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Stem Case and Key Questions Content 
As a pediatric anesthesia fellow in training you are assigned to an operating room where the first 4 
cases are ASA 1 and 2 for tonsillectomy with or without adenoidectomy. However the last patient is 
scheduled for a dental appliance insertion (DMA), has an extensive history. 
 
This patient is 3-weeks-old, weighs 3.2 Kg and was born at 39 weeks. A prenatal diagnosis of 
Hypoplastic Left Heart Syndrome (HLHS) was made at 22 weeks. At birth, apart from the congenital 
heart disease the baby was also noted to have a cleft lip and palate. She was transferred to your 
hospital and started on prostaglandin E(PGE). She subsequently underwent successful Norwood 
Stage 1 procedure. The cardiologist report that the child is doing well. 
 
In anticipation of questions from your attending you read up about HLHS, Norwood procedure and 
cleft lip/palate surgeries. The attending has several questions for you. 
 
1) Describe HLHS? 
2) Why did the physicians start PGE at birth? Describe the circulation at birth in a normal neonate and 
how does it differ in HLHS? 
3) What are the components of Norwood Stage 1 repair? 
4) What is a DMA and it role in cleft lip/palate patients? 
5) How would you assess this patient preoperatively? 
6) What are the principles of anesthetic care after Stage 1 Norwood procedure? 
 
Following a stable anesthetic and a 24-hour stay in the cardiac intensive care unit (CICU), the patient 
is transferred to a cardiac step down unit. She is discharged three days later. 
It's now 8 months later you are requested to take care of the same patient, who is now scheduled for 
cleft lip correction. 
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The interim history is significant for a Bidirectional Glenn (BDG) procedure at 6 months of age. The 
cardiologist reports that the procedure and recovery were uneventful and the child is gaining weight 
appropriately. The only other significant note is that the child is recovering from an upper respiratory 
tract infection (URI), which is improving after a course of oral antibiotics. 
 
The following questions come up during your discussion with your attending: 
7) What is a Bidirectional Glenn procedure and what does it achieve? 
8) How would you assess this patient preoperatively? 
9) What are the principles of anesthetic care in patients with BDG? 
 
Your plan is executed well and the anesthetic course is uneventful. 
 
Some months later you are now a junior attending. The baby in this discussion has undergone a 
Fontan procedure about 2 months ago and the course since has been stable. The surgeon would like 
you to review her history and consult with the cardiologist to agree on an appropriate time to repair the 
cleft palate. 
 
The surgery is scheduled shortly thereafter and your fellow calls you to discuss the patient. You ask 
her the following: 
10) What is a Fontan procedure? What does it achieve? 
11) What is Fontan physiology? 
12) What are the relevant anesthesia management principles in a patient following Fontan procedure? 
 
 
Model Discussion Content 
Hypoplastic left heart syndrome (HLHS) accounts for 2-3 % of all congenital heart disease. It’s 
characterized by variable degree of underdevelopment of the left ventricle and its components, 
resulting in an inability to support systemic circulation. This condition is fatal without intervention, 
usually within first few days of life. At present the two main treatment modalities exist; primary cardiac 
transplantation and staged functional univentricular repair. Functional univentricular repair consists of 
3 stages; Stage 1- Norwood procedure as a neonate, Stage 2- Bidirectional Glenn procedure at 6- 
8months of age, and Stage 3- Fontan Procedure between 18 months and 5 years. 
 
Prior to discussing the procedures in detail let's briefly review the circulation in the - normal fetal, 
normal postnatal period and in HLHS at birth. 
 
In a normal fetus oxygenated blood returns from the placenta via the umbilical vein and enters the 
inferior vena cava (IVC) via the ductus venosus (DV). A differential streaming allows this blood to 
cross the foramen ovale into left atrium (LA), thereby providing oxygenated blood for the cerebral 
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circulation. Only 10% of right ventricular (RV) output courses through the pulmonary circulation. The 
remaining RV output crosses ductus arteriosus (DA) to provide the preponderance of systemic flow 
beyond the aortic arch. The RV volume output is nearly twice that of left ventricle (LV), as the LV 
receives only the diminutive pulmonary venous return in addition to blood that traverses the foramen 
ovale (FO) from right atrium (RA). The placenta does not fully oxygenate the blood passing through 
and the oxygen saturation in fetal circulation reaches 70-80%. At birth the placental circulation is 
eliminated and the pulmonary vascular resistance is markedly reduced. This results in a significant 
increase in pulmonary blood flow, thereby augmenting pulmonary venous return to the left heart. With 
the elimination of low resistance umbilical circulation the left ventricle is subjected to increased 
volume and after load. The left ventricular end diastolic pressure (LVEDP) increases and thus the left 
atrium (LA) pressure increases exerting hydrostatic pressure on the septum primum and closing the 
FO. The three fetal channels DA, DV and FO close over a variable period.(2) 
 
In the neonate with HLHS, oxygenated blood returning through the pulmonary veins to the LA cannot 
flow into the LV because of the atretic mitral valve (MV). Accordingly, it crosses the atrial septum 
through the septal defect and mixes with the desaturated blood in the RA. The mixed blood leaving 
the RA flows to the lungs via the pulmonary arteries and to the body via the open DA. Hence, 
unrestricted communications through the atrial septum and DA are the main conditions of survival for 
a newborn with HLHS. 
 
If patency of the DA can be maintained it will allow adequate systemic oxygen delivery to the neonate. 
The blood flow to the pulmonary and systemic circulations should be nearly balanced (goal Qp/ Qs 
ratio of 1). Oxygen saturation of 75- 85% suggests adequate balance between systemic and 
pulmonary circulations. This is achieved by using PGE1 to establish or maintain patency of the DA. 
PGE1 is a direct smooth muscle relaxant; is relatively specific for DA, and causes variable pulmonary 
and systemic vasodilatation. Side effects include systemic hypotension, apnea, and risk of infection 
and CNS irritability. The doses range from 0.05mCg/kg/minute to 0.1 mCg/kg/minute. At a higher 
dose, intubation and ventilation are often required. 
 
HLHS at birth vary according to the variability in its presentation. If the patent foramen ovale (PFO) 
and DA are wide open, the baby may not be noticeably cyanosed and initial exam may be normal 
other than evidence of a large patent ductus. These patients have uncontrolled pulmonary blood flow 
and will develop signs of congestive heart failure with cardiomegaly. On the other end of the spectrum 
patients with restrictive PFO and intact septum are cyanotic. This severe restriction of blood flow 
across the atrial septum is life threatening and would require urgent balloon septal septostomy. 
 
The components of Norwood procedure and its purpose in HLHS are; 
1) Provides a pump for systemic circulation- RV is used to support the systemic circulation. 
2) Ensure pulmonary venous return can bypass the LV- the atrial septum is excised. 
3) Provide an unobstructed systemic outflow tract - the aorta is reconstructed with homograft patch 
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and the main pulmonary artery is plumbed into this new reconstruction to create a neo aorta. 
4) Provide controlled pulmonary blood flow- a small gore Tex shunt is created between systemic and 
pulmonary circulation, usually a Blalock -Taussig (BT) Shunt between right subclavian artery and right 
pulmonary artery. 
 
As pulmonary vascular resistance (PVR) is lower than systemic vascular resistance (SVR), blood 
flows from the aortic root to the pulmonary circulation during diastole. This result in decreased 
diastolic blood pressure in the aortic root, send thus compromise coronary circulation. As a result 
these children may suffer from myocardial ischemia and sudden death after discharge. A newer 
modification involves placement of a non-valve conduit from RV to PA (Sano Shunt), has resulted in 
better maintenance of diastolic pressure. 
 
The result is a functionally univentricular (RV) circulation with a balanced pulmonary blood flow, 
aiming to achieve a pulmonary -to-systemic (Qp: Qs) blood flow ratio is 1 to 1, the optimum balance of 
adequate oxygen delivery without undue volume overload. This procedure had high mortality, but with 
improved multidisciplinary care many, large centers are reporting early survival (30 days) of 85-90%. 
Dynamic Maxillary appliance (DMA) is placed in children with complete wide cleft lip and palate, for 
alveolar alignment and consolidation. 
 
Principles of anesthetic management of patients following Norwood procedure. 
These patients should be cared for in a multidisciplinary approach. A discussion between cardiology, 
cardiac intensivist, surgeon and the anesthesiologist prior to surgery is mandatory. 
 
Evaluation before surgery is based on the classic triad of history, physical exam, and laboratory 
investigation. Cyanosis whether intermittent or continuous, squatting, syncope and sweating are 
important cardiac symptoms. Feeding intolerance, tachypnea, and failure to thrive are manifestations 
of congestive heart failure reflecting increased pulmonary blood flow. Often infants are discharged on 
digoxin to augment cardiac function, diuretics to help manage RV volume overload, and aspirin to 
prevent thrombosis of the shunt. 
 
Post-surgical cardiac function assessment and rhythm disturbances if any should be reviewed. 
Associated non-cardiac anomalies must be described. 
 
Evaluation of respiratory pattern/rate, nasal flaring, and retraction is helpful in providing baseline 
respiratory function. The general activity level, oxygen saturation at rest and crying, height/weight 
percentile, presence of hepatosplenomegaly and fullness of anterior fontanels provides useful 
information on cardiovascular reserve and status. In addition review of airway and venous access is 
required. 
 
Lab data including echocardiography and cardiac catheterizations are important. Electrolyte 
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disturbances secondary to diuretic therapy are likely. Hemoglobin level is a good indicator of the 
degree of right to left shunt. ECG and CXR should be reviewed. While cardiac catheterization may not 
be normal done after Norwood, cardiac cath may have been done as part of atrial septostomy. 
Echocardiography provides critical information on size of the cardiac chambers, size of septal defect 
and shunt and assessment of cardiac function. 
 
The goal of anesthetic management in a patient following Norwood procedure is balancing the 
systemic and pulmonary circulations. The optimal oxygen delivery is achieved when Qp/Qs = 1 and is 
considered a balanced circulation. Decreases in Qp: Qs below 1:1 are associated with a precipitous 
decrease in systemic oxygen delivery because subsequent increases in systemic blood flow is off set 
by the dramatic decrease in systemic oxygen content. 
 
In practice, despite the fixed nature of the shunt, when oxygen requirements change, manipulation of 
the PVR and SVR are used to maintain the optimal flow ratio. 
 
Interventions that will alter PVR in patients with CHD are; 
Partial pressure of oxygen in arterial blood (Pao2)- Both alveolar hypoxia and arterial hypoxemia 
induce pulmonary vasoconstriction. A Pao2 lower than 50mm Hg increases PVR over a wide range of 
pH. Conversely, high levels of inspired oxygen can reduce an elevated PVR. 
 
Partial pressure of carbon dioxide in arterial blood (Paco2)- Hypercarbia increases PVR, independent 
of changes in arterial pH. Hypocarbia on the other hand, reduces PVR only through production of 
alkalosis. Post CPB hyperventilation to Paco2 of 20-33 mmHg and a pH near 7.50 in patients with 
preoperative pulmonary hypertension results in reduction in PVR compared with ventilation that 
produces normocarbia or hypercarbia. 
 
pH- Both respiratory and metabolic alkalosis reduces PVR, whereas respiratory and metabolic 
acidosis increases PVR. 
 
Variation in Lung volumes- PVR is lowest at lung volumes at or near functional residual capacity. 
PEEP may increase PVR by increasing alveolar pressure, but in situation where PEEP recruits 
atelectatic alveoli, it reduces PVR. 
 
Vasodilators agents- Most IV pulmonary vasodilators (PGE1, Sodium Nitroprusside, nitroglycerin) 
induce systemic vasodilatation as well. Inhaled Nitric oxide provides selective pulmonary 
vasodilatation and improves ventilation/perfusion mismatch in a variety of diseased states. An 
alternative to inhaled NO is aerosolized prostacyclin and sildenafil. 
 
Sympathetic stimulation- Sympathetic stimulation results in increases of both PVR and SVR. Blunting 
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of sympathetic outflow during a stress response attenuates increases in PVR in children predisposed 
to pulmonary hypertension. (1,3) 
 
In summary a combination of high Fio2, Pao2 higher than 60 mmHg, Paco2 of 20-35, a pH of 7.50-
7.60 and low inspiratory pressures without high PEEP produce reliable reduction in PVR. 
 
SVR reduction is usually achieved by use of alpha blocking agents such as Phenoxybenzamine. 
Since Qp: Q s is not readily measurable parameter in clinical setting; Sao2 is commonly used as a 
surrogate method of assessing the extent to which a balanced circulation exits. An arterial saturation 
of 75-80% is felt indicative of a balanced circulation. This can be assumed only when the pulmonary 
venous circulation is 95-100% and the mixed venous saturation is 50-55%. Unfortunately, an arterial 
saturation of 75-80% can exist at the extremes of Qp: Qs depending on pulmonary and systemic 
venous saturation. Specifically in the presence of high Qp: Qs its possible for inadequate systemic 
oxygen delivery in the presence of Sao2 in 75-80% range. 
 
In summary Sao2 poorly correlates with Qp: Qs and measurement of Spvo2 and Ssvco2 (mixed 
venous oxygen as measured in the SVC) substantially improve estimation of Qp: Qs. 
In the management of single ventricle physiology during anesthesia, four different scenarios could 
occur. 
 
1) Balanced flow- Where Sao2 is 75-80%, *Sa-vo2 is 25-30% and BP >60/30. No intervention is 
required. 
2) Over circulation - Qp: Qs >2-3:1. Here Sao2 is 85-90%; Sa-vo2 is 35-40% and BP <60/30. 
Interventions are- increase PVR, Increase systemic oxygen delivery via inotropic support, and 
afterload reduction. 
3) Under circulation- Here Sao2 is 40. Interventions are to decrease PVR, increase oxygen delivery 
via inotropic support. 
4) Low cardiac output states- where Sao2 is <70-75%, sa-vo2 is 35-40% and Bp<60/30. Interventions 
to treat are -minimize oxygen consumption with sedation/paralysis, inotropic support and afterload 
reduction. (4) 
*Sa- vo2 is the difference between arterial saturation and mixed venous oxygen saturation (saturation 
via central line catheter in the SVC). 
 
In our patient anesthesia plan for the DMA includes- IV hydration, induction with etomidate, intubation, 
Remifentanil infusion to attenuate the stress response as well as provide dense anesthesia and a low 
concentration of inhaled anesthetic. Monitoring should include an arterial line. This patient should be 
observed in the CICU postoperatively. 
 
The Bidirectional Glenn (BDG) procedure is usually done between 4-6 months of age. BDG or 
cavopulmonary connection consists of the creation of direct anastomosis between superior vena cava 
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(SVC) and one of the pulmonary (PA) artery branches. The current approach is to attach the SVC to 
the right PA in an end to side fashion with preservation of PA continuity. Diverting a portion of the 
systemic venous return directly into the pulmonary bed reduces the output requirements of the single 
ventricle resulting in a decrease in the ventricular volume load and myocardial work. 
 
The preoperative assessment is similar to the discussion already made earlier following Norwood 
procedure. Anesthetic care of these children should consider the passive nature of the pulmonary 
blood flow and the importance of maintaining adequate intravascular volume (minimal fasting) to 
enhance pulmonary blood flow, in addition to limiting significant increases in pulmonary vascular tone. 
Pulmonary blood flow, and thus systemic arterial oxygenation, is significantly influenced by the 
interplay between pulmonary artery pressure (equal to the pressure in the superior vena cava), 
pulmonary venous pressure, and pulmonary vascular resistance. The expected systemic arterial 
oxygen saturation typically ranges between 75% and 85%. Although factors that increase pulmonary 
vascular resistance may negatively influence pulmonary blood flow, moderate hypercapnia with 
respiratory acidosis improves arterial oxygenation and reduces oxygen consumption, enhancing 
overall oxygen transport in these children. Hyperventilation has been demonstrated to potentially 
decrease cerebral oxygenation and should be avoided. 
 
Anesthetic plan for cleft lip repair in a patient with BDG includes- IV induction using a cardiac stable 
drug like Etomidate, intubation, opioid infusions like Sufentanil (predictable recovery from context 
sensitive half life data), which attenuate stress response, Infraorbital nerve block for postoperative 
pain relief. 
 
Fontan Procedure 
The Fontan procedure is the final step in the eventual separation of the pulmonary and systemic 
circulations in children with a functional single ventricle. The inferior vena cava is anastomosed to the 
right PA. Currently, the most commonly performed procedures are the lateral tunnel and extra cardiac 
Fontan. The lateral tunnel avoids using substantial portion of the atrium in the cavopulmonary 
pathway while the extra cardiac procedure does not incorporate any atrium. This surgical intervention, 
frequently performed between 2- 3 years of age, allows for passive blood flow from the inferior vena 
cava into the pulmonary vascular bed, while bypassing the heart and achieves a circulation in series. 
With Fontan physiology, increased impedance to systemic venous blood across the pulmonary 
capillary bed will result in decreased delivery of blood to the pulmonary venous atrium, systemic 
ventricle and aorta resulting in a low cardiac output state with near normal Sao2. This increased 
impedance is not uncommon in the few weeks after Fontan surgery. Efforts to increase the cardiac 
output by increasing systemic venous pressure will result in refractory pleural effusion and ascites. A 
4 mm hole or fenestration left in the cavopulmonary pathway or baffle will allow for the systemic 
venous blood to pop off into the pulmonary venous atrium and ultimately into the systemic ventricle 
and aorta. This right to left shunt allows maintenance of systemic cardiac output at the expense of 
Sao2 
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Although the Fontan procedure has evolved into numerous modifications over the years, a common 
feature is the separation of the pulmonary and systemic circulations and the relief of hypoxemia. 
Pulmonary blood flow occurs without an intervening ventricular chamber being critically dependent on 
the transpulmonary pressure gradient (or driving pressure across the pulmonary bed) and influenced 
by pulmonary vascular resistance. This, in turn, determines cardiac output, again emphasizing the 
importance of adequate hydration and maintenance of central venous pressure. 
 
A number of anatomic and hemodynamic variables impact Fontan physiology. Critical factors include 
unobstructed systemic venous return, status of the pulmonary vasculature (anatomy, pulmonary 
artery pressure and resistance), low intrathoracic pressures, systemic atrioventricular valve 
competency, systemic ventricular function, unobstructed systemic outflow, and atrial contribution to 
ventricular filling (sinus rhythm/atrioventricular synchrony). 
 
Long-term problems after Fontan include -sinus node dysfunction, loss of atrioventricular synchrony, 
atrial arrhythmias, atrioventricular valve regurgitation, ventricular dysfunction, venous pathways 
obstruction/thrombotic complications, chronic low cardiac output state, hepatic dysfunction, 
coagulation defects and protein-losing enteropathy. Exercise tolerance is affected in most children 
and represents limited cardiopulmonary reserve. 
 
Several considerations are of critical relevance to the perioperative care of children with Fontan 
circulation. Factors that influence cardiac output such as ventricular preload, atrioventricular 
synchrony, contractile function, afterload, and stress response are of utmost importance in this 
population because even mild alterations in of any of these parameters may adversely impact 
hemodynamics. Ensuring the adequacy of hydration, preserving sinus rhythm, and limiting the stress 
response represent key goals. Maintenance of adequate ventricular function may require the 
administration of inotropic agents, such as dopamine or milrinone perioperatively. Because systemic 
venous pressures are typically elevated, the potential for bleeding and its effects on ventricular filling 
should be considered. The likelihood of blood loss and ensuing hemodynamic instability is 
exacerbated by the presence of coagulation defects in these children. 
 
Regarding the airway and ventilatory management, various principles apply after the Fontan 
operation. Although spontaneous ventilation favors phasic pulmonary flow patterns in these children, 
controlled ventilation is preferable (using the minimum mean intrathoracic pressures necessary) in 
most cases. This minimizes the potential detrimental effects of factors such as hypoventilation, 
atelectasis, hypoxemia, hypercarbia, and respiratory acidosis on pulmonary vascular resistance 
during spontaneous ventilation, potentially limiting passive drainage of systemic venous blood into the 
pulmonary circulation. The aim should be to maintain pH and PCO2 within the normal range and 
arterial oxygen saturation close to baseline. The latter may depend on the presence or absence of a 
fenestration and the degree of right-to-left shunting. The institution of positive-pressure ventilation, 
however, may negatively impact pulmonary blood flow and cardiac output. Mechanical ventilation with 
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large lung volumes may impair pulmonary blood flow as increases in mean intrathoracic pressures 
transmitted to the pulmonary vascular bed increase pulmonary artery pressures, as well as decrease 
systemic venous return. Suggested parameters include smaller than usual tidal volumes and low 
positive-end expiratory pressures, allowing delivery of the lowest mean airway pressure possible and 
normal to relatively low inspiratory times (normal to slightly prolonged inspiratory to expiratory ratios). 
The goals are to maintain adequate lung volumes, functional residual capacity, and optimal gas 
exchange. (5,6) 
 
Perioperative management in our patient should include- adequate intravascular volume (preload), IV 
induction, appropriate ventilation with adequate lung volumes and minimize factors which reduce 
ventricular function, measures to reduce PVR and measures to reduce stress response through use 
of opioid infusions like Sufentanil. 
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