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Introduction

The use of cardiac computed tomography (CCT) in 
congenital heart disease (CHD) has enhanced the 
applicability of cross sectional anatomical imaging. CHD 
is arguably the most challenging area of imaging in cardiac 
CT and is ideally performed by those with appropriate 
training and experience. However, when the general 
radiologist is faced with a CHD case, bespoke protocols 
can be formulated for the specific system and indication 
through applying general principles in CT acquisition and 
contrast administration. This article uses the Fontan circuit 
as an example of how CT imaging in complex CHD can be 
approached with reference to our experience in a tertiary 
referral centre. 

Individual modalities have specific attributes for 
assessment of CHD but no single imaging method is 
comprehensive in any given patient. Therefore, referrers 
and cardiac imagers must recognize the limitations of each 

imaging technique and endeavor to use a multi-modality 
approach.

Whilst echocardiography is the most widely used 
imaging modality in CHD, image quality can be suboptimal 
due to poor acoustic windows. There is often the need 
to examine extra cardiac structures and previous surgical 
procedures (1) and anatomy may remain undefined or 
uncertain. 

Catheter cardiac angiography has long been the mainstay 
imaging tool. However as an invasive modality, it has 
a higher complication rate compared with CT (2,3). It 
may require higher doses of contrast medium (2), more 
frequently general anaesthesia (2), often imparts greater 
radiation dose (4,5) and provides limited information on 
the extra vascular structures. It does have the advantage 
of invasive haemodynamic assessment e.g., pressure 
measurements, shunt calculations and oxygen saturations.

MRI is frequently and widely used for the long-term 
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monitoring of complex CHD patients but is contraindicated 
in patients with non-MRI compatible pacemakers and 
devices, which may be present. Additionally, metallic devices 
cause magnetic resonance artefacts. Figure 1 demonstrates 
how significant metallic artefact from a stainless steel coil in 
the ductus arteriosus essentially renders a MRI study non-
diagnostic. 

Whilst ionising radiation is a consideration, modern CT 
scanners have significantly reduced radiation dose which 
in turn reduces the number of invasive catheter studies and 
thus the reduction in overall patient radiation burden (6). 
Importantly, CT can facilitate a more focused approach to 
the catheter angiographic study. 

CCT imaging in the context of CHD requires appropriate 
knowledge of the expected anatomical connections, the 
potentially complex physiology and haemodynamics and 
vitally, the specific clinical question(s) to be answered. This 
is of particular importance in the context of the Fontan 
circuit, which, in the authors’ opinion, presents one of the 
more difficult challenges to cardiac CT and probably one of 
the better examples to illustrate this.

The Fontan circuit

Anatomical review

The Fontan circulation is a series of palliative surgical 
procedures performed in patients with cardiac anomalies 
that preclude achieving a successful bi-ventricular repair 
(Table 1) (7). It results in diversion of systemic venous return 
directly to the pulmonary arteries, without passing through 

a ventricle resulting in a single ventricular physiology. 
The procedure was proposed by Francois Fontan and 

Eugene Baudet in 1971 for tricuspid atresia but has since 
undergone several revisions (8). The initial circuit involved 
a classical Glenn shunt between the superior vena cava 
(SVC) and right pulmonary artery (RPA). The SVC was 
ligated at the SVC/right atrium (RA) confluence with 
division of the RPA from the main pulmonary artery (MPA) 
bifurcation (7). A connection between the RA and MPA was 
formed to complete a bypass of the ventricle (7). There have 
been several modifications of this technique, collectively 
known as the atriopulmonary Fontan (Figure 2) (9). 

Due to the emergence of late complications, the 
atriopulmonary circuit technique has been modified 
by a bidirectional Glenn (SVC to RPA shunt with the 
anastomosis formed to direct flow to the RPA and LPA) 
followed by channelling of blood from the inferior vena 
cava (IVC) to the RPA via a baffle within the RA [total 
cavo-pulmonary connection (TCPC) or lateral tunnel] or 
an extra cardiac prosthetic conduit connecting IVC to PA 
(Figure 3). Note if the IVC or SVC were to be left-sided, a 
left-sided connection to the pulmonary arteries is required.

CT contrast haemodynamics

In terms of contrast haemodynamics in a Fontan circuit, 
peripheral venous contrast injection in the right arm 
enter the SVC, then to the pulmonary arteries, typically 
opacifying the RPA more than the LPA (with a right SVC). 
This then opacifies the right pulmonary veins first with 
relatively delayed left pulmonary venous opacification 
(Figure 4A). After flowing through the pulmonary veins and 
the systemic ventricle to the systemic arterial circulation, 
contrast returns from the lower body via the IVC (Figure 4B)  
to the RPA anastomosis with flow preferentially directed 
towards the LPA. Contrast is also recirculated via the SVC. 
Thus knowledge of the underlying anatomy informs the 
timing of the CT to answer the posed clinical question and 

Table 1 Conditions precluding a successful biventricular repair

Tricuspid atresia

Pulmonary atresia with intact ventricular septum

Mitral atresia

Hypoplastic left heart syndrome

Various univentricular hearts

Figure 1 Metallic artefact from a stainless steel coil in the ductus 
arteriosus (white arrow) resulting in a non-diagnostic CMR study.
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Figure 2 Volume rendered computed tomography (CT) of original Fontan circuit—the atriopulmonary connection. The right atrial auricle 
is anastomosed to the pulmonary artery (white arrows). The tricuspid valve is sealed, allowing blood to flow directly from the right atrium (RA) 
to the pulmonary circuit. 

Figure 3 Coronal computed tomography (CT) demonstrating 
an extra-cardiac Fontan with a prosthetic conduit connecting the 
inferior vena cava (IVC) to the pulmonary arteries (red arrow). 
The conduit usually has a fenestration to the right atrium (RA). 
The SVC is anastomosed to the right pulmonary artery (RPA) 
(white arrow). 

Figure 4 Cardiac MR angiogram with early (A) and late (B) 
phase acquisitions. (A) Contrast flows down the right sided SVC 
to preferentially fill the right pulmonary artery (RPA). There 
is unilateral opacification of the right pulmonary veins (red 
star). After contrast has circulated and returns to the heart via 
the inferior vena cava (IVC) (B), it preferentially fills the left 
pulmonary artery.

A B

avoid an inadequate examination.
The intravenous contrast administration protocol 

(contrast flux and length of bolus), field of view and timing 
of the CCT scan will vary depending on the clinical 
question. The implications of renal dysfunction are beyond 

the scope of this paper. 
Common problems encountered are:
(I) Suboptimal anatomical opacification—not enough 

contrast, wrong timing, wrong anatomy opacified;
(II) Pseudothrombus or pseudoembolism—caused by 
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mixing of unopacified with opacified blood as a 
consequence of timing and haemodynamics;

(III) Insufficiently imaged field of view. 

Principles in contrast administration and CT 
acquisition

As discussed, patients with CHD and Fontan circuits 
have variable shunts, cardiac connections and variably 
impaired haemodynamics which all influence intra-vascular 
physiology, again, emphasising the importance of this 
clinical detail prior to the CT. We suggest that the CT 
protocol has to be tailored to the individual and the specific 
clinical indication. There are important generic factors to 
consider when formulating a bespoke protocol for CHD 
patients, which can broadly be broken down into patient, 
contrast and CT scanning parameters.

Patient factors: weight and cardiac output

The most important patient-related factor affecting the 
magnitude of vascular contrast enhancement is patient 
weight (10). Larger patients have larger blood volumes 
and therefore dilute any given contrast volume more than 
smaller patients, resulting in lower contrast enhancement. 
This is demonstrated in Figure 5, where for a given 
concentration and volume of contrast injected at a given 

rate, patients with a lower body weight have higher 
enhancement curves. Weight based protocols ensure 
contrast dose is optimised for the patients predicted blood 
volume. As patients with Fontan circuits can be imaged at 
any age with CT, tailoring contrast dose to the patient’s 
weight is clearly important. 

A critical patient related factor affecting the timing of 
contrast enhancement is cardiac output and cardiovascular 
circulation (10). In patients with impaired left ventricular 
function, for a fixed volume and flow rate of contrast, there 
is a delay in peak enhancement and lower attenuation than 
patients with normal left ventricular function (11). The 
cardiac output of patients with Fontan circuits is often 
impaired and consequently a test bolus or bolus tracking can 
help understand patient specific haemodynamics (see below). 

Contrast medium factors: injection rate, duration and 
pattern (uniphasic versus biphasic contrast injection)

Consideration of contrast injection rate and duration 
is particularly relevant to Fontan circuits. The superior 
and inferior section of the Fontan connections opacify at 
different times post injection, but often each need to be 
adequately imaged. A fast injection rate will increase the 
magnitude of enhancement and cause earlier opacification, 
but narrows the potential temporal window for acquisition, 
as demonstrated in Figure 6 (10). The injection duration 
is defined as the contrast volume divided by the injection 
rate. As shown in Figure 7, for a fixed flow rate, longer 
contrast boluses cause a higher magnitude of opacification 
and higher total volume of contrast with constant cardiac  
output (10). Both injection rate and duration can be 
manipulated in two phases (“biphasic”) to ensure equal and 
optimal SVC and IVC opacification in a single acquisition 
(“biphasic contrast, single acquisition”—see Table 2 for an 
example).

CT scanning factors: timing (fixed, test bolus, bolus 
tracking) and uniphasic versus biphasic scanning 
acquisition

Effective scan timing can either be at a fixed delay or 
predicted from bolus tracking or test bolus injection. In 
bolus tracking, a region of interest in placed over the 
target vessel. After contrast injection, the scan triggers 
once a HU (typically 150) has been reached and the CT 
is performed several seconds later, allowing for breath 
holding instructions. A test bolus involves injecting a small 

Figure 5 Simulated contrast enhancement curves (10). Simulated 
contrast enhancement curves of the aorta on hypothetical adults 
of varying body weights who underwent an injection of 125 mL 
iodinated contrast at 4 mL/s. Higher body weights require higher 
doses of contrast at faster rates to achieve the same enhancement.
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Figure 6 Simulated contrast enhancement curves (10). Simulated 
contrast enhancement curves of the aorta on a hypothetical adult of 
70 kg who underwent a fixed injection volume of 125 mL iodinated 
contrast at varying injection rates. Faster injection rates increase 
the magnitude of enhancement and cause earlier opacification, but 
narrow the temporal window for acquisition.

Figure 7 Simulated contrast enhancement curves (10). Simulated 
contrast enhancement curves of the aorta on a hypothetical adult 
of 70 kg subjected to three volumes of iodinated contrast at 2 mL/s.
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volume (usually 20 mL) of contrast and acquiring multiple 
low radiation dose sequential images. A time enhancement 
curve can be calculated to determine the contrast 
haemodynamics of the individual. Figure 8 demonstrates 
enhancement patterns for different organs in a normal 
cardiovascular system (10). For Fontan circuits with 
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different cardiac connections and altered haemodynamics, 
a test bolus may be preferable for aortic and coronary 
imaging, but is impractical for IVC conduit imaging as the 
subject may accrue a large radiation dose while waiting for 
IVC opacification, even with a scan delay, which itself will 
be very poor because of the low dose of contrast that will 
have been administered. An alternatively is to use a biphasic 
acquisition (“single contrast phase, biphasic acquisition”—
see Table 2 for an example). The patient is scanned twice—
once in optimal systemic opacification and once in caval/
delayed or second-phase pulmonary arterial opacification.

Specific indications in Fontan circuits with 
proposed bespoke protocols

Coronary imaging

Either the test bolus or the bolus racking technique can 
obtain good aortic/coronary enhancement. An iodine flux of 
20–24 mg/kg/s (lower dose suggested for 100 kV imaging, 
higher doses for 120 or 140 kV) will produce excellent 
arterial opacification. Bolus length (usually 15–20 s) will be 
dependent on the speed of the CT system. ECG gating is 
ideally applied prospectively and in mid diastole, though 
other modes may be required. 

Systemic arterial, venous and coronary imaging 

To ensure optimal coronary opacification in addition to 

superior and inferior Fontan connections, the single contrast 
phase, biphasic scanning (systemic arterial and delayed) 
acquisition protocol is suggested. A standard dose of contrast 
(at 100 kV 400 mg/kg iodine over 20 seconds = 20 mg/kg/s)  
is initially administered to ensure optimal arterial 
opacification. A second delayed image acquisition allows for 
contrast recirculation and opacification of the central veins 
(Figure 4B).

Pulmonary embolism and thrombus in the Fontan circuit 

If a standard CT pulmonary angiographic protocol is 
performed in this patient group, it is almost certainly 
going to be either non-diagnostic or demonstrate a 
pseudoembolism or pseudothrombus (11). With an arm 
injection, contrast will usually flow preferentially into the 
RPA, very little in the left pulmonary artery and unopacified 
blood will be entering from below via the IVC or right 
atrial connection to the central pulmonary circulation 
(Figures 9,10). The usual result is hyperdense contrast 
layering in the RPA and inadequate enhancement of the 
LPA with unopacified blood causing pseudothrombus. The 
same effect occurs in the IVC to PA connection which may 
be dilated and behaving like a sump but contains slow-
flowing, turbulent blood.

Simultaneous homogeneous enhancement of the 
SVC, IVC and pulmonary arteries is needed. If renal 
function is normal the contrast dose can be increased to  
600–800 mg/kg. Low kV, high mAs scanning can help to 
optimise image contrast in the conduits and PA circulation 
as a standard contrast dose (400 mg/kg) will not provide 
high HU enhancement (Figure 6). Using a single delayed 
phase acquisition (80–100 s) allows for contrast recirculation 
and opacification in the central veins and pulmonary arteries 
(Figure 11). Some operators may prefer to bolus track from 
the distal descending thoracic aorta with an appropriate 
additional delay (e.g., of 40–60 s). 

Alternatively a biphasic contrast, single acquisition 
ensures simultaneous opacification of superior and inferior 
Fontan circuits. Optimal timing is around 55–65 s after 
contrast injection starts. A large volume of contrast  
(600–800 mg/kg) with an initial rapid flow rate/or high 
contrast “flux dump” (to optimise the delayed phase IVC 
enhancement) continued at a lower flow rate “tail” (to 
maintain optimal SVC and PA enhancement) such that 
the total contrast injection time is about 60 s. As the rapid 
flow rate of contrast switches to the lower flow rate, overall 
opacification remains high and stable, especially if low 

Figure 8 Test bolus method (10). Time enhancement curve and 
scan delay for organs of different circulatory paths. Computed 
tomography (CT) scan acquisition can be delayed appropriately 
from the start or completion of contrast injection. 

Time

Liver

Aorta

Injection duration

Scan delay 

and duration

Peripheral run-offPulmonary 
artery
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Figure 9 Single contrast phase, single acquisition [as for standard computed tomography (CT) pulmonary angiogram protocol]. (A,B) 
Unopacified blood enters from the inferior Fontan connection causing mixing with contrast; (C) which causes pseudo-thrombi in the main 
pulmonary arteries. 

Figure 10 Single contrast phase, single acquisition [as for standard computed tomography (CT) pulmonary angiogram protocol]. (A) The 
column of unopacified blood (white arrow) entering the Fontan inferiorly; (B,C) the streaming effect and creation of “pseudo emboli” (red 
arrows).

Figure 11 Sagittal and coronal computed tomography (CT) of the 
extra-cardiac Fontan circuit. Increased contrast dose with a delayed 
acquisition at 80 s. Both superior and inferior Fontan circuits are 
opacified.

A B C

CBA

A B kV imaging can be used. Figure 12 demonstrates how this 
protocol can adequately opacify the Fontan, allowing for 
identification of a large clot.

Systemic arterial and Fontan/pulmonary imaging

This can be achieved with a single phase acquisition (as 
per point 3). However if coronary detail is also needed, a 2 
phase acquisition (as per points 2 and 3) is required. 

Fontan leak 

This is problematic with CT as it is not usually possible 
to opacify the IVC conduit without contrast also being 
in the heart, thereby not allowing small jets of contrast 
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to be appreciated easily. If desirable a leg injection with 
early imaging may be helpful, though streaming artefact 
will usually remain a problem and this is not routinely 
performed in our institution. 

Some  au thor i t i e s  (12 )  have  had  succe s s  w i th 
simultaneous contrast power injections via arm and 
common femoral venous cannulation; hand injection via a 
femoral vein will not be powerful enough and will result 
in streaming artefact given that unopacified blood is still 
entering the IVC from the contralateral iliac veins, the 
renal and hepatic veins. Power injection may not prevent 
this either. This method is also somewhat more impractical 
in the usual CT clinical setting and not routinely used in 
our institution.

General advice

(I) Consider the use of prospective ECG-gated CT 
acquisition technique to reduce radiation dose and 
minimise motion artefact; consider whether a uni- or 
biphasic scan is required;

(II) Adhere to a weight-based contrast protocol to aid 
optimal enhancement. Use low kV scanning if tube 
mAs output allows (to increase vascular enhancement 
with the necessary delayed imaging);

(II) Increase the contrast dose if 120 or 140 kV scanning 
used. Consider giving more contrast volume at 
higher flow rates with dilated chambers, impaired 

ventricular function or severe volume loading due to 
valve dysfunction; this needs an adequately sized and 
positioned cannula (ideally an 18-gauge in the right 
antecubital fossa); consider whether a uni- or biphasic 
contrast injection is required;

(III) Consider using a “test bolus” technique rather than a 
bolus tracking technique to get a feel for the cardiac 
haemodynamics;

(IV) Consider renal reduction regimes; low kV scanning to 
reduce contrast dose, low risk contrast agent, adequate 
intravenous pre-hydration and nephrotoxic drug 
optimisation or elimination.

Conclusions

CHD is probably the most challenging patient group 
to optimally image with CT and the Fontan circuit is 
particularly complex. A consistent and structured approach 
is required. A detailed knowledge of the haemodynamics 
and anatomical connections helps to tailor the study 
appropriately. Bespoke protocolling for each patient ensures 
the specific clinical indication is addressed.
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