
K
S

PA

INTRODUCTION 

The incidence of congenital heart disease (CHD) is re-

ported to be about 6 per 1,000 full-term live births in the 

United States [1]. With advances in the perinatal diagnosis 

of CHD and improvement in surgical and medical man-

agement, the survival rate and life expectancy in children 

with CHD have been increasing [2]. These children fre-

quently require noncardiac surgeries, including laparo-

scopic, urogenital, and otolaryngological surgeries. During 

the first year of life, 41% of infants who underwent congen-

ital heart surgery had undergone noncardiac surgery by 

the age of 5 years [3]. With an increasing demand for surgi-

cal procedures under general anesthesia in these patients, 

it is not uncommon for anesthesiologists to encounter chil-

dren with an unrepaired CHD or residual pathologic con-

ditions, as well as children with a repaired CHD. Therefore, 

it is important to identify children at risk of perioperative 
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morbidity and mortality and to understand their patho-

physiologic and hemodynamic status when preparing their 

general anesthetic plan. In the following review, we discuss 

the current knowledge regarding children with CHD who 

have high anesthesia and surgical risks and also focus on 

the perioperative considerations for these high-risk pa-

tients. 

RISKS OF NONCARDIAC SURGERIES IN 
CHILDREN WITH CHD 

Recently, mortality and perioperative adverse events re-

lated to noncardiac surgeries have been reported in chil-

dren studies with large sample populations, including 

those with and without CHD. Baum et al. [4] showed that 

the overall 30-day mortality after noncardiac procedures 

was higher in patients with CHD (6.0%) than in those with-

out CHD (3.8%). They also found that age, complexity of 
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the operation, and CHD, were associated with periopera-

tive mortality. In the Pediatric Perioperative Cardiac Arrest 

(POCA) Registry, causes of anesthesia-related cardiac ar-

rest were reported from nearly 80 voluntarily enrolled 

North American institutions that provide anesthesia for 

children over a period of 10 years [5]. In this study, children 

with CHD had a higher mortality rate (33%) than those 

without CHD (26%). Cardiac arrest was strongly associated 

with surgical complexity and the patient’s underlying func-

tional status. Among the types of CHD, single ventricular 

physiology, aortic stenosis, and cardiomyopathy were as-

sociated with the highest mortality following a cardiac ar-

rest. In another study, the incidence of perioperative cardi-

ac arrest was 2.9 per 10,000 anesthetic episodes among pa-

tients undergoing noncardiac surgeries, and of these, 27% 

had CHD [6]. In addition, they found that the most com-

mon causes of cardiac arrest during noncardiac surgeries 

were hypovolemia, bleeding, and massive transfusion. 

These findings suggest that intrinsic surgical factors and 

the associated hemodynamic deterioration are important 

for estimating the risk of cardiac arrest. In a study investi-

gating 101,885 anesthetic cases, the overall 24-h mortality 

after anesthesia was 13.4 per 10,000 [7]. The highest inci-

dence of death was in children younger than 30 days. Col-

lectively, children with CHD are faced with a high risk of 

mortality and adverse events related to anesthesia when 

undergoing noncardiac surgeries. In particular, the com-

plexity of CHD is regarded as an important factor influenc-

ing high risk of mortality. Therefore, children with CHD 

may be at higher risk of mortality and morbidity during 

and after noncardiac surgeries. In addition, age, anatomi-

cal and functional status according to CHD complexity, 

and intrinsic surgical risks are points that must be consid-

ered with care when estimating the risks of mortality and 

morbidity. 

The other issue to consider is how to define and stratify 

the risk factors. According to the American College of Sur-

geons who collected data on noncardiac surgeries as a part 

of its National Surgical Quality Improvement Program for 

the classification of CHD, CHD can be stratified as minor, 

major, and severe, based on the residual lesion burden and 

the functional status of the heart [8]. According to this clas-

sification, children who have maintained good cardiac 

conditions with or without medication and children with a 

repaired CHD are classified as having minor CHD; patients 

with a repaired CHD but who have residual abnormalities 

in hemodynamic status are considered to have major CHD; 

patients with an unrepaired cyanotic CHD, pulmonary hy-

pertension, or ventricular dysfunction or children awaiting 

transplantation are classified to have severe CHD. After 

propensity matching for age, sex, physical status, surgical 

emergency, and surgical complexity, severe CHD was sig-

nificantly associated with 30-day mortality and overall 

mortality [8]. However, there was no difference between 

children with minor CHD and their matched controls. In 

addition to perioperative mortality, morbidities including 

postoperative reintubation, infections, renal failure, neuro-

logic complications, thrombotic events, reoperation, and 

readmission were more frequent in patients with major 

and severe CHD. In a recent study regarding surgical com-

plexity, children with CHD younger than 1 year showed a 

greater risk of postoperative complications, with an incre-

mental increase in odds ratios in the order of minor, major, 

and severe CHD [9]. In another study of 3,010 children with 

CHD undergoing noncardiac surgeries, major and severe 

CHD remained significant risk factors for perioperative 

cardiovascular events after adjusting for the American So-

ciety of Anesthesiologists physical status, emergency cases, 

and surgical types [10]. 

In a previous study using a risk stratification tool to clas-

sify risk levels for perioperative cardiac complications, re-

paired atrial defects and ventricular septal defects were 

considered low risk, maintenance cardiac medications; 

and repaired cyanotic or complex CHD were classified as 

moderate risk; and unrepaired cardiac anomalies, Williams 

syndrome, pulmonary hypertension, valvular heart disease 

with significant valvular gradients, hypertrophic cardiomy-

opathy with obstruction, congestive heart failure, or chil-

dren with ventricular-assisted devices were considered 

high risk [11]. To further determine the anesthesia risk, age 

less than 1 year, comorbidities, and surgical complexity 

were included as the next step. Similarly, results from 

non-validated data of anesthesia for noncardiac surgeries 

indicated that children with CHD were classified as low, 

intermediate, and high risk, and further discriminated 

based on physiological decompensation, complexity of the 

CHD, major surgery, age under 2 years, emergency, preop-

erative hospital stay more than 10 days, and American So-

ciety of Anesthesiologists physical status [12,13]. 

To date, only one study has reported a risk assessment 

model using a validation cohort. This study identified eight 

preoperative factors that were significant in determining 

in-hospital mortality: 1) emergency procedure, 2) severe 

CHD, 3) previous surgery within the last 30 days, 4) single 
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ventricular physiology, 5) inotropic use, 6) cardiopulmo-

nary resuscitation, 7) kidney injury, and 8) mechanical 

ventilation [14]. Based on the variables obtained from mul-

tivariable logistic regression analyses, scores from 0 to 10 

were determined. This scoring system showed good dis-

crimination and calibration with an area under the receiver 

operating characteristic curve of 0.831 (95% confidence in-

terval: 0.787–0.875) in the validation cohort. Briefly, scores 

≤  3 were associated with low risk, scores of 4–6 were asso-

ciated with medium risk, and scores ≥  7 were associated 

with a high risk for mortality (odds ratios 1.54, 4.19, and 

22.15, respectively) [14]. Notably, major and severe CHD, 

including single ventricular physiology, were found to be 

major determinants of perioperative outcomes [14]. In 

contrast, surgical complexity was not significant [14]. They 

also highlighted that scoring-based risk stratification for 

mortality may be necessary to help guide the perioperative 

management of patients with high-risk CHD. 

Herein, we reviewed the perioperative considerations of 

children undergoing noncardiac surgeries who were classi-

fied as having high-risk CHD, in common with most of the 

previously reported studies. 

SINGLE VENTRICULAR PHYSIOLOGY 

It is critical that anesthesiologists understand the physi-

ology of each palliative stage of a single ventricle, which in-

cludes truncus arteriosus, large and multiple ventricular 

septal defects, and hypoplastic left heart syndrome 

(HLHS). Patients who have not undergone completion of 

superior cavopulmonary anastomosis (SCPA) are known to 

have the highest risks during noncardiac surgeries and 

congenital heart surgery. Especially in HLHS, the mortality 

rate of patients younger than 2 years has been reported to 

be up to 19% after noncardiac surgeries [15]. Hemodynam-

ic derangement is caused by excessive pulmonary blood 

perfusion and poor systemic perfusion from imbalanced 

circulation, decreased coronary perfusion, impairment of 

the systemic right ventricle, and atrioventricular valve dys-

function. As the single ventricle concurrently operates both 

the pulmonary and systemic circulations, hemodynamic 

balance is frequently disrupted by alterations in pulmo-

nary and systemic vascular resistance (PVR and SVR, re-

spectively), ventilatory strategy including hypoxia and hy-

percapnia, acid-base balance, and intravascular volume 

status. Therefore, postponing elective noncardiac proce-

dures under after SCPA is recommended. If the patient 

could not postpone due to an emergent condition, Pulmo-

nary-to-systemic blood flow ratio should be at or just below 

1 to maintain systemic perfusion and optimize oxygen de-

livery, consequently resulting in arterial oxygen saturation 

of 80–90% [16]. 

After the SCPA, the single ventricle is no longer operating 

with the volume overloading required to sustain parallel 

circulations. Accordingly, cardiac output and systemic per-

fusion are not entirely dependent on pulmonary blood 

flow, which makes the hemodynamic performance rela-

tively stable. However, hypercarbia, acidosis, and elevated 

airway pressure should be avoided because pulmonary 

blood flow remains dependent on PVR. However, hypocar-

bia may exacerbate a decrease in cerebral blood flow and 

reduce venous return from the brain and upper body [17]. 

If there is high pressure in the superior vena cava, the head 

and the tongue may become congestive due to disturbance 

in venous return. In these patients, the goal of anesthetic 

management is to maintain systemic oxygenation with ad-

equate pulmonary blood flow, which is secured by opti-

mizing intravascular volume, minimizing airway pressure, 

and ensuring a low PVR. 

Finally, the destination of single ventricular physiology is 

the completion of successful Fontan circulation, in which all 

systemic venous return is composed of pulmonary blood 

flow. Even though systemic arterial saturation is maintained 

above 90%, cardiac output relies on pulmonary blood flow 

that runs down passively because there is no pump func-

tion producing a pulsatile driving pressure. Pulmonary 

blood flow and cardiac output are strictly influenced by 

mechanical ventilation with positive end-expiratory pres-

sure [18,19]. In addition, the pressure of the systemic ve-

nous system is elevated, and its capacitance is decreased, 

and accompanied by diminished recruitment reserve of 

the vascular volume [20]. Consequently, patients with a 

Fontan circulation are intolerant of vasodilation from anes-

thetic agents, surgical bleeding, and dehydration. It may be 

beneficial to prepare inotropic agents and vasopressors for 

the treatment of hypotension and avoid excessive volume 

challenges [20]. Unfortunately, bleeding tendency may be 

increased due to persistent high venous pressure and anti-

coagulant therapy. However, they also have thrombosis 

risks [21]. Along with preloading, other factors are required 

to achieve the perfect Fontan circulation as follows: low 

PVR, sinus rhythm, normal atrioventricular valve function, 

good ventricular performance, and the absence of inflow 

and outflow tract obstruction [22] (Fig. 1). After surgery, it 
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can be favorable for patients with Fontan physiology to ex-

tubate as early as possible and restore spontaneous breath-

ing. 

SUPRASYSTEMIC PULMONARY 
HYPERTENSION 

Pulmonary hypertension is one of the factors associated 

with a high perioperative mortality rate. The perioperative 

mortality risk has been reported to be at least 20-fold great-

er in children with pulmonary hypertension than in those 

without among children undergoing noncardiac proce-

dures [23]. Suprasystemic pulmonary hypertension is de-

fined as the ratio of mean or systolic pulmonary artery 

pressure to systemic artery pressure (PAP/SAP) of >  100%. 

As pulmonary hypertension progresses, perioperative out-

comes worsen. Thus, it is crucial to determine the severity 

of pulmonary hypertension during preoperative evalua-

tion. Features that distinguish the severity of pulmonary 

hypertension are as follows: right ventricular (RV) dysfunc-

tion on echocardiography, decreased functional capacity, 

growth failure, significantly elevated brain natriuretic pep-

tide (BNP) or N-terminal pro-BNP levels, and poor cathe-

terization indices [24]. In these children who are chronical-

ly exposed to suprasystemic PAP, acute RV failure and pul-

monary hypertensive crisis may occur given the limited 

functional reserve of the RV. If coronary hypoperfusion oc-

curs simultaneously, catastrophic results such as myocar-

dial ischemia, fatal arrhythmia, and cardiac arrest may oc-

cur even if the increase in PAP is small [25]. 

Whenever patients undergo surgery and general anes-

thesia, pulmonary hypertensive crisis can develop due to 

various causes including hypoxia, hypercarbia, acidosis, 

hypothermia, and sympathetic stimulation. Particularly in 

children whose PVR increases but remains responsive and 

modifiable, any causes that induce an increase in PVR can 

trigger a vicious cycle of pulmonary hypertensive crisis [25] 

(Fig. 2). During anesthesia, clinical signs manifest as arteri-

al desaturation and low end-tidal CO2 levels due to im-

paired pulmonary blood flow, sudden cardiovascular col-

lapse, hypotension, and tachy- or brady-arrhythmia. Pul-

monary hypertensive crisis should be treated promptly. 

Management of pulmonary hypertensive crisis may involve 

ventilation with 100% inspired O2, mild hyperventilation, 

inhaled nitric oxide, alkalinization using sodium bicarbon-

ate infusion, and inotropic support. 

LEFT VENTRICULAR OUTFLOW TRACT 
OBSTRUCTION 

According to the POCA registry, 16% of anesthesia-relat-

ed cardiac arrest was caused by obstruction to ventricular 

outflow such as supravalvular, subaortic, or aortic stenosis 

[5]. After cardiac arrest in these patients, the mortality rate 

was 62%, suggesting that anesthesiologists should be me-

ticulous in perioperative management. In patients with 

Williams syndrome, cardiovascular abnormalities are char-

acterized by supravalvular aortic and pulmonary stenoses 

No inflow 
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Fontan 
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vascular 

bed

Perfect Fontan 
circulation requires

Common 
atrium

Single 
ventricle

Systemic 
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Central 
venous 
system
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rhythmPreload
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LVOTO

No valvular 
regurgitation, 
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Fig. 1. Requirements for a perfect Fontan circulation. Factors at each anatomical structure are essential to secure successful Fontan circulation: 
an adequate preload, low pulmonary vascular resistance (PVR), normal sinus rhythm, normal atrioventricular valve function, good ventricular 
contractility, and absence of inflow and left outflow tract obstruction (LVOTO).
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with elastin arteriopathy. Ventricular outflow obstruction 

is followed by myocardial hypertrophy. Worsening biven-

tricular hypertrophy may lead to sudden cardiovascular 

collapse in patients undergoing anesthesia. Moreover, fac-

tors related to coronary blood flow may also contribute to 

cardiovascular events during the perioperative period in-

cluding 1) Anatomical abnormalities and coronary artery 

stenosis, 2) compromise of diastolic blood pressure caused 

by loss of aortic distensibility, and 3) myocardial oxygen 

imbalance from increased demand of hypertrophied myo-

cardium [26]. Prolongation of the corrected QT interval is 

present in 13% of patients with Williams syndrome, and 

this is associated with sudden cardiac arrests [27]. Accord-

ing to examinations conducted as a part of preoperative 

evaluation, children with Williams syndrome can be classi-

fied to have a low, moderate, or high risk. However, regard-

less of the risk classification, anesthetic management is 

performed while attempting to maintain sinus rhythm, and 

ensuring the maintenance of contractility, restoration of 

intravascular volume deficit, and preservation of SVR [27]. 

Therefore, the choice of anesthetic agents must be guided 

by whether a drug induces abrupt hemodynamic perturba-

tion. 

CARDIOMYOPATHY 

Children with cardiomyopathy and ventricular dysfunc-

tion are classified to have high perioperative mortality and 

morbidity risks related to anesthesia [8]. Based on the 

POCA registry, cardiomyopathy contributed to 13% of 

perioperative cardiac arrests [5]. The etiology of cardiomy-

opathy includes idiopathic causes (hypertrophic, restric-

tive, and dilated), structural heart disease (such as CHD 

including single ventricular physiology), and secondary 

disorders (such as end-stage renal disease and congenital 

heart block) [28]. Among these children, there may be an 

increased risk of preoperative morbidity and mortality 

when ventricular dysfunction is caused by dilated cardio-

myopathy, failing Fontan circulation, left ventricular out-

flow obstruction, and pulmonary hypertension. General 

anesthesia may induce hemodynamic instability even at 

regular doses of anesthetic agents because ventricular 

functional reserve is severely compromised. Ketamine is 

recommended as the choice of induction agent because 

the sympathetic tone is preserved. In addition, balanced 

anesthesia is beneficial for achieving hemodynamic stabil-

ity using opioids, volatile agents, neuromuscular blockade, 

or a combination of these agents [29]. In children with car-

diomyopathy, the anesthetic goal is to maintain the pre-

load, sinus rhythm, SVR, ventricular contractility, and cor-

onary perfusion. Inotropic and vasoactive drugs may be 

frequently required to manage hypotension and low cardi-

ac output. It is important that an excessively elevated SVR 

be avoided because an impaired ventricle with limited 

Anesthesia 
Surgical stimulation
Mechannical ventilation

Hypoxia
Hypercarbia

Acidosis
Sympathetic stimulation

Rapid increase 
PAP and PVR

Right heart failure, 
Rt-Lt shunting further 

hypoxia

Myocardial ischemia, low 
cardiac output, increased 

airway resistance

Shock,
Cardiac arrest and 

death

Pulmonary hypertension:
mean PAP > 25 mmHg or  
> 50% of SAP

Fig. 2. A vicious cycle of pulmonary hypertensive crisis. During general anesthesia and surgical procedures, conditions of hypoxia, hypercarbia, 
acidosis, hypothermia, and sympathetic stimulation can induce a further increase in pulmonary artery pressure (PAP) and pulmonary vascular 
resistance (PVR), thereby triggering a vicious cycle of pulmonary hypertensive crisis. SAP: systemic artery pressure.
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contractile reserve is not tolerant of a high afterload [30]. 

CONCLUSION 

Children with CHD, particularly single ventricular physi-

ology, suprasystemic pulmonary hypertension, left ventric-

ular outflow obstruction, and cardiomyopathy with ven-

tricular dysfunction, have the highest morbidity and mor-

tality risks following noncardiac surgeries. During the pre-

operative evaluation of these patients, it is necessary to 

identify whether residual functional or anatomical impair-

ment is present at the time of surgery. To prevent poor out-

comes and avoid worse-case scenarios, anesthesiologists 

should be fully acquainted with the pathophysiology of 

CHD and be able to respond to intraoperative events and 

complications during surgery in a timely manner. 
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