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I. What is single ventricle physiology?  What are general attributes of how the blood should go around?

The term “single ventricle physiology” refers to the condition of having a single or common ventricle act as the main source of both systemic blood flow and pulmonary blood flow.  The result is complete intracardiac mixing of oxygenated and deoxygenated blood, which in turn leads to lower SpO2, generally ranging in the 70s to 80s.  As blood leaves the heart, the circulation splits toward the lungs and tissues in parallel fashion, hence parallel circulation.
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This creates a delicate balance between blood going to the lungs and blood going to the tissues.  Cardiologists naturally communicate this relationship in terms of pulmonary blood flow in relationship to systemic blood flow.  Ideally single ventricle circulation is balanced, meaning that pulmonary blood flow and systemic blood flow ratio is equal or nearly equal to 1.  Otherwise one of two situations occur:

1) If pulmonary blood flow >systemic blood flow  Pulmonary over-circulation, pulmonary edema, respiratory distress, systemic steal, shock
2) If pulmonary blood flow < systemic blood flow  Pulmonary under-circulation, hypoxemia

II. What are examples of single ventricle circulation?
A.[image: ]		B.[image: ]	C.[image: ]
(A) Hypoplastic left heart syndrome (HLHS), (B) Tricuspid atresia with VSD, (C) Situs inversus with absent ventricular septum

We only show 3 examples but the reality is that single ventricle physiology manifests in a countless number of cardiac anatomies.  Regardless of the lesion, the physiology is generally the same with respect complete intracardiac mixing and parallel circulation as described above.





III. What are the stages of single ventricle palliation and the rationale for doing them?

Stage 1
[image: ]


Depending on the surgery, cardiologists refer to this stage as “the Norwood” (A), “Norwood-Sano” (B), or “Hybrid” procedure (C).  Common therapeutic goals of this operation include:
· Ensuring unobstructed blood flow to the systemic circulation via aortic arch reconstruction or PDA stent
· Ensuring unobstructed interatrial communication via atrial septectomy
· Creating a more reliable, controlled source of pulmonary blood flow via BT shunt or RV-PA conduit

Stage 2 : Bidirectional Glenn
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This procedure replaces the tenuous shunt with a larger, more stable superior vena cava-to-pulmonary arterial anastomosis and eliminates excessive volume load on the ventricle.

Stage 3: Fontan
[image: ]

This operation effectively septates the heart by rerouting all remaining deoxygenated blood from the inferior vena cava to the pulmonary artery.  The result is that nearly all blood returning to the heart is oxygenated by way of the pulmonary veins.  And the patient’s peripheral oxygen saturations are nearly normal.

III.  What is the anticipated course of patients with single ventricle physiology following stage 1 palliation (assuming we do everything right)?  What do we do to set these patients up for success?

In the period between stage 1 and stage 2 palliation, single ventricle patients are at significant risk for acute hemodynamic decompensation and subsequently, death.  In fact, interstage mortality has been reported in the literature at rates of 2% to 16%. Recognizing this very fragile physiology, many heart centers including LPCH employ a home monitoring program (HMP) for additional surveillance.  

Prior to discharge, families receive extensive instruction on SpO2 monitoring, nutritional fortification (goal 150 kcal/kg/day), and nutritional delivery (PO, gavage, or both).  Following discharge, an HMP nurse practitioner performs a phone follow-up at least weekly.  Any concerns raised will prompt actions ranging from additional phone follow-up (in the next 48 hours) to arranging urgent cardiology evaluation in the emergency department.

Following discharge after stage 1 palliation, we expect our patients to:
· Tolerate enteral feeding and consistently gain weight (at least 20 grams every 3 days) on fortified nutrition (28 kcal/oz) +/- medium-chain triglyceride (MCT) oil
· Maintain normal oxygen saturations (SpO2 > 75%)
· Take their medications (diuretics, aspirin) without issue
· Stay up-to-date on immunization including Synagis

IV. What are red flags in a single ventricle patient during the interstage period? 

In general, any deviation from the anticipated course should prompt us to think that there is a serious physiologic disturbance that will lead to clinical decompensation if ignored.  The red flags are:

0. Unable to meet goal volume for 24 hours
0. Unable to attain goal feeds to grow for ≥ 3 days
0. Does not gain .02 Kg (20 grams) over a 3 day span
0. Loses 0.03 kg (30 grams) or more over a 2-3 day span
0. If oxygen saturations change:  
4. Drop consistently below 75% 
4. Increase suddenly >90% 
0. Child is breathing harder, faster or fussy beyond their baseline


References: 
Our team has collected a group of references for continued education that you will find useful in the care of single ventricles. The first five are included in this packet for convenience.  Additional references have been included for further reading. 

Home monitoring program reduces interstage mortality after the modified Norwood procedure. Siehr, et al. The Journal of Thoracic and Cardiovascular Surgery. 2014; 147:718-23. 

	Summary: The home monitoring program has improved outcomes of single ventricle patients, 
	decreasing interstage (Norwood to Glenn surgical intervention) mortality from 7% to 0%. 

Primary and General Care of the Child with Congenital Heart Disease. Gail E. Wright and Albert P Rocchini. ACC Current Journal Review Mar/Apr 2002. 

	Summary: Resource for care of children with congenital heart disease including growth issues, 		consideration of vaccine administration, associated syndromes and SBE prophylaxis resources, 
	school and activity issues. 


Variation in Growth of Infants with a Single Ventricle. Anderson et al. The Journal of Pediatrics. 2012; 161: 16-21. 

Summary: A wide variation in interstage growth exists and with standardized nutritional management, growth may be improved in the single ventricle population. Centers that closely monitored specific weight gain or loss and red flags in interstage period had improved patient growth. 


Identified mortality risk factors associated with presentation, initial hospitalization and interstage period for the Norwood operation in a multi-centre registry: a report from the National Pediatric Cardiology-Quality Improvement Collaborative. Cross et al. Cardiology in the Young. 2014, 24, 254-262. 

	Summary: Excellent resource for risk factors in the interstage period. Independent risk factors of 
	interstage mortality are: hypoplastic left heart syndrome (mitral atresia or mitral stenosis and 
	aortic atresia), anti-seizure medications at discharge, earlier gestational age, nasogastric or 
	nasojejunal feeding, unscheduled readmissions.


Neurodevelopment and quality of life for children with hypoplastic left heart syndrome: current knowns and unknowns. Goldberg et al. Cardiology in the Young. 2011. 21, 88-92. 

	Summary: Children with hypoplastic left heart syndrome are at risk for both adverse 
	neurodevelopmental and behavioural outcomes, decreased functional status and quality of life 
	outcomes. 


Neurodevelopmental Outcomes in Children With Congenital Heart Disease: Evaluation and Management: A Scientific Statement From the American Heart Association
Marino et al. Circulation. 2012.  

	Summary: Excellent and complete reference for all congenital heart disease and 
	neurodevelopmental outcomes.  
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the perioperative period, total cardiac output and metabolic demand may frequently be mismatched as a result



of the inherent instability of parallel circulation as described above, and variability of Qp/Qs, Qt, and VO2



occurs (162,163,164). Inspection of Table 50.1 reveals that assertions about the Qp/Qs from a single measured



SaO2 value are unreliable unless either SvO2, or VO2 and Qt, are known. A target SaO2 of 75% can result from a



range of Qp/Qs and SvO2 conditions, which may include inadequate systemic flow if Qt or VO2 is variable. In a



circulatory model that allows for variation in both total cardiac output and Qp/Qs, a wide range of



tissue/venous saturation can result at any given SaO2, shown graphically in Figure 50.12. The resulting domain



of SvO2 shows that severely impaired systemic oxygen delivery can occur with SaO2 closely maintained in the



target 75% to 80% range.



FIGURE 50.11 Oxygen flux in series and parallel circulations. In contrast to series circulation, in a parallel



circulation, arterial blood derives from a mixture of systemic venous and pulmonary venous return and is



divided into systemic and pulmonary flow according to relative resistances.



A report of increased stability with the use of inspired carbon dioxide (CO2) (161) led to the wide adoption of



manipulation of medical gases to control PVR and Qp/Qs. Theoretic and experimental models showed that



inspired CO2 increased PVR, and moderately decreased systemic vascular resistance (SVR), and would increase



systemic oxygen delivery (165,166). As part of this approach, the SaO2 was used as a key indicator to detect



pulmonary overcirculation, which would result in a higher



SaO2 as Qp/Qs rose. However, this would be true only if the systemic arteriovenous difference did not increase,



which would occur only if the increase in Qp resulted from increased Qt at constant Qs. The primary concern



over preventing a runaway spiral of increased Qp/Qs led to the use of low or even subatmospheric fraction of



inspired oxygen (fiO2) in further attempts to raise the PVR (167,168).
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In this patient you only need to know the SVC,
pulmonary vein (sometimes assumed) and aortic
saturations in order to calculate the net Qp:Qs
because the only source of pulmonary blood flow
is the shunt; therefore, the pulmonary artery
saturation is equal to the aortic saturation. So,
with an SVC saturation of 69%, pulmonary vein
saturations of 99% and an aortic saturation of
87%, the net Qp:Qs is !1.7. This is a similar net
Qp:Qs as the ASD above but obviously the phy-
siology is completely different. To give you an
idea of how changes in mixed venous and arterial
saturations affect Qp:Qs in a patient with
this kind of shunted physiology consider Table 1



(a pulmonary venous saturation of 100% has
been assumed).



Thermodilution



First introduced in the 1950s, the principle of
thermodilution involves determining the extent
and rate of thermal changes in the blood stream
related to injection of a fixed volume of fluid at a
set temperature upstream. From this tempera-
ture–time curve and knowledge of the magni-
tude of the initial heat change, the volume rate
of flow can be calculated in a manner analogous
to that used for dye and other indicator–dilution
methods. The decision to use thermodilution
versus Fick depends on your needs and your
staff interventionalist’s preference.



Technique



A thermodilution catheter is placed with the tip
resting free in the PA and the proximal port in
the RA. If the patient is <15 kg we generally use
a 5 Fr catheter (5-cc syringe) and if the patient is
>15 kg we generally use a 7 Fr catheter (10-cc
syringe). After an exact amount of solution
(either room temperature or iced) is injected
through a side lumen in the RA, the change in
temperature is sensed by a thermistor located at
the tip of the catheter. Always check to be sure
that you are infusing the proximal port (yes, it
has happened). The first syringe serves to cool
down the catheter shaft and is usually ignored.
The next three samples are averaged. The three
recordings should be within 15–20% of each
other, that is, it is normal to have some scatter.



Fig. 7 ASD with saturation measurements



Fig. 8 HLHS with saturation measurements



Table 1. Variation in Qp:Qs with shunted single ventricle
physiology



Qp:Qs Arterial
saturation (%)



MV sat 50% 0.5 67
1 75
2 83
3 88



MV sat 70% 0.5 80
1 85
2 90



10 Hemodynamics
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FIGURE 50.15 Stage 1 palliation of hypoplastic left heart syndrome. A: Stage 1 palliation (Norwood



procedure) using a modified Blalock–Thomas–Taussig (BT) shunt for provision of pulmonary blood flow. The



shunt originates from the innominate artery and inserts into the central pulmonary artery. B: Stage 1



palliation using a right ventricle (RV)–to–pulmonary artery (PA) conduit (Sano modification) for provision of



pulmonary blood flow. A larger 5 or 6 mm graft is placed between the right ventricle and the central



pulmonary artery. C: Stage 1 palliation using a hybrid approach. Pulmonary blood flow is restricted with



branch pulmonary artery bands, and the ductal patency is maintained by placement of a stent. A stent is



placed to create a nonrestrictive atrial septal defect.



Stage 1 palliation using either a modified Blalock–Thomas–Taussig shunt or right ventricle–to–pulmonary artery



conduit (Sano modification) is accomplished using cardiopulmonary bypass, deep hypothermia, and altered



perfusion—either circulatory arrest or regional perfusion. A connection is created between the smaller ascending



aorta and the pulmonary root for provision of coronary blood flow. Restructuring of the heart's outflow via the



pulmonary root is accomplished along with relief of coarctation and arch hypoplasia. Variations in surgical



techniques include resection of ductal tissue or coarctectomy as opposed to patching of the region of ductal



insertion. The aim of stage 1 palliation is to create a stable anatomy that permits growth and maturation of the



pulmonary vasculature so that it can accommodate subsequent single-ventricle palliation. It is important that



successful surgical strategies have a low incidence of recurrent or residual lesions because these are a source of



interstage mortality and can limit suitability for single-ventricle palliation. Development of a restrictive atrial



septal defect rarely complicates the interstage course (194). The observation that smaller ascending aortic size



and presence of aortic atresia are risk factors for mortality is an indication that coronary insufficiency is a cause



of death following stage 1 palliation, and strategies that target creation of a large ascending aorta-to-



pulmonary root anastomosis are likely to result in improved outcome (195,196,197,198). Arch reconstruction



strategies that include coarctectomy appear to have a lower incidence of late arch obstruction (59,195).



A modification of the systemic-to-pulmonary artery shunt developed by Blalock, Thomas, and Taussig has



historically been the source of pulmonary blood flow following stage 1 palliation. Typically, this shunt originates



from the innominate artery or the aorta. Both the diameter and length of this shunt are relevant to determining



its flow-resistive characteristics (170). The resulting anatomy ideally provides enough resistance to pulmonary



blood flow to avoid destabilization from excessive pulmonary blood flow in the postoperative period. Physiologic



limitations result from the inherent Qp/Qs mismatch of the parallel circulation and diastolic aortic runoff to the
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palliation at a significantly younger age of 3.6 ± 1 months compared with 5.6 ± 2.1 months for those receiving



conventional management (p <0.01) (60). Despite the younger age at stage 2 palliation of the monitored



patients, weights between groups were similar: 5.3 ± 0.9 vs. 5.7 ± 1.3 kg (p = ns). The success of early



cavopulmonary anastomosis in these patients deemed at greatest risk for interstage mortality has modified our



overall practice in that stage 2 palliation is electively performed at 4 months of age or earlier if necessary.



FIGURE 50.21 Connection of the superior vena cava to the pulmonary arteries and takedown of previous



systemic-to- pulmonary artery shunts constitutes the stage 2 procedure. Two surgical techniques are



commonly used. A: The bidirectional Glenn shunt is a direct anastomosis of the superior vena cava to the



central pulmonary artery. The principle advantage of the bidirectional Glenn shunt is the ease of



construction; it can even be accomplished without the use of cardiopulmonary bypass in selected cases.



B: In a hemi-Fontan procedure, the superior vena cava is connected to the confluent pulmonary arteries



without disconnecting it from the atrium; the atrial end of the superior vena cava is closed with a patch.



Although a more extensive operation than the bidirectional Glenn shunt, the hemi-Fontan allows for



expeditious performance of a completion Fontan.



The implications of early cavopulmonary anastomosis have been further reviewed by Jaquiss et al. (255,256).



Patients who underwent cavopulmonary anastomosis at <4 months of age (mean 3.1 ± 1.4 months) were



compared with their older counterparts (mean 5.5 ± 1.5 months). All patients survived with an actuarial survival



of 96% at 1 year in both groups. The younger group, however, required prolonged mechanical ventilation, had a



greater duration of pleural drainage, and had a longer hospital stay. Younger patients also had lower oxygen



saturations postoperatively compared with the older group, but by hospital discharge, groups had similar oxygen



saturations (255). Follow-up data on this cohort demonstrated no difference in late complications, preoperative



hemodynamics at the time of Fontan palliation, or status of the patient after completion Fontan (256).



After the stage 2 operation, patients experienced improved activity and physiologic reserve, which lasted



several years. However, increasing cyanosis following stage 2 palliation is predictable and is due to several



factors including increased lower-body growth and oxygen consumption with concomitant increase in
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factors including increased lower-body growth and oxygen consumption with concomitant increase in



desaturated inferior vena caval blood return. Patients will also develop venovenous collaterals from the high-



pressure superior vena cava to veins ultimately draining to the inferior vena cava or atrium. Furthermore,



patients are at risk for the development of arteriovenous malformations that result in intrapulmonary shunting of



blood from pulmonary artery to pulmonary vein without gas exchange. These are postulated to be the result of



a lack of so-called hepatic factor, which prevents the shunt formation (257). Pulmonary arteriovenous



malformations can be reversed by the completion Fontan operation, presumably by restoring hepatic factor to



the pulmonary circulation.



Stage 3: Completion Fontan
For the patient with HLHS, the Fontan procedure is the last anticipated operation. The techniques and



indications for surgery are not different from those for other single-ventricle patients, and indeed in many



centers patients with HLHS make up the majority of patients undergoing the completion Fontan. For patients



who have undergone a stage 2 procedure, either a



bidirectional Glenn shunt or hemi-Fontan, the timing of completion Fontan is not critical; in general, the



operation is performed between 18 months and 4 years of age. The surgical goal is to route the blood from the



inferior vena cava to the pulmonary arteries with as little energy loss as possible. Although interventional



techniques to perform the completion Fontan using coated stents have been reported, much more commonly



this is performed in the operating room using one of two techniques; a lateral tunnel or extracardiac conduit



(Fig. 50.22).



FIGURE 50.22 The completion Fontan operation can be accomplished in two ways. A: The lateral tunnel



Fontan involves creating an intra-atrial baffle that connects the inferior vena cava to the pulmonary



arteries. B: The extracardiac Fontan uses a tube graft to connect the inferior vena cava to the central



pulmonary artery. In both cases all caval return with the exception of the coronary sinus is directed to



the pulmonary arteries, simulating as closely as possible the normal circulatory pattern. To improve



hemodynamics, especially in the early postoperative period, a fenestration is often placed between the



baffle or conduit and the pulmonary venous atrium. This decreases central venous pressure and increases











