

Patients with CHD may need permanent pacemakers for the treatment of severe bradyarrhythmias, which could be secondary to postoperative atrioventricular block (i.e., after correction of perimembranous ventricular septal defect, subaortic stenosis, AVSD), to the cardiac defect itself, (i.e., ccTGA) or part of sick sinus syndrome (TGA after atrial switch). Furthermore, in the last decades the use of implantable cardioverter-defibrillators and cardiac resynchronization devices has substantially increased in the CHD population. The management of patients with intracardiac pacemakers and defibrillators does not differ from the general population. However, it is important to keep in mind that many complex ACHD patients, may require epicardial rather than endocardial pacemaker implantation due to anatomic or technical factors (i.e., Fontan patients with extracardiac conduit), and/or presence of native/residual shunts, so that these devices might be positioned below the diaphragm. The accurate knowledge of the device position is essential in case of abdominal surgery to prevent damages or infections. Moreover, when the use of an electric scalpel is planned, pacemakers must be programmed in V00 mode, to avoid inhibition of the device by electrical impulses. At the end of the procedure, the device can be reprogrammed with the previous modality [18].

-Vascular Disorders

CHD may present as vascular disorders as it is the case of patients with bicuspid aortic valve and aortic coarctation, which are recognized as aortopathies with increased risk of vascular complications such as aortic dissection or rupture of intra-cranial aneurysms. Furthermore, residual obstruction in patients with aortic coarctation may cause increased left ventricular afterload, which should be acknowledged before invasive procedures. Antihypertensive therapy should be optimized in the preoperative phase in patients with aortic coarctation with a view to preventing both perioperative hyper and hypotension. It should be noted that normal blood pressure values assessed in the right arm may cause severe hypotension of the arterial circulation downstream the coarctation site leading to peripheral hypoperfusion and spinal ischemia.

Moreover, CHD may be associated with arteriovenosus malformation, especially in the context of cyanotic CHD, associated with increased bleeding risk. Patients with arterial switch repair of TGA may complicate with coronary obstruction during follow-up. In the latter case, in presence of left ventricle dysfunction or symptoms suggestive of myocardial ischemia, further tests are warranted to assess the coronary patency before invasive procedures [12].

-Pulmonary Sequelae

The pulmonary sequelae of CHD can complicate the perioperative management and can increase the surgical risk. Adults who underwent heart surgery in childhood often have restrictive lung disease, which affects the ventilator management and the timing of extubation [19]. A study by Alonso-Gonzalez et al. [20] demonstrated that the severity of lung function impairment is related to the complexity of underlying CHD, the number of previous thoracotomies, BMI, cardio-thoracic ratio, scoliosis and diaphragm palsy. Accordingly, all these factors should be taken into account during surgical planning. In our experience, patients with complex anatomy and history of multiple cardiac interventions may benefit from a pulmonologist consultation and further preoperative respiratory testing (spirometry, chest x-ray/thoracic CT).

-Renal Function

Chronic kidney disease (CKD) is common among patients with CHD [21], especially those with Eisenmenger physiology and Fontan circulation [22] and is associated with increased mortality [21]. Low cardiac output with impaired renal perfusion, chronic activation of renin-angiotensin-aldosterone system, increased sympathetic activity and raised venous pressure are potential mechanisms for CKD in ACHD. Baseline glomerular filtration rate has a prognostic value and should be assessed before surgery. The renal function vulnerability in ACHD patients warrants judicious use of contrast agents in case imaging tests are requested in the postoperative phase. In addition, reduced end-organ perfusion during anaesthesia and administration of nephrotoxic drugs should be avoided as they may contribute to renal dysfunction possibly leading to acute kidney injury.

-Cyanotic CHD

Cyanosis is common in patients with complex CHD or Eisenmenger syndrome. Providers must consider the multiple organs affected by chronic cyanosis. Cyanotic patients have increased surgical bleeding risk [10] because of multiple collaterals, platelet abnormalities for number and function and alterations in the coagulation cascade [23]. However, the increased risk for bleeding is not protective against thrombosis. In fact, these patients develop secondary erythrocytosis as a compensatory response to chronic hypoxia with resulting increased blood viscosity and decreased flow velocity in the small arterioles and capillaries. This phenomenon is further exacerbated in the setting of iron deficiency and dehydration, conditions frequently occurring after major surgeries. Thus, patients with complex cardiac lesions such as severe PH or Eisenmenger syndrome carry a very high risk for adverse outcomes during non-cardiac surgery and elective surgery is usually best avoided.

-Bleeding and Thrombotic Risk

Patients with CHD have an increased risk of both thrombotic and bleeding complications. Thrombotic events may be related to atrial arrhythmias, residual shunts, prosthetic valves, fibrinolysis factors deficiency and blood hyperviscosity. Intracardiac shunts may also predispose to paradoxical embolism in case of deep venous thrombosis. The risk is related to disease complexity [24], with higher incidence in patients with Fontan circulation (3%–20%) [25,26] or cyanotic CHD (20%–47%) [27,28]. Therefore, administration of anticoagulation or antiplatelet treatment is often required in these patients in primary or secondary prevention. Surgical bleeding and postoperative hemorrhagic complications in CHD are facilitated by arteriovenous malformation, coagulation factors deficiency resulting from liver congestion, platelet dysfunction, thrombocytopenia and chronic anticoagulation, especially when not properly adjusted for impaired renal function or low body weight. Furthermore, in patients with Fontan palliation, the increased risk for bleeding is also attributed to reduced hepatic synthesis of coagulation factors, particularly factor VII [29], due to decreased hepatic function and protein losing enteropathy. Unfortunately, risk factors for both thrombosis and bleeding may be concomitantly present in complex disease such as Eisenmenger syndrome or Fontan circulation, making even more challenging their perioperative management.

Bleeding and thrombotic risk should be carefully evaluated in the preoperative setting reviewing previous medical history and with blood tests including blood cells count, prothrombin time, partial thromboplastin time, activated partial thromboplastin time and renal and liver function. The intrinsic bleeding risk of the type of surgery should also be taken into account: procedures with a low bleeding risk are those in which adequate hemostasis can be achieved (i.e., minor skin procedures) or in which bleeding would have minor impact (i.e., dental extraction, cataract), whereas procedures with a high bleeding risk are those in which bleeding could threaten patients’ life (i.e., neurosurgery).

-Preoperative Management of Oral Anticoagulation in ACHD

The ESC and EHRA guidelines provide a guide for anticoagulation management in patients undergoing invasive procedures. Due to lack of data in ACHD population, it is reasonable to follow the same algorithm used the general population. Anticoagulation should be stopped when the bleeding risk outweighs the thrombotic risk, therefore patients undergoing procedures with low bleeding risk do not require treatment modification. Patients on vitamin K antagonists (VKA) can safely undergo major procedures when INR is ≤ 1.5 [6]. However, patients with high thrombotic risk and patients with metallic prosthetic valves require bridging therapy with unfractionated heparin. In the last years, growing evidence is supporting the safe use of non-vitamin K oral antagonists (NOAC) in the ACHD population [30,31], thus, making the perioperative management easier, without necessity of heparin bridging and of routinely monitoring of coagulative parameters. Patients undergoing high-risk procedures should stop NOAC 48 h before surgery [32] or 72 h in case of reduced kidney function. When an urgent procedure is required, protamine sulphate or frozen plasma for patients on VKA and specific antidotes for NOAC should be considered to reverse anticoagulant effect [6].

-Infective Endocarditis

ACHD patients have an increased risk of infective endocarditis (IE). However, according to current guidelines, antibiotic prophylaxis is indicated only for those at higher risk for perioperative infections [33,34], including patients with complex cyanotic defects, valvular prostheses, intra- and extracardiac conduits, residual shunts and, most recently, patients with previous percutaneous implant of a bioprosthetic pulmonary valve, which show a cumulative incidence of IE ranging from 3.2% to 25.0 [35]. Before the procedure, the patient should stay afebrile with inflammatory markers in the normal range. Special precautions should be taken during venous cannulation and placement of catheters, which should be removed as soon as deemed safe. In presence of postoperative persistent, unexplained fever, IE should be suspected especially in the subgroups above-mentioned and, hence, echocardiography and serial blood cultures should be obtained.

2.2 Preoperative Investigations

ACHD patients, especially those with complex defects, should be referred for additional specialist investigations before undergoing elective non-cardiac surgery, according to the 2014 ESC/ESA Guidelines on non-cardiac surgery [6] (Recommendation class I, level of evidence C). Preoperative exams should aim to evaluate the hemodynamic status and the surgical risk through assessment of cardiac sequelae as well as extracardiac involvement. We here propose an algorithm to guide preoperative investigations based on cardiac disease complexity (Fig. 1). Findings from first level imaging exams provide essential data on ventricular and valvular function, presence of shunts and other residual lesions. Nevertheless, assessment of functional capacity is also important for accurate risk stratification in patients with moderate to complex CHD. Cardiopulmonary exercise (CPET) test is the gold standard functional test providing data on both cardiovascular and respiratory efficiency. CPET parameters have also been related to mortality in the ACHD population [36]. Six-minute walking test may be simple alternative especially useful for patient with inability to cooperate (i.e., Down syndrome). However, the role of testing the exercise capacity in the preoperative setting in this population needs further definition.

Second level imaging tests can be required when a lesion with potential impact on the surgical outcome is suspected and first level imaging is inconclusive or in case of discrepancy between symptoms and findings of the first level imaging. A classical example is the presence of decompensated HF or impaired exercise capacity in a patient with atrial septal defect (ASD). In this clinical scenario, the echo evidence of disproportionate severe dilation of right chambers in presence of a small ASD should raise the suspicion of a partial anomalous pulmonary venous drainage. In this setting, cardiac MRI with measurement of Qp/Qs allows diagnostic clarification and non-invasive functional assessment. Another important indication to second level imaging is to rule out a thrombus in a patient with Fontan circulation. In this context, transthoracic echocardiography may show ambiguous images suggestive of clot inside the circuit. A CT scan with contrast injection in the femoral vein may be required for definite diagnosis in patients with total cavo-pulmonary connection.
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Figure 1: Proposed preoperative algorithm for elective non-cardiac surgery in ACHD patients

3  Perioperative Management

ACHD is an independent risk factor for increased perioperative mortality and morbidity, which is consistent with the frailty of these patients. Two main consequences derive from this premise:

1.    The importance of a multidisciplinary team including anaesthesiologists familiar with anatomy and physiology of CHD and skilled in managing such patients [37,38]. Multiple reports, in fact, describe the occurrence of perioperative complications due mismanagement related to lack of knowledge of the underlying cardiac physiology.

2.    There is consistent evidence supporting lower in-hospital incidence of adverse events in ACHD tertiary centres compared to patients operated in local hospitals [39]. Patients with simple CHD and no surgical sequelae or significant residual lesion will require less aggressive management, while other patients with moderate or complex heart disease will need specific intraoperative management provided by a specialized multidisciplinary team (Fig. 1).

Lesion-related specific issues, which may arise during the peri and postoperative phases of non-cardiac surgery in ACHD patients with some hints on the potential strategies to minimize the risks, are summarized in Fig. 2.

Furthermore, many adults with CHD are familiar with anaesthesia and a surgical environment, since most of them have already undergone previous cardiac surgery. However, a psychological preparation is always important, including a comprehensive and clear explanation of the intervention and the measures that will be taken to minimize the risk of cardiac complications.

3.1 Perioperative Monitoring

All the patients undergoing a major surgical procedure require standard intraoperative non-invasive monitoring including: pulse oximetry, ECG, arterial blood pressure, capnography and temperature. Intraoperative pulse oximetry is of utmost importance in ACHD patients. In presence of cyanotic defects and/or shunting lesions, a drop in oxygen saturation can indicate an increased right-to-left shunt due to excessive systemic vasodilation or a reduced pulmonary perfusion secondary to hemodynamic or ventilatory changes, i.e., increased PVR, hypercapnia or acidosis.

Invasive monitoring tools should be used with caution in these patients, weighting the potential benefit of a more accurate intraoperative surveillance against the risks of complications from invasive procedures, with possible adverse consequences in these patients. Obtaining venous or arterial vascular accesses may be challenging because many of these patients have already undergone previous multiple catheterizations. In patients with shunts or cyanosis, variations of systemic pressure may have substantial hemodynamic consequences and invasive pressure monitoring with intraarterial line is reasonable during major surgery.

Moreover, knowledge of the anatomy and physiology of specific palliative operations is essential: in patients with a classic Blalock-Taussig shunt (end to side anastomosis of the subclavian and pulmonary arteries) or subclavian flap repair of aortic coarctation, systemic blood pressure and SpO2 must be measured on the controlateral side to avoid misdiagnosis of a hypotensive state, which may trigger inappropriate and potentially harmful manoeuvres. In the general population, a central venous catheter (CVC) is usually indicated for central venous pressure (CVP) monitoring and for intravenous drug and fluid administration. In complex ACHD patients, placing a central venous line may be particularly tricky due to special anatomical conditions. In univentricular hearts after Glenn and Fontan palliation, for instance, CVCs, besides the technical challenges of insertion, often provide misleading hemodynamic data with non-univocal interpretation from inexperienced operators. In this context, CVP is usually increased being influenced from pulmonary artery pressure and therefore it should not be used to assess intravascular volume in Fontan circulation. A persistent left superior vena cava is frequently associated with CHD and can pose difficulties during central venous catheterization. This condition should be suspected in presence of coronary sinus dilation on echocardiography.
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Figure 2: Disease-specific potential issues in the peri and postoperative phases and suggested specific strategies to minimize the risk in ACHD undergoing non-cardiac surgery

Another important consideration pertaining intravascular catheters is that patients with complex CHD frequently have increased thrombotic risk and, in this scenario, a catheter thrombosis can lead to severe complications including pulmonary thrombosis (i.e., Fontan patients) or paradoxical embolism through an intracardiac shunt (i.e., Eisenmenger patients, fenestrated Fontan) with dramatic hemodynamic consequences. Moreover, to avoid air embolism, all the venous lines should be meticulously de-aired and protected with air filters, especially in the context of shunting lesions [40]. An intrapulmonary catheter insertion for invasive monitoring of pulmonary pressure is very rarely required, because of the above-mentioned possible seriously detrimental effects in case of thrombosis. Finally, intraoperative transesophageal echocardiography performed by an ACHD-experienced operator may be helpful for ventricular function and volume status assessment during major surgery in patients with CHD.

3.2 Fluid Balance in the Perioperative Phase

Adequate hydration must be maintained with intravenous fluids administration in complex ACHD patients, whose stroke volume may be preload dependent (e.g., Fontan circulation). At the same time, volume overload should be carefully avoided as it may cause congestion and acute HF. Optimal fluid balance is therefore pivotal before, during and after surgery and warrants a close monitoring.

In some centres, patients with more complex cardiovascular physiology and unstable hemodynamic, are admitted the day before surgery to allow adequate hydration in the setting of a fasting state preceding the intervention. Hydration status is particularly important in cyanotic patients, who have increased blood viscosity and both high bleeding and thrombotic risk. In this setting, if the hematocrit exceeds 65%, preoperative phlebotomies can be considered, followed by adequate replacement with isotonic saline infusion and storage of the removed blood that can be auto-transfused in the postoperative period [41].

3.3 Risk Related to the Anaesthetic Techniques

Management of general anaesthesia in these complex patients should be performed by anaesthesiologists with specific knowledge of ACHD physiology, as this can have a huge impact on the surgical outcome [42]. Recently, sub-specialty training programs in CHD for anaesthesiologists have been developed and are highly recommended by international societies [43]. A major goal of intraoperative management is to ensure an adequate tissue oxygen delivery through prevention of arterial desaturation and hypoperfusion, maintenance of a balanced Qp/Qs and optimization of fluid balance. A comprehensive guide on intraoperative anaesthesiological management of patients with CHD is beyond the purpose of this paper, nevertheless it provides the opportunity to highlight some of the effects of general anaesthesia on the complex cardiac physiology of this population.

3.3.1 Hemodynamic Effects of Anaesthetic Drugs in ACHD Patients

There is paucity of data on the hemodynamic effects of anaesthetic agents in ACHD patients. Premedication with anxiolytics and hypnotics is paramount to reduce sympathetic-related increase in oxygen consumption, however particular attention should be paid to prevent hypoventilation and hypercapnia with subsequent increase in PVR [40], which is deleterious in patients with underlying PH or Fontan circulation. Moreover, it should be noted that the presence of an intracardiac shunt may influence drug distribution of both intravenous and volatile drugs during induction [44], with quicker onset of iv administrated drugs in case of right-to-left shunt. Therefore, dose adjustments may be required to prevent abrupt hemodynamic effects. Most intravenous agents depress myocardial contractility and induce systemic vasodilation, with potential reduction of the tissue oxygen delivery during induction of anaesthesia and frequent necessity of hemodynamic support with vasopressors, especially in those with complex physiology [45]. Patients with Eisenmenger syndrome are particularly susceptible to hemodynamic changes during induction, as they have permanently raised PVR, resulting in impaired efficiency of adaptation. Despite the lack of data, ketamine is frequently used in clinical practice in patients with CHD for its favourable inotropic effect mediated by a central release of catecholamines [46]. Moreover, the results of a recent systematic review suggest that ketamine might be safe in ACHD patients with no significant changes in SVR or PVR [47]. Ketamine administration has also been described in complex patients with cyanosis in combination with other anaesthetic drugs in order to mitigate their effects and support the cardiovascular system [48]. Regional anaesthesia could potentially represent an alternative to general anaesthesia for patients undergoing peripheral procedures; however, spinal or epidural anaesthesia may produce non-negligible decreases in SVR facilitating right-to-left shunting and cyanosis in patients with unrestrictive intracardiac shunts.

3.3.2 Hemodynamic Effects of Invasive Ventilation in Complex CHD

General anaesthesia allows for optimal control of ventilation and may be preferable in patients undergoing high-risk surgery. Ventilation with high airway pressure can compromise venous return, increase PVR, and, thus, exacerbate right-to-left shunting in patients with cyanotic heart disease. Furthermore, higher intrathoracic pressures for prolonged periods will decrease cardiac output in Fontan circulation. Hence, low airway pressure is desirable and anaesthesiologists are encouraged to minimize positive end-expiratory pressure to the lowest level required. On the other hand, in patients with shunting defects, inadequate anaesthesia associated with incomplete suppression of sympathetic activity can raise the SVR with consequent increased overall left-to-right shunt and reduced cardiac output. Single ventricle physiology and Eisenmenger syndrome are probably the most challenging CHD. In both conditions, any factor increasing PVR must be identified and promptly corrected before low cardiac output occurs. In fact, in Eisenmenger patients, an abrupt increase in PVR may precipitate acute right ventricular failure and exacerbate systemic oxygen desaturation, while in patients with Fontan circuit, any increase in PVR causes a reduction of the single ventricle preload and, thus, of the cardiac output. Prevention and treatment of pulmonary hypertensive crisis includes hyperventilation with higher supplemental oxygen levels taking advantages of its potent pulmonary vasodilator effect, correction of acidosis, avoidance of sympathetic nervous system stimulation, maintenance of normothermia and use of inotropic support when indicated. Inhaled nitric oxide should be readily available in the operating theatre to treat low cardiac output in such circumstances [49].

3.4 Risk Related to Specific Surgical Modalities

Some interventions considered at low risk in the general population may have catastrophic consequences in some subsets of ACHD. A typical example is represented by abdominal laparoscopy, a common minimally invasive procedure that nonetheless, which however may undermine the hemodynamic balance in Fontan circulation, in which the pulmonary flow is entirely dependent on adequate preload in the absence of a pumping right ventricle. Gas insufflation, by increasing intra-abdominal pressure, compresses splancnic veins and the inferior vena cava reducing the systemic venous return and potentially precipitating a chronically reduced cardiac output into a severe low-output state. However, use of low intra-abdominal pressures (<10 cmH2O) appears to have minimal impact on oxygenation, ventilation and cardiac output in patients with Fontan circulation [50]. Abdominal gas insufflation may also be responsible of CO2 absorption and diaphragm elevation resulting in hypercapnia, which can raise PVR [14], with adverse effects on Fontan circulation. Additionally, gas emboli from pneumoperitoneum have been reported with severe hemodynamic consequences [51] and possible paradoxical arterial embolization in presence of an intracardiac shunt [52]. Intraoperative TOE is the most useful technique for early recognition of gas embolism [53]. Another rare complication with severe implications is the carbon dioxide pneumothorax due to CO2 displacement into the pleural cavity, most commonly through a congenital defect of the diaphragm [54], with potential devastating hemodynamic effects in ACHD patients.

Furthermore, major surgery involving abdomen, pelvis, spine, cerebral posterior fossa, often requires a specific position (e.g., prone, Trendelenburg), which could significantly impact on the hemodynamic. In patients with Fontan and/or Glenn shunt, a prolonged and steep Trendelenburg position can increase superior vena cava pressure and determine cerebral malperfusion [40]. Prone positioning is often used for spinal surgery and is associated with decreased preload through compression of the inferior vena cava, with deleterious hemodynamic effects on Fontan circulation, especially in case of concomitant massive bleeding [55]. Neck interventions should be cautiously performed in patients with known vascular malformations or with a Glenn anastomosis.

Another issue to consider is the potential gas embolism during neurosurgical interventions performed in the semisitting position. In this position, the venous pressure at wound level may become negative, increasing the risk of gas embolization [56]. The presence of an intracardiac shunt must be excluded before surgery to prevent paradoxical gas embolism [57,58], usually by means of transthoracic bubble test, especially in patients with repaired shunting lesion or intracardiac tunnels (i.e., TGA after atrial switch).

4  Postoperative Management

An insufficient postoperative monitoring/care represents one of the major contributors to adverse events [40]. Common postoperative complications such as fever, thromboembolism, bleeding, suboptimal hydration status, muscular deconditioning and infections should be readily addressed as they may have a greater prognostic impact than in the general population. Accordingly, in the first 24 hours after surgery patients with more complex CHD and/or after major surgery should ideally be admitted and managed in a postoperative intensive care unit experienced in the management of ACHD or at least in an intensive care unit that can rely on consultations from an ACHD-specialised staff. Mismanagement from personnel not familiar with CHD physiology may ensue from over- or underestimation of the heart defect and its consequences. Overestimation of CHD can lead intensive care unit medical staff to erroneously focus on a simple or repaired defect, eventually ascribing any postoperative event to the cardiac defect itself [42], with subsequent delay of recognition and treatment of the actual causal mechanism (e.g., failure to recognize the cause of hypoxemia in patients with postoperative pneumonia in the setting of a successfully repaired ASD). Underestimation, on the other hand, by far more frequent, can lead to neglect a possible cardiac source of postoperative complications (e.g., ischaemic stroke in a patient with unrepaired ASD).

The main goals of postoperative care are correction of acidosis, maintenance of normothermia, and normoxia, minimization of intrathoracic pressure, adequate hydration, close surveillance of postoperative arrhythmias and avoidance of excessive sympathetic nervous system stimulation through adequate pain management. In patients with known HF, close monitoring of fluid shifts is paramount, and every effort should be made in agreement with the surgical team to limit parenteral hydration to the minimum required. Deep venous thrombosis prophylaxis should be performed in all cases, by means of early mobilization, mechanical agents or pharmacological therapy, according to the individual risk and the type of surgery. The resumption of anticoagulant and antiplatelet therapy after non-cardiac surgery depends on the balance between thrombotic and bleeding risk. For patients at higher thromboembolic risk, oral anticoagulants can be resumed as soon as deemed safe. In patients with low risk of thrombotic complications or after high bleeding risk interventions, these drugs may safely be recommenced several days later [32].

Some hints may be useful in postoperative management of specific subsets of ACHD. Patients with left-to-right shunting and pulmonary overflow have an increased risk of postoperative pneumonia. In patients with aortic coarctation, adequate and careful postoperative blood pressure monitoring is warranted and sympathetic tone should be minimized to reduce the risk of hypertensive crisis. As previously stated, patients with Eisenmenger syndrome have impaired adaptations to hemodynamic changes. Accordingly, postoperative mobilization should be cautious and gradual to avoid postural hypotension, which could exacerbate a right-to-left shunt, causing arterial hypoxia [59]. Fontan patients are at higher risk of bleeding complications requiring reintervention, have a higher rate of transfusions and can develop low cardiac output syndrome with metabolic acidosis, acute renal failure, arrhythmias and necessity of vasopressor or inotropic support [60]. Careful surveillance for early recognition of complications in the postoperative period is necessary in this subset.

5  Conclusions

ACHD population is a growing subset of patients with unusual hemodynamic features and frequent comorbidities leading to a higher mortality and morbidity risk in case of non-cardiac surgery compared to the general population. Understanding the complex anatomy and deranged physiology of both repaired and unrepaired congenital heart disease is paramount to meet the unique needs of this population and prevent surgery-related complications. Furthermore, a variety of different disease-related specific challenges may arise in the perioperative phase with possible severe adverse effects on cardiac performance in ACHD patients. Careful preoperative risk stratification, surgical planning and perioperative active surveillance by a multidisciplinary team including ACHD-expert cardiologists, anaesthesiologists and surgeons in ACHD tertiary level centres are essential for risk control through early identification and adequate treatment of potential issues impacting on the final outcome of non-cardiac surgery in this complex population.
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Table 2: ACHD anatomic and physiological classification

CHD Anatomy

I I I
Native conditions PAPVD Cyanotic CHD
Small ASD/PFO AVSD Double outlet ventricle
Small uncomplicated VSD TOF Single ventricle
Mild PS Aortic coarctation Fontan procedure
Small PDA RVOT obstruction Mitral atresia
Operated ASD (OP, sinus venosus, large ASD) Pulmonary atresia
Repaired ASD Moderate PDA Interrupted aortic arch
Repaired VSD Congenital aortic valve disease TGA
Repaired PDA Congenital mitral valve disease ccTGA
Subvalvular/supravalvular AS Truncus arteriosus
At least moderate PS Criss-cross heart
Ebstein anomaly Isomerism
VSD with associated anomalies
Physiological Stage
A B C D
-NYHA class I -NYHA class II -NYHA class III -NYHA class IV

-No sequelae
-No arrhythmia
-Normal exercise
capacity

-No renal/liver
dysfunction

-Mild sequelae

-Small shunt

-Arrhythmia not requiring
drugs

-Limited exercise capacity

-At least moderate sequelae

-Venous or arterial stenosis
-Mild-moderate cyanosis

-Significant shunt

-Arrhythmia controlled with treatment
-PH less than severe

-End-organ dysfunction responsive to
treatment

-Severe aortic dilation
-Refractory arrhythmia
-Severe cyanosis
-Severe PH
-Eisenmenger syndrome
-Refractory end-organ
dysfunction

Adapted from the 2018 AHA/ACC Guideline for the Management of Adults with Congenital Heart Disease. Abbreviations: AS = aortic stenosis,
ASD = atrial septal defect, AVSD = atrioventricular septal defect, ccTGA = congenitally corrected transpositon of the great arteries, NYHA = New
York Heart Association, OP = ostium primum, PAPVD = partial anomalous pulmonary venous drainage, PDA = patent ductus arteriosus,

PH = pulmonary hypertension, PS = pulmonary stenosis, PFO = patent foramen ovalis, TGA = transpostition of the great arteries, TOF = tetralogy of
Fallot, VSD = ventricular septal defect.
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Table 1: Surgical risk estimation related to the type of surgery in the general population

Low risk (<1%) Intermediate risk (1-5%) High risk (>5%)
Superficial surgery Splenectomy, cholecystectomy Major vascular surgery
Breast Peripheral artery angioplasty Amputation
Dental extraction Carotid Oesophagectomy
Ocular procedures Endovascular aneurysm repair Duodeno-pancreatic surgery
Minor gynecology/urology Neurological Perfored bowel
Minor orthopaedic Major orthopaedic (hip) Pneumonectomy
Renal transplant Pulmonary/liver transplant

Body surface area (BSA)
Risk table from 2014 ESC/ESA Guidelines on non-cardiac surgery estimating the 30-day risk of cardiovascular death and myocardial infarction based
on the type of surgery.
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hypoalbuminemia
- Avoid surgery if possible
- Bidirectional shunt - HF with possible low CO - Mantain adequate hydration
] isenmenger - Cyanosis - Arrhythmias (life-threatening) - Consider pre-op phlebotomies
-PH - Ischemic complications due to - Manage dysthythmias
Syndmme - Secondary erythrocitosis hyperviscosity - Manage HF
- Ventricular dysfunction - Infective endocarditis risk - Resume PH therapy
- Avoid post-op hypotension
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Elective non-cardiac surgery

AISEASE COMPLEXITY

ACHD-AP Classification

\ | l
SIMPLE (1) {MODER‘:EIC)oM”Ex] [ PH/CYANOSIS }
|

PE: signs of decompensatioD PE: signs of decompensation/haemodynamic instability/oxygen desaturation Is surgery really
or oxygen desaturation necessary?

Obtain preoperative ECG or Holter monitoring if arrhythmic risk, chest x-ray

Preoperative ECG, chest x-ray Bloods: BCC, renal and liver function, electrolytes, coagulation, BNP

Review echo reports for: Echo:
-r'e5|dual shunts -Haemodynamic sequelae (ventricles, valves, aortopathy, shunts)
-signs of PH _Signs of PH

Repeat echo if doubts 57 -Signs of fluid overload

Exercise test or CPET if unknown or reduced exercise capacity

\Consider Il level imaging or cardiac catheterization in case of doubts

Optimize medical therapy

Yes (I8-D)

Sequelae

4

No (1A)

Surgery at
ACHD centre

(with intensive surveillance)

Very high risk

Proceed to
surgery

consider avoiding surgery
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