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Introduction

For the majority of patients with different types of functionally 
univentricular hearts, the treatment goal is to achieve pallia-
tion through the creation of a total cavopulmonary connec-
tion known as the Fontan operation. This operation essentially 
bypasses the right heart by redirecting the systemic venous 
return directly into the pulmonary circulation without 
passing through a ventricular chamber. The Fontan operation 
creates a unique circulatory physiology, which resulted in 
improved survival at the expense of long‐term complications. 
Evaluating a Fontan patient requires a specific echocardio-
graphic approach and careful interpretation of the findings. 
In this chapter we first review the physiologic characteristics 
of a Fontan circulation followed by a discussion of the echo-
cardiographic evaluation.

The Fontan circulation

A Fontan circulation is offered to patients with severe con-
genital heart disease who have only one functional single ven-
tricle (FSV) or those in whom the ventricular cavity cannot be 
partitioned into two adequate pumps. During fetal life and 
immediately after birth, the systemic and the pulmonary cir-
culations in an FSV are connected in parallel with one ven-
tricular chamber pumping to both circulations (Figure 29.1). 
Initially these patients are palliated by an aortopulmonary 
artery shunt (e.g., a Blalock–Taussig shunt or ductal stent), 
right ventricular (RV) to pulmonary artery (PA) shunt (also 
termed a Sano‐type shunt), or by PA banding. All these pro-
cedures result in persistence of the parallel circulations with 
mixing of saturated and desaturated blood causing arterial 
desaturation as well as chronic volume loading of the FSV. In 
the pre‐Fontan era this was the only type of palliation that 
could be offered, often requiring upscaling the shunts or loos-
ening the PA band. These procedures were associated with 
progressive ventricular dysfunction, heart failure, progressive 

desaturation, and death, with few survivors beyond the fourth 
decade. In 1971, Francis Fontan, a cardiac surgeon in 
Bordeaux, France, reported on a novel surgical approach to 
single ventricles [1], separating the systemic and pulmonary 
circulations by redirecting the systemic venous blood directly 
to the pulmonary circulation. In the Fontan circulation, mix-
ing of the circulations is abolished and the postcapillary 
energy and systemic venous pressure are used as the driving 
forces to propel the blood through the pulmonary 
circulation [2]. Advantages of a Fontan circuit include separa-
tion of both circulations with normalization of the arterial 
saturation and significant ventricular volume unloading [3,4]. 
Initially, different types of connections were used to redirect 
the systemic venous blood to the pulmonary circulation; 
however the Fontan operation has been simplified by 
connecting the caval veins directly to the pulmonary arteries. 
This is achieved by first performing a bidirectional Glenn 
shunt by direct anastomosis of the superior vena cava to the 
pulmonary artery and in a second stage by connecting the 
inferior vena cava through an intra‐ or extracardiac conduit 
to the pulmonary artery. A modern Fontan operation is thus 
an extracardiac operation. The early changes observed at ven-
tricular level are not related to cardiac surgery but are 
secondary adaptations to the new physiologic stage. After 
Fontan surgery an additional upstream flow restrictor deter-
mines the inflow to the FSV as, by creating a Fontan circuit, 
the pulmonary circulation is positioned, like a portal system, 
between the systemic venous return and the systemic ven-
tricle. A portal system is defined as a capillary network that is 
interposed between another capillary network and the heart. 
This pulmonary portal system now functions like a dam in 
the cardiovascular circuit, resulting in upstream congestion 
and reduced downstream flow. The upstream energy is used 
to push blood through the pulmonary circulation, which pro-
vides systemic oxygenation. The pulmonary circulation thus 
becomes the main limiting factor in the circulation. This 
results in pooling of systemic venous blood, increased 
systemic venous pressure, and reduced cardiac output, which 
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are the basis for the most frequent early and late complica-
tions of the Fontan circuit (Figure 29.2).

The optimal Fontan circuit requires unobstructed Fontan 
connections, good‐sized branch PAs without stenosis, low 
pulmonary vascular resistance (PVR), unobstructed pulmonary 
venous connections to the atrium, and low atrial pressures. 
Atrial pressures are influenced by atrioventricular (AV) valve 
function and by FSV diastolic function. Good systolic FSV 

function is required to generate sufficient systemic output. 
Chronic volume loading caused by residual shunts, AV valve 
regurgitation, or aortic regurgitation and/or pressure loading 
related to outflow tract obstruction, residual coarctation of the 
aorta, or arterial hypertension can be detrimental in patients 
after Fontan surgery.

Functional single ventricle in a 
Fontan circulation

Ventricular dimensions and wall thickness
The FSV volume load evolves from excessive during fetal life 
and initial palliation to chronic deprivation after creation of 
the cavopulmonary shunts (Figure 29.3). During fetal life, the 
dominant ventricle provides the combined output of the 
systemic and pulmonary circulations. This causes prenatal 
eccentric remodeling that results in enlarged chamber dimen-
sions of the FSV at birth (large for body surface area (BSA)) [5]. 
After the initial neonatal palliation (generally an aortopulmo-
nary artery shunt or a PA band), the parallel circulations cause 
a persistent, chronic volume loading. Between 4 and 8 months 
of age, the next step typically consists of dividing the initial 
shunt (which will normalize the preload for BSA) and creating 
a bidirectional Glenn shunt (a superior cavopulmonary anas-
tomosis where only the superior vena cava is connected to the 
PA and the inferior vena cava remains connected to the right 
atrium), which reduces the pulmonary flow. A serial follow‐up 
study using cardiac MRI in patients scanned before the bidi-
rectional Glenn shunt and again before the Fontan operation 
demonstrated that the bidirectional Glenn shunt resulted in a 
reduction of indexed ventricular volume with an increase in 
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Figure 29.1  Schematic representation of the normal cardiovascular circulation (a), shunted palliation (b), and Fontan circulation (c). (a) The normal 
circulation. The pulmonary circulation (P) is connected in series with the systemic circulation (S). The right ventricle (RV) is more compliant than the left 
ventricle (LV), keeping the right atrial (RA) pressure lower than the left atrial (LA) pressure. The RV functions at lower pressure than the LV which is 
related to lower pressure and resistance in the pulmonary artery (PA). (b) Parallel circulation in a univentricular heart. The systemic (S) and pulmonary 
(P) circuits are connected in parallel with one dominant single ventricle (V) pumping blood into both circulations. There is complete admixture of 
systemic and pulmonary venous blood, causing arterial desaturation. (c) Fontan circuit. The caval veins (CV) are connected to the PA, without a 
subpulmonary ventricle or systemic atrium: the lungs are hereby converted into a portal system which limits flow to the ventricle. In the absence of a 
fenestration, there is no admixture of systemic and pulmonary venous blood, but the systemic venous pressures are generally elevated. Ao: aorta. Line 
thickness reflects output; color reflects oxygen saturation.
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Figure 29.2  Cardiac output during exercise: normal versus Fontan 
circulation. A normal subject with a biventricular circuit can increase 
output five‐fold compared to baseline (black line). In Fontan patients 
output is significantly impaired both at rest and during exercise. In optimal 
Fontan patients (green line) the output is mildly decreased at rest, with a 
moderately reduced capacity to increase cardiac output during exercise. 
This limits exercise capacity in almost all Fontan patients. In failing Fontan 
patients (red line), the output is significantly reduced at rest with very 
limited increase during exercise.
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ejection fraction (i.e., reverse remodeling)  [6]. Quantitative 
measurements by cardiac MRI have also demonstrated that 
flow through aortopulmonary collaterals may contribute sig-
nificantly to pulmonary blood flow and cardiac output after 
the bidirectional Glenn shunt  [7]: up to one‐third of the 
cardiac output and up to 40% of the pulmonary blood flow 
comes from collateral flow. A higher burden of collateral flow 
adversely influences clinical outcomes immediately after the 
Fontan operation  [7,8]. Despite the presence of collaterals,  
the FSV is further volume unloaded after the Fontan comple-
tion by damming off the inferior caval flow. After the Fontan 
operation, further reverse remodeling of the FSV occurs, char-
acterized by a decrease in ventricular volume with persistence 
of an abnormal wall thickness (eccentric remodeling) and 
resulting in increased mass‐to‐volume ratio  [9]. Concentric 
hypertrophy may also develop in the FSV in response to 
increased afterload, defined as ventricular wall stress. Studies 
have suggested that increased afterload (i.e., outflow tract 
obstruction, residual coarctation of the aorta, or systemic 
hypertension) may persist or develop after the Fontan opera-
tion [10,11]. Residual ventricular hypertrophy may contribute 
to diastolic dysfunction and eventually to failure of the Fontan 
circulation.

Effect of loading changes on parameters 
of systolic function
The most commonly used parameter to assess global pump 
function is ejection fraction. This parameter is sensitive to 
changes in preload and afterload. Serial data obtained with 
either MRI or echocardiography have demonstrated a decrease 
in ventricular volumes and ejection fraction immediately after 
the bidirectional Glenn shunt  [6,12]. During the remodeling 
process a compensatory decrease in end‐systolic volumes may 
result in an increase in ejection fraction just prior to the Fontan 
procedure [6]. Despite these findings, ejection fraction is gener-
ally preserved in the majority of patients after the Fontan oper-
ation suggesting that adaptation or further reverse remodeling 
occurs in the post‐Fontan period [9]. It also indicates that sys-
tolic dysfunction is uncommon in pediatric Fontan survivors. 
In contrast, in adult patients, ventricular dysfunction seems to 
be more common and contributes to the failure of the Fontan 
circuit [13]. Systolic dysfunction may be intrinsic to the FSV or 
may be related to other comorbidities in adult life.

Diastolic function of the functional 
single ventricle
In the Fontan circuit, low atrial pressure is required for a low 
gradient across the pulmonary vascular bed (transpulmonary 
gradient). AV valve regurgitation and FSV diastolic function are 
important determinants of atrial pressure. Diastolic function 
after the Fontan operation has been poorly studied due to the 
absence of good methods for assessment of ventricular filling in 
patients with this physiology. Experimental data have shown 
that acute volume unloading of the ventricle results in less recoil 
and decreased suction, resulting in increased filling pressures 
(Figure 29.4) [14]. Echocardiographic studies in Fontan patients 
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Figure 29.3  Effect of different pre‐Fontan palliative strategies on volume 
loading. A: We assume a normal ventricle in a biventricular circulation 
functions on average at 100% of normal. Prior to birth the dominant single 
ventricle remodels and its size adjusts to the chronic volume loading. The 
patient with a univentricular heart generally is born with an appropriate 
ventricular size adjusted for chronic volume load. Prior to the 1990s (B, red 
line), the volume loading to the ventricle was augmented shortly after birth 
by a shunt procedure to ± 150%. The patient slowly outgrew the shunt, and 
the ventricle adapted, thereby gradually reducing the volume overload to ± 
100% for its size. A second shunt was created, augmenting the volume 
overload again to 150%. As the patient again outgrew the shunt, a Fontan 
circuit was made, all of a sudden reducing the volume load to around 25% 
of the preload it was exposed to prior to the procedure. This sudden 
preload reduction was often poorly tolerated hemodynamically. This 
resulted in changes in management strategy. After the 1990s (C, green 
line), a small neonatal shunt is created for a short time (generally 
6 months); the patient slowly outgrows the shunt; the ventricle is 
progressively volume unloaded in two separate steps: first at the time of the 
bidirectional Glenn shunt and a second time at the time of the Fontan 
operation. This stepwise approach is generally hemodynamically better 
tolerated.
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Figure 29.4  Diastolic pressure–volume relationship during different stages 
of palliation. A: The normal ventricle. B: Shunted ventricle with chronic 
volume loading resulting in enhanced compliance. C: Fontan ventricle 
early after volume unloading. D: Fontan ventricle late after unloading: 
chronic volume unloading is thought to cause progressive stiffening of the 
ventricle with decreased compliance. BSA, body surface area; EDP, end‐
diastolic pressure.
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have suggested that the volume reduction associated with the 
Fontan operation results in early relaxation abnormalities and 
incoordinate wall motion abnormalities especially affecting the 
isovolumetric relaxation period and early filling [15–17]. These 
diastolic changes have typically been observed in FSV patients 
who underwent a Fontan operation without a previous bidirec-
tional Glenn shunt. In this era, the chronically volume‐loaded 
ventricles were acutely unloaded and the observed diastolic and 
systolic abnormalities could be related to the ventricle being 
“too large” for the volume immediately after the procedure. In 
patients after the Fontan procedure, chronic volume reduction 
with absence of exercise‐induced ventricular stretch seems to 
cause a progressive decrease in ventricular compliance with a 
left and upward shift in the end‐diastolic pressure–volume rela-
tionship. It can be expected that the thicker myocardium may 
become stiffer with age. The FSV may enter a vicious circle 
whereby the volume unloading results in adverse reverse 
remodeling, reduced compliance, and reduced ventricular 
filling, further limiting cardiac output and increasing systemic 
venous pressures. A cohort study suggested that the majority of 
pediatric Fontan patients have abnormal diastolic parameters 
on echocardiography but the clinical and prognostic signifi-
cance of these findings is currently unknown  [9]. The main 
issue regarding assessment of diastolic function is that the con-
ventional echocardiographic parameters (AV valve inflow, 
pulmonary venous flow patterns, and tissue Doppler velocities) 
are difficult to interpret in Fontan patients with a deprived pre-
load. It is difficult to determine whether the observed changes 
in diastolic functional parameters are related to intrinsic myo-
cardial diastolic dysfunction or are secondary to volume unload-
ing. Typically, diastolic changes early after the Fontan operation 
are more likely secondary to unloading. Changes occurring over 
time are more likely related to changes in ventricular compli-
ance. Progressive increase in ventricular stiffness and reduction 
in compliance might be one of the major mechanisms explain-
ing Fontan failure with progressive age.

The pulmonary circulation limits cardiac 
output after the Fontan operation

A characteristic feature of the Fontan circuit is the lack of pulsa-
tile pulmonary blood flow through the pulmonary vascular bed. 
In the normal biventricular circulation, PVR is generally not a 
limiting factor for determining cardiac output. In ischemic heart 
disease and cardiomyopathy, decreased cardiac pump function 
limits cardiac output. After the Fontan procedure the pulmonary 
circulation limits the preload reserve to the FSV and determines 
the cardiac output response  [10,18]. This is comparable to 
obstructed inflow after Mustard repair, primary pulmonary 
hypertension, constrictive pericarditis, and mitral stenosis.

Different factors influence the amount of pulmonary blood 
flow and cardiac output after the Fontan operation. The first 

limiting factor is the energy loss in the surgical connections. 
The presence of unobstructed surgical connections between the 
caval veins and the PAs is a requirement for optimal Fontan 
circulation function. Any degree of obstruction within the 
Fontan connections will reduce cardiac output. The PAs need to 
be good‐sized and unobstructed. PVR further determines 
pulmonary blood flow. Even a mild increase in PVR reduces 
pulmonary blood supply and cardiac output  [19]. Pulmonary 
vasodilators like sildenafil positively influence cardiac output 
and exercise capacity in Fontan patients but to a limited 
extent  [20–22]. Pulmonary venous obstruction is another 
important factor determining pulmonary blood flow. Some 
patients with FSV also have anomalous pulmonary venous con-
nection that requires surgical intervention; they are at high risk 
for obstruction. The extracardiac Fontan conduit may also com-
press the adjacent right pulmonary veins. Further, the left lower 
pulmonary vein may become compressed between the heart, 
the descending aorta, and the spine.

In the Fontan circuit, pulmonary blood flow will increase 
with inspiration and decrease with expiration following 
respiratory variations in intrathoracic pressure  [23]. Studying 
respiratory variation in Fontan patients has provided interesting 
physiologic information. Increased intrathoracic pressure due 
to airway obstruction or positive pressure ventilation reduces 
pulmonary blood flow and is detrimental for Fontan physi-
ology [24]. Negative pressure ventilation is considered benefi-
cial and results in increased cardiac output.

Fontan modifications

Since its original description, the Fontan circuit has under-
gone several surgical modifications (Figure 29.5) [25,26]. The 
original Fontan circuit in patients with tricuspid atresia 
included a valved homograft between the RA appendage and 
the right pulmonary artery in two patients and direct anasto-
mosis without a conduit in one. The use of valved conduits in 
the Fontan circulation was found to be associated with a high 
degree of stenosis, and the direct atriopulmonary connection 
became the most commonly used modification in the 1980s. 
It was thought that including the right atrium in the Fontan 
connection would be beneficial for pulmonary hemody-
namics due to the presence of the atrial “kick.” However, ele-
vated atrial pressure caused progressive right atrial dilation, 
reducing the energetic efficiency and becoming a substrate 
for atrial arrhythmia. Experimental and computational mod-
eling was subsequently performed showing that a total cavo-
pulmonary connection (TCPC) would be hemodynamically 
more favorable and would result in less energy and power loss 
in the conduit when compared to atriopulmonary connec-
tion  [27,28]. In this circuit, the venae cavae are connected 
directly to the right pulmonary artery (RPA). The superior 
vena cava (SVC) is connected to the RPA (bidirectional Glenn 
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shunt) and the inferior vena cava (IVC) is connected through 
an intra‐atrial (lateral tunnel) baffle or by an extracardiac 
conduit. The benefits of the lateral tunnel Fontan include use 
in small children and potential for growth. The potential 
drawback is that there is substrate for atrial arrhythmia as a 
result of the suture line in the atrium and the exposure of 
atrial tissue to high pressure. To avoid these problems, the 
extracardiac conduit was introduced. This procedure consists 
of a tube graft between the inferior vena cava and the PA 
placed externally around the right atrium. This circuit leaves 
the entire atrium at low pressure, has minimal atrial suture 
lines, and can be performed without aortic cross‐clamping. 
However, this tube graft has no growth potential and there-
fore is typically offered to larger patients (generally between 2 
and 3 years of life). It remains to be determined whether the 
extracardiac conduit will decrease the arrhythmia risk and is 
hemodynamically favorable. When assessing a patient with a 
Fontan circulation, it is essential to know which type of con-
nection has been made.

Current strategy towards a Fontan 
circulation

In the newborn period it is impossible to create a Fontan 
circulation because of the elevated PVR, which progressively 
decreases during the first weeks after birth. Even when PVR 
falls, a staged approach to Fontan completion is preferred, 
with the superior and inferior caval veins incorporated into 
the systemic venous chamber in two separate stages. Thus, the 
body adapts progressively to the new hemodynamic state and 
ventricular unloading is staged, reducing the operative mor-
bidity and mortality. In the neonatal period, clinical 
management aims at achieving unrestricted flow to the aorta 
(when required: arch repair, Damus–Kaye–Stansel, Norwood 
procedure), appropriately limited flow to the lungs (when 

required: PA band, aortopulmonary shunt, stenting of the 
arterial duct), and unrestricted return of blood to the ven-
tricle (if required: balloon septostomy, pulmonary venous 
connection). Between 4 and 8 months of age, the bidirectional 
Glenn shunt is performed. After the Glenn shunt, the patient 
remains mildly cyanotic because the desaturated blood from 
the IVC still connects to the systemic ventricle and the aorta. 
In infants the distribution of blood flow between the upper 
and lower body is around 2 : 2 which helps the efficiency of 
the bidirectional Glenn shunt in the first 2 years of life. As the 
lower body grows faster than the upper body this ratio 
changes and is reversed in adults with around twice as much 
blood coming from the IVC compared to the SVC. Typically, 
the Fontan circuit is completed between 2 and 5 years of age, 
incorporating the IVC into the Fontan circuit.

At the time of Fontan completion, often a small fenestration 
is created between the systemic venous pathway and the 
pulmonary venous atrium, either routinely or only in “high‐
risk” patients. The fenestration allows a residual right‐to‐left 
shunt, thereby reducing systemic venous pressure and increasing 
preload of the systemic ventricle at the expense of cyanosis. A 
fenestration has been shown to reduce operative mortality and 
morbidity (e.g., pleural drainage). It can be closed by a percuta-
neous intervention weeks or months after adaptation of the 
body to the new hemodynamic condition, particularly if marked 
cyanosis occurs with exercise.

Complications after the Fontan operation are common and 
relate to the increased systemic venous pressure and chronic low 
cardiac output. After surgery, there are clinically important 
early and late adverse outcomes, including mortality, exercise 
intolerance, ventricular dysfunction, rhythm and conduction 
abnormalities, hepatomegaly with secondary liver dysfunction, 
and potential for development of liver fibrosis or cirrhosis and 
adenocarcinoma, lymphatic dysfunction, protein‐losing enter-
opathy, plastic bronchitis, thrombus formation, ascites, and 
peripheral edema.

(a) (b) (c) (d)

Figure 29.5  Different modifications of the Fontan operation. (a) Original Fontan operation with valve graft from right atrium to hypoplastic right 
ventricle connecting to the pulmonary artery. (b) Atriopulmonary connection. The right atrium is connected to the pulmonary artery. (c) Total 
cavopulmonary connection with intra‐atrial tunnel. (d) Total cavopulmonary connection with extracardiac conduit.
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Imaging

Before scanning a patient who has undergone a Fontan oper-
ation, it is essential to first review the underlying cardiac 
anatomy and previous surgical history. The ventricular mor-
phology (see Chapter  28) needs to be known as this influ-
ences measurements and interpretation of functional 
information. It is essential to be aware of the type of Fontan 
connection as well as any additional cardiac procedures 
before starting to scan. This includes information on previous 
arch surgery, the presence of a Damus–Kaye–Stansel (DKS) 
connection, previous valve surgery, type of previous shunt if 
performed (modified Blalock–Taussig shunt or other), inter-
ventions on the pulmonary arteries (e.g., patch arterioplasty, 
balloon dilatation, stent implantation), and interventions on 
the pulmonary veins. Additionally, the echocardiographer 
should know the clinical indication for the scan and the 
patient’s current clinical status, including absence or presence 
of symptoms and any specific clinical concerns. Some issues 
such as residual cyanosis, ascites, protein‐losing enteropathy, 
or other signs of Fontan failure may require specific image 
acquisition as detailed later. Access to previously performed 
imaging studies greatly facilitates interpretation of findings 
and detection of changes. Comparison between studies should 
be easy and should be routine in the review process. To facili-
tate this comparison, digital storage of clips and usage of stan-
dard scanning protocols is highly recommended. As these 
patients have frequently undergone multiple surgeries, 
acoustic windows may be challenging, especially with 
increasing age.

Assessment of Fontan connections, pulmonary 
arteries, and pulmonary veins
Typically, it is recommended to begin the scan with subxiphoid 
imaging. Coronal or subxiphoid sagittal views in particular 
allow for visualization of the IVC and its connection to the 
Fontan baffle. Color flow imaging and pulsed‐wave Doppler 
tracings in this view are used to assess for obstruction 
(Figure 29.6, Videos 29.1–29.6). The IVC and hepatic veins are 
typically dilated and spontaneous contrast is often noted. Flow 
velocities should be low (generally <20–30 cm/s). For pulsed‐
wave Doppler assessment, the sweep speed should be reduced in 
order to record flow throughout the respiratory cycle. Normally 
a low‐velocity continuous systolic and diastolic flow pattern is 
detected (Figure 29.7). Usually, the flow increases with inspira-
tion and decreases with expiration. The presence of respiratory 
variation suggests that intrathoracic pressure changes are well 
transmitted in the Fontan conduit, a sign that the Fontan con-
nections are unobstructed. Absence of respiratory variation or 
the presence of reverse flow in the cardiac cycle is abnormal. 
Retrograde flow during systole may be seen in the setting of AV 
valve regurgitation or be due to the presence of significant com-
petitive collateral flow. Flow reversal during diastole may be 
present in failing Fontan circulation or in the presence of atrial 
arrhythmia (increased pressure in the Fontan circuit). Lack of 
respiratory variation should raise suspicion of Fontan pathway 
obstruction. In the intra‐atrial tunnel or an extracardiac con-
duit, the connection between the IVC may be well visualized 
using subxiphoid long‐ and short‐axis sweeps. Subxiphoid, 
apical, and parasternal views are combined to assess the Fontan 
baffle (Figures  29.8–29.10). This assessment includes looking 
for tunnel dilation, presence of clots, and residual fenestration 
or baffle leaks (Videos 29.1–29.10). If a fenestration is present, a 
pulsed Doppler tracing of the fenestration flow should be 
acquired (Figure  29.11). An estimate of the pressure gradient 
between the systemic and pulmonary venous chambers can be 
determined by obtaining the mean gradient across the fenestra-
tion (transpulmonary gradient). If the fenestration has been 
closed with a device, the position of the device should be evalu-
ated as well as the presence of a residual shunt.

The superior connection between the tunnel/conduit and 
the pulmonary arteries is often difficult to image. The apical, 
parasternal long‐axis, and particularly the suprasternal views 
are helpful in visualizing this region (Videos 29.11–29.13). 
Typically, the atriopulmonary connection results in progres-
sive, marked atrial dilation with low flow velocities, spontaneous 
contrast, and potential for thrombus formation. Other types  
of connections involving valved conduits should be carefully 
inspected for valve dysfunction (especially stenosis) and 
thrombus formation. Color flow using low Nyquist settings 
should be used to visualize the surgical anastomosis sites of  
the Fontan connections. In the case of obstruction, the flow 
pattern in the baffle becomes continuous throughout the 
respiratory cycle as the gradient can persist during expiration. 

Key elements

•  Assessment of the Fontan pathway:
○○ Presence of fenestration and transfenestration mean gradient
○○ Presence of thrombus in Fontan pathway
○○ Obstruction of Fontan connections

•  Assessment of the pulmonary venous chamber:
○○ Document unrestricted atrial communication
○○ Assess for pulmonary venous obstruction

•  Assessment of AV valve function:
○○ AV valve regurgitation: severity grade and mechanism
○○ AV valve stenosis: mean inflow gradient

•  Assessment of single ventricular function:
○○ Ventricular size measurements
○○ Systolic performance

•  Assessment of outflow tracts, semilunar valve(s), ascending aorta, and 
aortic arch:

○○ Determine semilunar valve competency
○○ Assess for outflow obstruction to aorta
○○ Assess the DKS connection
○○ Assess for residual or recurrent arch obstruction

•  Assessment of branch pulmonary arteries:
○○ Determine narrowing, stenosis, and competitive flow



622 Part V  Miscellaneous Cardiovascular Lesions

If transthoracic imaging is insufficient, transesophageal echo-
cardiography (TEE) may provide better imaging of the conduit, 
tunnel, or atrium.

In patients with a lateral tunnel or extracardiac‐type Fontan 
connection, it is imperative to evaluate the connection bet-
ween the SVC and the RPA (Glenn anastomosis) (Figure 29.12, 
Video 29.11). This area is best visualized from the suprasternal 
frontal view. In this view, the flow into the branch pulmonary 
arteries may be imaged although adequate imaging is chal-

lenging in older patients. The flow pattern in the SVC resem-
bles that in the IVC with increased flow with inspiration and 
decreased flow with expiration. If flow acceleration is noted at 
the anastomosis site, a pulsed Doppler tracing can be obtained 
and mean gradient calculated. Thrombus may be present in 
the SVC or the innominate vein, especially if a central line is 
present. In case of bilateral superior venae cavae, both anasto-
motic connections should be visualized. Generally, the left 
SVC is smaller than the right, and obstruction of the left‐sided 

Extracardiac
conduit (ECC)

IVC

IVC

ECC

PA

(a) (b)

Figure 29.6  The connection between the inferior vena cava (IVC) and the extracardiac conduit (ECC). (a) The connection between the IVC and the EEC 
is demonstrated from a subxiphoid long‐axis view. The IVC is dilated. The IVC–ECC connection is widely patent as seen by 2D imaging. (b) Subxiphoid 
“bicaval” view demonstrating the extracardiac Fontan connection going up to the pulmonary artery (PA).

Inspiration Expiration

Forward flow No flow

Figure 29.7  Flow in the hepatic vein–inferior vena cava (IVC) junction. The increase in flow during inspiration and almost absent flow during expiration 
can be demonstrated on the pulsed‐wave Doppler tracing. The presence of respiratory variation in the hepatic and IVC flows suggests the presence of an 
unobstructed connection.
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Figure 29.10  Dilated lateral tunnel. This patient has an intra‐atrial tunnel Fontan‐type connection. The apical four‐ (a) and two‐chamber (b) views 
demonstrate the dilated atrial tunnel.

anastomosis is more common. However, the size and relative 
flow rates in the superior venae cavae vary. Also, it is worth 
noting that the PA segment between the right and left cavopul-
monary anastomoses may become hypoplastic over time 
because it receives little flow.

The branch pulmonary arteries are also best visualized using 
suprasternal and high parasternal views (Figures  29.12 
and 29.13, Videos 29.12 and 29.13). The proximal RPA is visual-
ized from the suprasternal frontal view. When rotating the 
transducer into a sagittal (arch) view, the left pulmonary artery 
(LPA) may be seen coursing toward the left hilum. Pulsed 
Doppler tracings in both pulmonary arteries are recorded to 
evaluate the flow pattern. If stenosis is present, a continuous 
flow pattern with an elevated mean gradient is seen. If a PA stent 

is present, the metal frame often causes shadowing and rever-
berations, which can make it difficult to demonstrate flow. 
Color flow seen distal to the stent is reassuring. Flow reversal in 
the branch pulmonary arteries suggests increased PVR or the 
presence of competitive flow from significant aortopulmonary 
collaterals.

The pulmonary veins should also be interrogated after the 
Fontan procedure. Due to the position of the lateral tunnel and 

IVC

ECC
Thrombus

Figure 29.8  This image was obtained in a Fontan patient a few days after 
his Fontan completion. This subxiphoid long‐axis view demonstrates the 
presence of a large thrombus in the extracardiac conduit (ECC). This was 
confirmed by urgent cardiac catheterization. IVC, inferior vena cava.

ECC

PA

Figure 29.9  Suprasternal view to image the Fontan connection. In this 
suprasternal view the connection between the Fontan conduit (ECC) and 
the pulmonary artery (PA) can be demonstrated with the flow from the 
conduit unobstructed to the PA.
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the extracardiac conduit close to the right upper and lower 
pulmonary veins, this can cause compression on the veins 
(Videos 29.14 and 29.15). Significant dilatation of the lateral 
tunnel or the right atrium may cause compression of the 
pulmonary veins (Figure  29.14, Video 29.16). Pulmonary 
venous obstruction in a Fontan circuit can be difficult to detect 
by echocardiography and may require additional imaging by 
cardiac CT, MRI, or cardiac catheterization.

Assessment of atrioventricular valve function
Careful evaluation of the AV valves is performed in every 
Fontan patient. Significant AV valve regurgitation is associated 
with morbidity and mortality in this patient population.

AV valve regurgitation is a common problem after the Fontan 
operation, particularly in the presence of a common AV valve or 
a dominant tricuspid valve. Echocardiographic assessment 
includes evaluation of the severity of AV valve regurgitation as 

Mean gradient = 12 mmHgECC

Atrium

ECC

Atrium

(a) (b) (c)

Figure 29.11  Fenestration in an extracardiac conduit (ECC). (a) The long‐axis view of the conduit with the small fenestration as seen on color Doppler. 
(b) The fenestration in a short‐axis cut through the conduit. The arrows point to the fenestration. (c) The spectral Doppler tracing measuring a mean 
gradient of 12 mmHg. This reflects the transpulmonary gradient (pressure difference between the Fontan and the atrium).

SVC

RPA

LPA

Flow in SVC

Figure 29.12  This suprasternal view demonstrates the connection between the superior vena cava (SVC) and the left and right pulmonary arteries (LPA 
and RPA). The flow is laminar into good‐sized pulmonary arteries with low‐velocity flow as shown on spectral Doppler.
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Right lower pulmonary vein mean gradient = 5 mmHg

Dilated RA
LA

Figure 29.14  This patient has an atriopulmonary connection with important dilation of the right atrium (RA), causing compression on the right upper 
pulmonary vein (arrows) with turbulent flow in the pulmonary vein and a mean gradient of 4–5 mmHg. LA, left atrium. Source: Courtesy of Dr. F. 
Meijboom.

Aorta

Inn vein

LPA

Inn vein

Aorta

LPA

Figure 29.13  The suprasternal view is generally a good window to image the left pulmonary artery (LPA). On this view it is imaged below the aorta with 
laminar flow. In patients after aortic arch reconstruction, the LPA can be compressed by the enlarged aorta given their close spatial relationship. Inn vein, 
innominate vein.
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well as identification of the mechanism (Figure  29.15, Videos 
29.17 and 29.18). Assessment of the severity of regurgitation is 
largely based on qualitative assessment using color flow. 
Different imaging planes should be used for assessing the size of 
the regurgitant jet in three dimensions. The jet width at the level 
of the leaflets generally is a good indicator of the severity of the 
regurgitation. Jet width assessment becomes more challenging 
when multiple jets are present. A combination of jet width, jet 
area, and jet length into the atrium generally allows for subjective 
assessment as mild, moderate, or severe. If more than mild, 
identifying the mechanism of regurgitation becomes important. 
Common mechanisms for regurgitation are valve dysplasia 
(e.g., thickened leaflets), leaflet(s) prolapse, restricted leaflet 

motion due to abnormal tethering, papillary muscle splaying 
associated with ventricular dilation, and annular dilation [29]. 
Describing the mechanisms of regurgitation requires scanning 
the valve in multiple planes. Three‐dimensional echocardiog-
raphy may provide additional information on the AV valve in a 
FSV [30]. Further improvements in spatial and temporal resolu-
tions of this technique as well as further refinement in imaging 
processing will allow better definition of leaflet abnormalities 
and a more detailed description of the subvalvar apparatus.

After valve repair, careful follow‐up of the surgical result is 
required. In case of prosthetic valve insertion, evaluation of 
prosthetic valve function is essential (Figure 29.16, Video 29.18). 
Perivalvar leaks can be present and should be distinguished 

Atrium

Ventricle

Figure 29.15  Common atrioventricular (AV) valve regurgitation in a patient with unbalanced AV septal defect after Fontan surgery. The color Doppler 
image obtained from the apical four‐chamber view shows two jets of valve regurgitation resulting in both atrial and ventricular dilation.

Atrium

Ventricle

Mean gradient = 12 – 14 mmHg

Figure 29.16  A Fontan patient with a prosthetic atrioventricular (AV) valve (the same patient as in Figure 29.15 after valve replacement). He underwent 
insertion of a metallic prosthetic AV valve that unfortunately quickly developed a significant inflow gradient, despite adequate anticoagulation levels. The 
mean gradient was measured between 12 and 14 mmHg. The arrows point to the leaflets of the prosthetic valve.
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from regurgitation related to deficient prosthetic valve function. 
The low flow profile through the prosthetic valve makes it theo-
retically more prone to valve thrombosis. After valve repair, 
close monitoring of FSV function is paramount. The long‐term 
outcome of patients undergoing AV valve repair in the context 
of FSV palliation is worse than that for case‐matched patients 
not requiring valve surgery [31].

AV valve stenosis is rare but can be present after valve repair 
or prosthetic valve replacement. Inflow through the valve(s) is 
assessed using color flow and pulsed‐wave Doppler from the 
apical views. When a gradient is present, continuous‐wave 
Doppler should be obtained as aliasing may occur. The mean 
gradient should be calculated throughout the respiratory cycle 
and should be measured in at least three cardiac cycles. For 
prosthetic valves, a certain low mean gradient is common and 
known for the specific valve types. If significant regurgitation is 
present, the mean inflow gradient may be overestimated due to 
increased flow. Documentation of serial gradients is key for this 
purpose.

Assessment of outflow tracts, ascending aorta, 
and aortic arch
In FSV, the outflow tract from the dominant ventricle connects 
the ventricle to the aorta. Outflow tract obstruction, if present, 
causes chronic pressure loading with secondary concentric 
hypertrophy, which is detrimental for the long‐term preserva-
tion of ventricular function. It can further limit the output from 
the single ventricle and will result in progressive ventricular 
hypertrophy that could be detrimental for diastolic function. 
Any type of outflow obstruction is thus detrimental for a 
Fontan patient and must be detected early. The mechanism 
causing outflow tract obstruction is most commonly subvalvar. 
As described in detail in Chapter 28, a typical example is dou-
ble‐inlet left ventricle with transposition of the great arteries 
where the ventricular septal defect (VSD) to the infundibular 
outlet chamber may become restrictive and thus cause subaor-
tic obstruction. In patients at risk for this type of obstruction, 
typically a DKS procedure connecting both outflow tracts to 
the aorta is performed. Detailed imaging of the outflow tracts is 
an essential part of the echocardiographic examination in all 
Fontan patients, especially in those who did not undergo a DKS 
procedure to ensure unobstructed flow (Video 29.19). Different 
acoustic windows (subxiphoid, apical, and parasternal long‐
axis views) can be used to image the outflow tracts. Color 
Doppler, pulsed‐wave, and continuous‐wave Doppler traces are 
obtained with particular attention to optimal alignment of the 
ultrasound beam with the outflow tract. The peak and mean 
gradients should be measured. If a gradient is detected, the 
location of and the mechanism(s) causing the gradient should 
be defined. This can include subaortic obstruction due to a 
restrictive VSD, a membranous/fibrous ring, or valvar obstruc-
tion. The DKS connection between the ascending aorta and 
previous pulmonary trunk is imaged. Obstruction at the DKS 

anastomosis can compromise coronary artery blood flow 
resulting in ischemia and ventricular dysfunction. Semilunar 
valve function should also be evaluated. When the pulmonary 
valve is assigned to the aortic position (neoaorta), regurgitation 
is prevalent. A DKS connection can distort one or both 
semilunar valves and cause regurgitation. Fortunately, impor-
tant semilunar valve regurgitation is unusual in FSV.

Assessment of the aortic/neoaortic root includes measure-
ments of root size and shape. The ascending aorta is imaged 
from the parasternal and suprasternal views and the largest 
diameter is measured in systole. After extensive aortic recon-
struction, progressive dilation of the aortic root and ascending 
aorta has been described, resulting in aneurysm formation that 
requires reintervention.

In patients who underwent aortic arch reconstruction or 
coarctation surgery, assessment for residual arch obstruction is 
essential. Residual arch obstruction and coarctation of the aorta 
cause arterial hypertension and a significant increase in after-
load to the FSV. Even a mild gradient across the aortic arch can 
result in ventricular dysfunction and affect long‐term diastolic 
dysfunction. The suprasternal window is best to image the arch. 
Color Doppler and continuous‐wave Doppler are used to assess 
the peak gradient across the arch and the descending aorta. In a 
reconstructed arch, the proximal arch gradient should be incor-
porated into the Bernoulli equation to achieve the most accurate 
arch gradient. In adult patients, the aortic arch can be difficult to 
image. A good alternative for ruling out residual arch obstruc-
tion is obtaining a pulsed‐wave Doppler tracing of the abdom-
inal aorta from the subxiphoid views. The absence of significant 
diastolic anterograde flow in the abdominal aorta rules out 
significant residual arch obstruction.

Assessment of single ventricular function
One of the most challenging parts of the echocardiogram in 
patients after the Fontan procedure is the assessment of ventric-
ular function. Application of standard methods of assessment of 
the normal LV to the FSV poses a significant challenge, mainly 
related to variability in morphology and loading conditions. 
Assessment of ventricular function requires assessment of both 
systolic and diastolic function.

Systolic performance
The most widespread technique used to assess systolic ven-
tricular function in patients after the Fontan operation is 
subjective assessment or “eyeball technique.” Most echocardi-
ography laboratories report ventricular function to be normal, 
mildly, moderately, or severely reduced based on subjective 
evaluation without any quantification. In two studies the 
qualitative assessment of FSV function was compared with 
MRI measurements of ejection fraction [32,33]. The studies 
looked at the reliability (intra‐ and interobserver variabilities) 
as well as the accuracy (agreement between echocardio-
graphic assessment and cardiac MRI quantification) of the 
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assessment. The reproducibility of qualitative assessment was 
found to be moderate for LV morphology but weak for RV 
morphology. Also, the agreement between qualitative 
assessment by echocardiography and quantitative assessment 
by cardiac MRI was weak. Both studies found that image 
quality and reader’s experience influenced the results. Notably, 
the discrepancy was more pronounced in the mild‐to‐
moderate range of FSV dysfunction. This is not surprising as 
most readers are able to diagnose patients at both extremes of 
the spectrum with either severely reduced function or a com-
pletely normal ejection fraction. However, these observations 
highlight the importance of a quantitative approach to 
functional assessment of the FSV.

Quantitative approaches have been proposed and evaluated. 
A multicenter cohort study of the Fontan population used a 
modified biplane Simpson method to quantify FSV volumes and 
ejection fraction [33]. The reproducibility of this method was 
found to be good between the core echocardiography laboratory 
readers evaluating the studies, with better agreement for the LV 
than for the RV measurements. The agreement between echo-
cardiographic and MRI quantitative assessments was weak, 
however, with systematic underestimation of FSV volumes by 
echocardiography. This is probably related to the different 
geometry of FSV when applying the Simpson formula or area–
length method. Each laboratory should determine a standard 
approach for quantifying LV and RV systolic performance 
allowing for quantitative serial follow‐up in the same patient. 
For a single LV, the biplane Simpson approach could be used in 
most cases. For a single RV, ejection fraction calculation based 
on standard formulas is not generally used in clinical practice. A 
good alternative is the calculation of fractional area change from 
an apical four‐chamber view. This method correlates well with 
RV ejection fraction but requires good‐quality images, which 

may be challenging in adults (Figure 29.17). Recently, 3D echo-
cardiography has been proposed as a good alternative technique 
for evaluating FSV volumes and ejection fraction. The method 
of summation of disks shows good reproducibility and accu-
racy  [34]. However, it has recently been replaced by semi‐
automated (for the RV) or automated border detection and 
volumetric analysis. However, these analytical packages have 
been validated in biventricular hearts but not in FSV  [12]. A 
major challenge with 3D echocardiography is that it can be very 
difficult to acquire a full volume of the entire FSV at reasonable 
frame rates; moreover, the anterior wall segments can be 
extremely difficult to visualize due to their anterior position in 
the chest just behind the sternum. This challenge increases in 
older children and in adult patients with a larger body size and 
more restricted acoustic windows.

Since volumetric data are difficult to obtain in FSV, 
alternative nongeometric methods have been proposed. Using 
blood pool Doppler signals, dP/dt can be calculated. This pre-
load‐sensitive method is based on a valve regurgitation jet or 
by using a modified method based on measurement of the 
isovolumetric contraction time (IVCT) and aortic diastolic 
blood pressure and assuming FSV end‐diastolic pressure of 
5 mmHg [35]. The regurgitation method requires the presence 
of at least a mild‐to‐moderate amount of regurgitation in 
order to be able to acquire a reliable Doppler signal, which is 
not possible in every patient. The method based on IVCT 
requires measuring time intervals on the inflow tracing and 
the outflow tracing, which requires that there is no change in 
heart rate between the two traces. An additional problem with 
this method is that the assumption about the end‐diastolic 
pressure may be inaccurate. The reproducibility of dP/dt 
measurements was reported as being high but the value of dP/
dt correlates only weakly with MRI‐based measurement of 

RVED area = 402cm
RVES area = 262cm
RV FAC = 35% 

Figure 29.17  Quantification of single ventricular function. From an apical four‐chamber view, fractional area change (FAC) can be measured by tracing 
the end‐diastolic (RVED) and end‐systolic (RVES) area and calculating the FAC, which in this patient was 35%.
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ejection fraction [35]. An alternative nongeometric Doppler‐
based method is the myocardial performance index (MPI) or 
Tei index. This combined systolic–diastolic index of ventric-
ular performance is calculated as:

MPI IVRT IVCT ET/ 	

where IVRT is isovolumetric relaxation time and ET is ejection 
fraction. The index can be measured based on blood pool data 
(inflow and outflow) or tissue Doppler tracings. Tissue Doppler 
has the advantage that the measurement can be performed on 
the same cardiac cycle  [35,36]. The reproducibility of this 
method has been moderate. In Fontan patients, MPI has been 
reported to be prolonged but the degree of prolongation does 
not correlate with ejection fraction as measured by MRI. MPI is 
preload and afterload sensitive and this may affect its clinical 
utility [37]. A potentially more attractive concept is the ratio of 
systolic‐to‐diastolic duration (S/D ratio) [38]. This measurement 
requires an AV valve regurgitation jet and measuring the dura-
tion of the regurgitation jet as the systolic duration and the 
inflow duration as the diastolic duration (Figure 29.18). When 
ventricular dysfunction develops, systolic duration prolongs, 
shortening diastolic inflow duration. In severe dysfunction, the 
heart spends most of the time in systole with only a short time 
in diastole, limiting diastolic filling. In normal children, the S/D 
ratio varies between 0.4 and 1.6 and is largely determined by 
heart rate [39]. In patients with hypoplastic left heart syndrome 
the S/D ratio has been shown to be elevated and higher in 
patients with RV dysfunction compared to patients with normal 

RV function [38]. However, when corrected for heart rate, the 
values were shown to be in the normal range [36]. More recent 
data in adult Fontan patients indicate that the S/D ratio relates 
to clinical outcomes and to filling pressures obtained by cardiac 
catheterization  [40,41]. The use of nongeometric Doppler‐
derived timing parameters requires further investigation and 
currently is not part of routine clinical scans.

Tissue Doppler velocities can also be used in Fontan patients. 
Pulsed‐wave tissue Doppler traces are relatively easy to obtain 
and are generally highly reproducible. For systolic function 
assessment, S′ velocity obtained in the lateral AV valve annuli is 
obtained and the peak systolic velocity (S′) is measured. As for 
other methods, S′ velocity is dependent on ventricular size, pre-
load, and afterload and is also influenced by AV valve regurgita-
tion. In the Fontan population, no correlation has been found 
between S′ velocity and ejection fraction as measured by cardiac 
MRI  [35]. S′ is a local parameter of myocardial function 
reflecting longitudinal contraction in the basal part of the ven-
tricle. Thus, regional myocardial dysfunction may be present in 
other areas, which can contribute to the lack of correlation. In 
serial follow‐up studies, a reduction in S′ suggests a reduction in 
ventricular longitudinal function, which may warrant further 
investigation. The load dependency of tissue Doppler velocities 
may be overcome by measuring the acceleration of the tissue 
Doppler spike present during the isovolumic contraction period 
(isovolumic acceleration (IVA)). During this period, active force 
is developed in the myofibers resulting in a shape change in the 
ventricle just prior to ejection. IVA appears to be a relatively 

Mean gradient = 2 – 3 mmHg
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Figure 29.18  Assessment of S/D ratio. A continuous‐wave Doppler tracing is obtained through the tricuspid valve inflow capturing the regurgitant jet. 
Systolic duration is measured from the duration of the tricuspid jet (blue color line). Diastolic duration is measured from the tricuspid inflow (yellow 
color line). The S/D ratio is calculated and was found to be normal in this patient. With progressive dysfunction, typically systolic duration increases and 
diastolic duration decreases, resulting in an increased S/D ratio.
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load‐independent measurement of cardiac contractility. It is 
however highly heart rate dependent and difficult to measure.

Most recently, the introduction of speckle‐tracking tech-
nology has allowed the calculation of myocardial deformation 
or strain imaging in Fontan patients (Videos 29.20 and 
29.21)  [42]. This method was validated against myocardial 
strain measurements as obtained by MRI‐based myocardial 
tagging [43]. Similar to other methods of functional assessment, 
strain measurements depend on loading conditions. Increased 
preload will increase myocardial deformation; increased after-
load will result in decreased myocardial deformation. Presently, 
there is limited information on the clinical use of strain imaging 
in the Fontan population and its implementation in clinical 
practice. For the single LV, global longitudinal strain measure-
ments can be obtained from the apical views while, for the 
single RV, the apical four‐chamber view can be used 
(Figure  29.19). Typically for single LV, longitudinal strain 
values are within normal range, albeit often in the lower normal 
range  [44]. For the RV, a single apical view can be used and 
traced. Values for RV strain are typically slightly lower than 
those for LV strain. Some groups have suggested adding short‐
axis circumferential strain to the evaluation of the single RV 
given that it appears to have more circumferential shortening 

compared to the normal RV. However, this methodology is 
difficult to standardize and has not been widely applied in 
clinical practice. The advantage of strain imaging is that is a 
highly reproducible method that can be applied in the serial 
follow‐up of patients, allowing for a quantitative serial moni-
toring of cardiac function [45,46]. An additional application is 
that strain can be used to detect mechanical dyssynchrony as a 
potential mechanism that contributes to development of ven-
tricular dysfunction. Dyssynchrony has been demonstrated to 
be present in about 10% of adult Fontan patients  [47]. The 
presence of the classic dyssynchrony pattern can be easily rec-
ognized with early activation in one area, contralateral stretch-
ing, and late contraction in the opposing segments. Patients 
with classic pattern dyssynchrony, wide QRS duration, and 
ventricular dysfunction may benefit from resynchronization 
therapy (Videos 29.20 and 29.21) [48,49].

Diastolic performance
The development of diastolic dysfunction is probably one of the 
most important ventricular problems after Fontan palliation. 
Diastolic dysfunction has been shown to be highly prevalent 
with 72% of Fontan patients having diastolic abnormalities in a 
large cohort study [9]. The study proposed a grading system for 

Mean RV 
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strain = –21

Peak systolic strain

GS = – 18.3%
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Figure 29.19  Strain measurements in the single right ventricle using speckle‐tracking echocardiography. From an apical four‐chamber view, longitudinal 
strain can be estimated. The mean RV lateral wall strain values are around –21%, within normal range for a systemic RV.
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A-vel = 0.37 m/s

S-vel = 0.33 m/s

D-vel = 0.66 m/s

S′ = 5 cm/s

E′ = 7 cm/s
A′ = 4 cm/s

L′-wave

E/e′ ratio = 17
E-velocity = 1.2 m/s

A-velocity = 0.8 m/s

E/A ratio = 1.5

Figure 29.20  Diastolic function assessment in a patient with hypoplastic left heart syndrome after Fontan. The tricuspid inflow has increased E‐velocity 
and high A‐velocity with normal E/A ratio. The tissue Doppler tracing demonstrates low tissue Doppler velocities in the lateral tricuspid annulus. This is a 
common finding in postoperative patients. E′‐velocity is higher than A′‐velocity with mid‐diastolic wave (L′‐wave). This possibly suggests some delay in 
right ventricle (RV) relaxation with mid‐diastolic motion. The E/E′ ratio is high but is not very useful in postoperative patients as E′‐velocities are often 
reduced, possibly because of tethering of the RV base related to adhesions. The pulmonary vein tracing demonstrates high diastolic flow and somewhat 
reduced systolic flow with prominent A‐wave reversals. This demonstrates that interpretation of the conventional diastolic parameters is extremely 
difficult in Fontan patients. The normal S/D ratio in this patient suggested normal filling pressure.

diastolic dysfunction with normal diastolic function defined as 
the ratio between the peak Doppler velocities of the early and 
atrial phases of AV valve inflow (E/A ratio) between 1 and 2, 
deceleration time (DT) of the AV valve inflow E wave ≥140 ms, 
and E/E′ ≤10. Impaired relaxation was defined as E/A ratio <1. 
Pseudo‐normalization was identified when the E/A ratio was 
between 1 and 2 but DT <140 ms or E/E′>10 or flow propaga-
tion (FP) by color Doppler M‐mode <55 cm/s. Restrictive phys-
iology was based on E/A ratio >2. Importantly, this grading 
system was extrapolated from adult data and has not been vali-
dated against invasive pressure data in pediatric or adult Fontan 
patients. No associations were found between this classification 
and clinical parameters, suggesting this approach may not be of 

clinical value. Invasive studies trying to correlate diastolic mea-
surements with invasive pressure measurements could not dem-
onstrate clinically useful associations. It worth noting that most 
if not all echocardiographic parameters of diastolic function 
such as AV valve inflow, pulmonary venous flow, and tissue 
Doppler are influenced by heart rate, loading conditions, AV 
valve size and function, and FSV systolic function (Figure 29.20).

In the aging Fontan population, progressive decrease in ven-
tricular compliance and increased end‐diastolic pressure are 
often observed [46]. This is difficult to detect using noninvasive 
methods. In the adult population with a biventricular circulation 
E/E′ has been proposed as a useful parameter for identifying 
patients with increased filling pressures. In patients with FSV, the 
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use of the E/E′ ratio is problematic because E velocity is influ-
enced by AV valve size and E′ velocity is often preserved. 
Although diastolic dysfunction can be a primary cause of Fontan 
failure, current echocardiography techniques are not able to 
identify these patients based on currently established criteria. 
The diagnosis can even be challenging in the catheterization lab-
oratory as filling pressures are highly dependent upon intravas-
cular fluid status. Identification of FSV patients with reduced 
compliance is one of the remaining challenges in congenital car-
diology. It is hoped that methods will soon be developed to pro-
vide information on tissue characteristics such as MRI‐based 
T1 mapping for assessment of diffuse fibrosis or myocardial stiff-
ness measurements based on ultrafast ultrasound.

Conclusion

Echocardiographic imaging in patients after the Fontan opera-
tion remains a significant challenge. It requires comprehensive 
understanding of the underlying complex morphology, the sur-
gical techniques, and the unique physiology of the Fontan 
circulation. Although echocardiography is the standard routine 
follow‐up technique, patients with Fontan failure or suspected 
complications will likely require additional imaging by MRI, 
CT, or angiography.

Videos

To access the video clips for this chapter, please go to wiley.com/
go/lai‐echo3.

Video 29.1 Connection between the inferior vena cava (IVC) and the 
extracardiac conduit. The connection between the IVC and the con-
duit is nicely demonstrated from a subxiphoid view by 2D imaging.

Video 29.2 Subxiphoid transhepatic view of an extracardiac con-
duit. In this view the conduit can be seen from inferior vena cava to 
the pulmonary artery.

Video 29.3 Lateral tunnel Fontan as seen from a subxiphoid view in 2D 
and color. The lateral tunnel is dilated. There is laminar flow with some 
flow acceleration on the tunnel to pulmonary artery connection.

Video 29.4 Lateral tunnel Fontan to pulmonary artery (PA) con-
nection. This is a suprasternal view of the connection between the 
lateral tunnel and the PA. The flow going upwards (red) into the PA 
can be seen.

Video 29.5 Large thrombus in an extracardiac conduit. This was 
detected a few days after the Fontan operation. Notice the large clot 
in the conduit. There is spontaneous contrast in the inferior vena 
cava.

Video 29.6 Clot in a patient with a right atrium‐to‐pulmonary 
artery connection. This view shows the very large right atrium 
(RA) with spontaneous contrast and a large clot attached to the 
RA wall.

Video 29.7 Fenestration in an extracardiac conduit as seen from a 
long‐axis view. Notice the small fenestration between the extracar-
diac conduit and the atrium.

Video 29.8 Fenestration in an extracardiac conduit as seen from a 
short‐axis view. Notice the small fenestration between the extracar-
diac conduit and the atrium. This view provides the best alignment 
to obtain pulsed Doppler.

Video 29.9 Apical view of an extracardiac conduit. From an apical 
four‐chamber view the conduit is typically seen in short axis located 
superior to the right‐sided atrium.

Video 29.10 Apical long‐axis view of an extracardiac conduit. From 
the apical four‐chamber view the probe can be rotated by 90° clock-
wise and moved slightly rightward. This will show the conduit in 
long axis.

Video 29.11 Bidirectional Glenn connection. In this suprasternal 
view the superior vena cava‐to‐right pulmonary artery connection 
is shown. The proximal left pulmonary artery is seen as well.

Video 29.12 Focused view of the right pulmonary artery. In this 
suprasternal view the more distal right pulmonary artery can be 
seen.

Video 29.13 Focused view of the left pulmonary artery (LPA). In 
this suprasternal view the LPA can be seen in a patient after aortic 
arch reconstruction. The dilated aortic arch can be seen in short 
axis superior to the LPA.

Video 29.14 Apical four‐chamber view demonstrating a dilated lat-
eral tunnel. The image demonstrates the enlarged lateral tunnel. 
There is a device closing the fenestration, and a common 
atrioventricular valve.

Video 29.15 Modified apical view to better demonstrate lateral 
tunnel enlargement. The transducer is rotated towards a two‐
chamber view that shows the lateral tunnel enlargement better.

Video 29.16 Dilated right atrium in a patient with an atriopulmo-
nary connection causing compression on the right lower pulmonary 
vein. In this view the very dilated right atrium can be seen with 
compression on the right lower pulmonary vein.

Video 29.17 Atrioventricular (AV) valve regurgitation in a patient 
with unbalanced AV septal defect. This patient underwent valvu-
loplasty during the Fontan surgery but still has severe regurgita-
tion. The ventricle is severely dilated and moderately 
dysfunctional.

Video 29.18 Prosthetic valve in a Fontan patient. This patient 
underwent valve replacement with a metallic prosthetic valve. The 
echo demonstrated good prosthetic valve function.

Video 29.19 Damus–Kaye–Stansel anastomosis in a patient with 
double‐inlet left ventricle with malposed great arteries. In this view 
a wide open anastomosis is demonstrated between the native aorta 
and the original pulmonary outflow. They join together to form the 
ascending aorta.

Video 29.20 Dyssynchrony in a patient with a single ventricle. 
Speckle tracking was used to quantify longitudinal deformation. 
From the images and curves it can be observed that the left lateral 
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wall is being stretched at the time the right lateral wall contracts. 
This causes significant dysfunction of the single ventricle with the 
patient developing symptoms of heart failure.

Video 29.21 Myssynchrony in a patient with a single ventricle. 
Resynchronization therapy resulted in significant improvement in 
global ventricular function and reverse remodeling.

Video 29.22 Y‐graft Fontan connection. A Y‐graft Fontan connec-
tion can be seen with the conduit splitting into a right and left 
pulmonary artery limb.

Video 29.23 Y‐graft Fontan connection seen with color Doppler. 
LPA, left pulmonary artery.
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