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23.1       Introduction 

 Congenital heart disease (CHD) is the most common con-
genital anomaly. Th e spectrum of CHD malformations 
ranges from relatively simple lesions, which are hemody-
namically insignifi cant, to very complex lesions requiring 
multiple interventions and lifelong surveillance. About two 
to three out of 1,000 newborns are born with complex con-
genital heart disease. A majority of patients with even the 
most complex anomalies are expected to survive to adult-
hood. Th ere are now more adults with palliated CHD than 
those followed in the traditional pediatric age range. 

 Echocardiography remains the most widely used 
diagnostic modality for patients with CHD, and when 
additional information is needed, magnetic resonance 
imaging (MRI) is the procedure most commonly per-
formed. Cardiac CT is primarily used when there are 
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contraindications to MRI or imaging artifacts degrade 
diagnostic quality. 

 CT angiography (CTA) in CHD patients is most com-
monly indicated for evaluation of arterial and venous 
anomalies in newborns and for postoperative evalu-
ation of complex disease in older children and adults 
with contraindications to MRI. Th is chapter focuses on 
the most frequent CHD diagnoses referred for CTA and 
the lesions most commonly found on studies ordered for 
diff erent indications.  

23.2    Technical Considerations 

 All aspects of CT in the CHD population must be tai-
lored to the size of the patient and the referral indica-
tion for imaging. Well-trained CT technicians and 
direct physician oversight of the exam are required for 
the complex CHD population due to the variability of 
patient anatomy and physiology. 

23.2.1    Size of Vascular Structures 

 Th e submillimeter isotropic resolution of today’s CT scan-
ners provides excellent visualization of even small ves-
sels. As children get older, the diameters of all structures 
increase in size proportionate to growth (Table   23.1 ). 
Pediatric cardiac structures are oft en indexed to body 
surface area from infancy through adolescence. When 
no CT-specifi c data are available for indexing a structure 
to body surface area, echocardiography- based standard 
deviations (z-score) may be used. A z-score is the num-
ber of standard deviations from the 50th percentile for a 
cardiac structure based on a normal distribution. Th us, 
a positive standard score represents a deviation above 
the mean, while a negative standard score represents a 
deviation below the mean.

23.2.2       Heart Rate and Premedication for 
Coronary Artery Imaging 

 Th e resting heart rates of infants, children, and ado-
lescents are higher than those of adults, and there is 
more heart rate variability with respiratory changes 
(sinus arrhythmia, Table   23.2 ). Th e image acquisition 
window of current-generation CT scanners is as low as 
75 ms, allowing coronary imaging even at higher heart 
rates. Coronary artery imaging is recommended in 

pediatric patients for evaluation of potentially malig-
nant coronary artery anomalies, aft er surgical manipu-
lation or reimplantation, and for evaluation of stenosis 
or coronary pathology in patients with a history of 
Kawasaki disease, systemic infl ammatory disease, 
or Williams Beuren syndrome (aortic or pulmonary 
artery stenosis).

   Beta blockade and other medication protocols have 
been used safely in healthy children to decrease the 
heart rate and improve the quality of coronary imag-
ing. For patients with chronic heart failure or in those 
who are critically ill, beta blockade may be clinically 

 ⊡    Table 23.1    Age-related diameters and growth rate of great 
arteries in children   

 Vessel  Day 1 
(mean 
weight: 
2.2 kg) 

 Three years 
(mean weight: 
20 kg) 

 Weight- adapted 
growth per kg 
weight gain 

 Ascending
aorta (mm) 

 8.4  14  0.43 

 Aortic arch
(mm) 

 6.8  14.4  NA 

 Aortic isthmus 
(mm) 

 4.7  8.3  NA 

 Main pulmonary 
artery (mm) 

 7.5  14  0.5 

 Right pulmonary 
artery (mm) 

 4.3  8.6  0.33 

 Left pulmonary 
artery (mm) 

 4.2  8.8  0.35 

  Data were obtained in 130 normal newborns and infants by Trowitzsch 
et al.; diameters were measured by echocardiography. Linear growth 
of the great arteries within the fi rst 3 years of life was found 
  NA  not available  

 ⊡    Table 23.2    Age-related heart rates in children   

 Age (years)  Heart rate (beats per min) 

 <1  110–160 

 1–2  100–150 

 2–5  95–140 

 5–12  80–120 

 >12  60–100 
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contraindicated (Chap.   6    ). Th e use of premedication 
must be tailored to individual patients and their cur-
rent clinical status.  

23.2.3    Respiratory and Motion Artifacts 

 Th e newest-generation volumetric or high-pitch scan-
ners can acquire the scan range of a pediatric tho-
rax in one heart beat, or a fraction of a second, which 
has reduced anesthesia and intubation needs in young 
patients. Many scans can be performed during free 
breathing without loss of image quality due to motion 
artifacts. For some older-generation scanners with image 
acquisition over several seconds, intubation or sedation 
may be required to obtain a scan without respiratory 
motion artifacts. Th e use of anesthesia and sedation will 
be dependent on the scanner available at each institution 
and the amount of detail required from the CT scan.  

23.2.4    Intravenous Access and Contrast Agent 
Injection 

 Many types of peripheral access can be used for cardiac 
CT scans in patients with congenital anomalies includ-
ing peripherally inserted central catheter (PICC) lines, 
umbilical venous lines, peripheral intravenous (IV) 
lines, and central venous lines. In the presence of intra-
cardiac shunting, elimination of air bubbles in the injec-
tion is particularly important to avoid potential arterial 
emboli. Low fl ow rates are recommended when using a 
24- or 22-gauge IV access. Careful observation of the IV 
site during a saline injection is recommended to con-
fi rm patency before the contrast agent is injected. Safe 
power injection through 24–18 gauge IV lines has been 
reported in pediatric patients. Th e contrast injection 
rate through a 24-gauge IV line is typically 0.5–1.0 ml/s 
and up to 1.5–2  ml/s through a 22-gauge IV access 
(Table  23.3 ).

23.2.5       IV Line Placement and Injection Protocols 

 Th e total contrast agent volume used for pediatric CT 
angiography is typically 1–2  ml/kg. For pulmonary or 
arterial angiography without intracardiac mixing, the IV 
line may be placed in any extremity and an automatic 
trigger used for image acquisition. A biphasic injection 
protocol can be used for simultaneous opacifi cation of 
right- and left -sided cardiac structures.  

23.2.6    Scanning Protocol 

 Every pediatric CT scan must be adjusted to deliver 
the lowest radiation dose to obtain a diagnostic image 
according to the “as low as reasonably achievable” 
(ALARA) principle. Familiarity with the doses delivered 
with diff erent scan modes is necessary and allows choos-
ing the scan mode with the least risk for each specifi c 
indication. CT scanner output should be adjusted to the 
patient’s size. Using dose reduction techniques allows 
mSv or sub-mSv imaging for many pediatric indications, 
including coronary artery imaging. 

 For anatomic scans, high-pitch or the volumetric 
scan mode may be used on latest-generation scanners. 
On older-generation scanners, anatomic scanning is 
most commonly performed without ECG triggering. 

 Coronary artery and functional imaging require ECG 
triggering on all scanner platforms. Several diff erent 
scan modes are available for coronary artery imaging. 
Th e lowest dose technique deemed adequate for the indi-
vidual patient’s heart rate should be used. 

 For pediatric cardiovascular CT, no general recom-
mendation for kV and mAs settings can be provided. For 
dose comparison, the dose length product (DLP) should 

 ⊡    Table 23.3    Recommended contrast agent injection  protocols 
in children   

 Age (years)  Preparation 

 <1  24–22 G venous line as proximal as possible 

 0.5–1.0 ml/s for 24 G (<100 psi) 

 1–1.5 ml/s for 22 G 

 1–2 ml/kg total contrast volume 

 1–2  22 G venous line as proximal as possible 

 1–2 ml/s, psi < 150 

 1–2 ml/kg total contrast volume 

 >2–5  22 G venous line 

 2 ml/s 

 1–2 ml/kg total contrast volume 

 >5  18–20 G venous line 

 2–5 ml/s 

 1–2 ml/kg total contrast volume 

23.2 ● Technical Considerations
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be used. In our experience, a DLP as low as 4–8 mGy*cm 
(70 or 80 kV) is suffi  cient for imaging a baby weighing 
3–4 kg. Only a minor increase in DLP is necessary with 
increasing weight, as the thoracic diameter stays rather 
constant during the fi rst years of life. Th e most common 
indication for CT angiography in the neonatal CHD pop-
ulation is for evaluation of aortic or pulmonary artery 
pathology or for characterization of complex systemic 
and pulmonary venous anomalies prior to intervention. 
Many postoperative patients will have metallic implants 
and devices that degrade image quality of MRI. CT is 
also valuable for coronary artery assessment in patients 
with a history of Kawasaki disease aneurysm and for 
assessment of bileafl et mechanical valve function.   

23.3    Atrial and Ventricular Septal Defects 

 Th e most common congenital anomalies are atrial (7%) 
and ventricular septal (31%) wall defects (Fig.   23.1 ). 
However, the role of CT in patients who are referred for 
preoperative evaluation of ventricular or atrial septal 
wall defects is limited. Echocardiography and MRI are 
the main diagnostic modalities for these lesions.

23.4       Aortic Arch 

 Congenital anomalies of the aorta are one of the most fre-
quent cardiovascular malformations. Th ey include a wide 
spectrum of diseases (List 23.1) ranging from patent 

ductus arteriosus (Fig.  23.2 , 5–10% of all CHD) to aor-
tic coarctation (8–10%, Fig.   23.3 ). Th e initial diagnosis 
is usually established by echocardiography. Blood pres-
sure diff erence between the upper and lower  extremity 

A B CA B C
 ⊡   Fig. 23.1       Atrial and ventricular septal wall defects in three patients. Panel  A  shows a centrally located secundum atrial septal defect 

with contrast shunting from the left to right atrium ( arrow ). Note the right ventricular enlargement in this patient ( arrowheads ). The 
patient underwent successful device closure of the defect. Panel  B  shows a tiny basal muscular ventricular septal defect ( arrow ). This 
defect is located just inferior to the perimembranous area; most defects will be located more apically. Note that there was no relevant 
contrast jet from the left to the right ventricle and the lesion was considered hemodynamically insignifi cant. Panel  C  shows a large peri-
membranous ventricular defect located adjacent to the tricuspid valve just inferior to the aortic valve. Note the resulting positive con-
trast jet from the left to right ventricle in this patient ( arrow )       

 List 23.1. Aortic anomalies and defects 

   1.    Persistent ductus arteriosus (PDA, Fig.  23.3 )   
   2.    Anomalies of the ascending aorta and of the 

 aortic arch
    (a)    Hypoplastic arch (Fig.  23.3 )   
   (b)    Aortic rings

    (i)    Double aortic arch   
   (ii)     Right-sided aortic arch with aberrant 

left subclavian artery and left-sided 
ductus arteriosus   

   (iii)     Left-sided aortic arch with Lusoria 
artery       

   (c)    Interrupted aortic arch   
   (d)    Truncus arteriosus       

   3.    Aortic stenosis and coarctation
    (a)    Coarctation (Figs.  23.3  and  23.4 )   
   (b)     Other aortic stenosis, e.g., subvalvular       

   4.    Rare anomalies, e.g., aneurysm of the  ductus 
arteriosus   

   5.    Complications after interventions and/or surgery 
(Fig.  23.4 )   

   6.    Marfan syndrome (development of aortic root 
dilatation)   

   7.    Ulrich-Turner syndrome (associated with aortic 
coarctation)   
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AA B
 ⊡   Fig. 23.3       Aortic coarctation in two patients. Panel  A  is a double-oblique image from a prospectively ECG-triggered CT scan showing 

coarctation in a 2-year-old patient ( arrow ) just distal to the takeoff  of the left subclavian artery ( SA ). The high-pitch CT scan was per-
formed during free breathing with an acquisition time of 0.25 s and a dose-length product of 6 Gy.cm. The patient underwent subse-
quent repair of coarctation with an end-to end anastomosis. Panel  B  shows a three-dimensional reconstruction of a CT scan performed 
for evaluation of severe aortic coarctation ( arrow ) in an 11-year-old patient who presented for evaluation of a murmur. His ascending 
aorta ( Ao ) was dilated and the murmur was secondary to aortic insuffi  ciency. He was noted to be hypertensive with a blood pressure 
gradient of 30 mmHg between the right arm and leg. Note the collateral vessels supplying the descending aorta ( asterisk ). He underwent 
surgical repair of aortic coarctation and has since been followed clinically for aortic insuffi  ciency and aortic root dilation       

 ⊡   Fig. 23.2       Tiny ductus arteriosus ( arrow ) between the proximal 
descending aorta ( DA ) and the distal pulmonary artery ( PA ). This 
was an incidental fi nding on a CT performed for evaluation of the 
coronary arteries       
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A B
 ⊡   Fig. 23.4       Dissection as a complication after aortic arch operation in a 24-year-old female patient with congenital hypoplasia of 

the distal aortic arch and patch angioplasty at the age of 2 years. Eight years later a restenosis was diagnosed and a vascular prosthesis 
(16- mm Hemashield) was implanted. Regular follow-up was performed by MRI. Panel  A  is an MR angiography after intravenous contrast 
agent administration (10-mm double-oblique maximum intensity projection) that shows new dissections at the proximal and distal 
anastomosis of the prosthesis ( arrows ). For further surgical planning a nongated CT was performed (Panel  B , 5-mm maximum intensity 
projection), which confi rmed the MRI fi ndings       

is used to determine the pressure gradient unless there 
is an aberrant subclavian artery that does not allow a 
pre-coarctation pressure estimate. Doppler echocar-
diography is helpful in these cases, and catheteriza-
tion is rarely required prior to surgical intervention for 
aortic coarctation at most centers. Noncritical stenosis 
or critical stenosis with well-developed collateral fl ow 
to the descending aorta is oft en detected in grown-ups 
who present with arterial hypertension and have blood 
pressure diff erences between arms and legs. Clinical 
indications for follow-up examinations are re-coarc-
tation (<3%, higher when operated on in infancy) and 

postoperative aneurysms (24% aft er patch angioplasty) 
or dissection (5–50% aft er patch angioplasty, Fig.  23.4 ). 
Because it lacks radiation exposure and allows functional 
assessment (e.g., fl ow quantifi cation), MRI is the preferred 
test in suspected coarctation (Fig.  23.5 ). As patients grow 
older, MRI may gain an increasing role as the acoustic 
window for echocardiography becomes poorer with age. 
CT has an indication in the follow-up of patients with 
coarctation who have stents, as the  intraluminal visu-
alization of stents is excellent (Fig.   23.6 ). In complex 
aortic arch abnormalities (i.e., double aortic arch), sur-
geons prefer to have a  three-dimensional display of the 

 

Chapter 23 ● Congenital and Acquired Heart Disease



399 23

A B CA B C
 ⊡   Fig. 23.5     Coarctation of the aorta in a 5-month-old male baby. Panel  A  is an ECG- and respiratory-gated steady-state free precession 

three-dimensional sequence (MR angiography) without contrast agent administration and demonstrates focal narrowing ( arrow ) of the 
descending aorta ( DA ). Panel  B  is a spin-echo MRI sequence with dark-blood pulse preparation, which shows the narrowing of the aorta 
in axial orientation ( arrow ), while  Panel   C  shows the normal lumen of the descending aorta ( arrow ) on the same sequence at the level of 
the diaphragm. Note that the consolidation in the left lower lung seen on Panel  C  is due to a prior pneumonia in this patient       

 ⊡   Fig. 23.6     Follow-up CT in an 18-year-old patient after interven-
tions for aortic coarctation. The patient underwent left subclavian 
fl ap repair of aortic coarctation as an infant and later required bal-
loon angioplasty of recurrent coarctation with stent placement 
( arrow ). The CT was performed with prospective ECG triggering 
using 80 kV and a scan range limited to the area of interest. Note 
the absence of a left subclavian artery from the transverse aortic 
arch due to the initial repair and excellent visualization of the stent 
and aortic wall.  Ao  aorta,  DA  descending aorta       

anatomic  relationship between the trachea and the vas-
cular structures. Th is information can be nicely provided 
by CT, even in critically ill children. A potential vascular 
ring associated with a right aortic arch, an aberrant left  
subclavian artery, and a left -sided ductal ligamentum 
are common and may be detected incidentally or cause 
pulmonary pathology. Evaluation of the airways relative 
to the vessels can be crucial in determining the clinical 
 signifi cance of the fi nding.

23.4.1           Persistent Ductus Arteriosus 

 During fetal life the ductus arteriosus connects the 
main pulmonary artery near its bifurcation to the aorta 
just beyond the origin of the left  subclavian artery. Th e 
 ductus arteriosus usually closes functionally soon aft er 
birth through muscular contractions. A persistent duc-
tus arteriosus (PDA) is encountered in approximately 
7% of all congenital heart defects. Echocardiography is 
the modality of choice for assessment of the ductus arte-
riosus in infants. CT is only performed if a complex mal-
formation is suspected (Figs.  23.2  and  23.7 ).
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23.4.2       Sequestration 

 Sequestration is a rare anomaly of the tracheobronchial 
tree. It has an estimated incidence of 0.15–1.7% in the gen-
eral population. Sequestrations are classifi ed as intralobar 
or extralobar. Th e nonfunctioning lung tissue lacks com-
munication with the tracheobronchial tree and receives 
its supply from the arterial circulation. Intralobar seques-
trations are the most common. Th e blood supply usually 
comes from the descending thoracic aorta, but in about 
20% of cases, it comes from the upper abdominal aorta, 
celiac artery, or splenic artery. All pulmonary sequestra-

tions should be treated surgically/interventionally because 
the high blood fl ow through the lesion can cause heart 
failure. Surgical procedures include ligation of the aff erent 
vessels and/or resection of the pulmonary malformation. 

 In pulmonary sequestrations CT is superior to most 
other techniques, providing excellent information on 
both the vessels supporting the malformation (arterial 
and venous) and the structure of the lung parenchyma 
inside the malformation (Fig.  23.8 ). Th e spatial  resolution 
of MR angiography may be too low to achieve adequate 
visualization of all vascular structures. Also, visualization 
of the lung parenchyma is diffi  cult using MRI.

A B CA B C
 ⊡   Fig. 23.7     Hypoplastic aortic arch ( arrow ) and large persistent ductus arteriosus Botalli ( asterisk ) in a 2-day-old child prenatally 

diagnosed with a cardiac malformation. On a double oblique maximum intensity projection (Panel  A ) the large persistent ductus 
arteriosus and the hypoplastic aortic arch ( arrow ) are shown. The persistent ductus arteriosus connects the main pulmonary artery 
and the descending aorta ( arrowhead ), which is normal. For operative planning the CT images were additionally presented to the 
surgeon as three-dimensional volume renderings (Panel  B ). Panel  C  presents the corresponding image from left ventricular 
catheterization       

A B
 ⊡   Fig. 23.8     Lung sequestration in a 15-day-old female baby with a prenatally diagnosed anomaly of the left lung. ECG-gated CT was 

performed using 7 ml contrast agent with 250 mg I/ml at an injection rate of 0.3 ml/s. Panel  A  shows a volume rendering of the arterial 
supply (three vessels) of the sequestration from the descending aorta ( arrow ). Venous drainage is to the left atrium ( arrowheads ). Panel  B  
is a double-oblique maximum intensity projection along the ascending aorta ( Ao ) and descending aorta ( DA ) showing the three arteries 
supplying the sequestration from the  DA . Due to the large size of the arterial supply the patient went to surgery for clipping of the 
arteries       
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23.5        Pulmonary Artery Pathology 

 Echocardiography is excellent for defi nition of the pul-
monary valve and proximal pulmonary arteries, but 
is inadequate for distal pulmonary artery evaluation. 
CTA is well suited for detection of an absent pulmonary 
artery, a pulmonary artery arising anomalously from the 
aorta (Fig.   23.9 ) or aortopulmonary collateral arteries, 
and peripheral stenosis associated with certain genetic 
syndromes (Fig.  23.10 ) and for visualization of both the 
aortic and pulmonary arterial portions of the ductus 
arteriosus.

23.5.1       Origin of the Left Pulmonary Artery from 
the Right Pulmonary Artery (LPA Sling) 

 Th e left  pulmonary artery arises aberrantly from the right 
pulmonary artery and runs between the trachea and 
esophagus to the left  side, which either leads to an acute 
and severe airway compression (infants) or signs of chronic 
obstructive lung disease (childhood and young adults). 
Echocardiography is feasible in infants but further visual-
ization of the airways is mandatory. CT is the recommended 
technique for visualization of the pulmonary arteries and 

the tracheobronchial tree (Fig.  23.11 ). Surgical correction 
is always performed with attachment of the left  pulmonary 
artery to the pulmonary trunk anterior to the aorta.

 ⊡   Fig. 23.9     Pulmonary artery arising anomalously from the aorta 
in a 2-day-old infant. This prospectively ECG-triggered high-pitch CT 
scan was performed without sedation and with an acquisition time 
of 0.25 s, 6 ml of contrast agent through a 24-G IV line, and a dose-
length product of 5 Gy.cm. The image shows discontinuous pulmo-
nary arteries, with the left pulmonary artery ( asterisk ) arising from 
the undersurface of the aortic arch ( Ao ,  arrow ). The patient under-
went successful reimplantation of the branch pulmonary artery into 
the main pulmonary artery.  LA  left atrium,  RA  right atrium       

 ⊡   Fig. 23.10     Pulmonary branch hypoplasia in a 5-year-old patient 
with Williams syndrome. The 5-mm maximum intensity projection 
shows diff use proximal branch pulmonary artery hypoplasia ( aster-
isks ) and focal distal pulmonary arterial narrowing ( arrows ). Because of 
the diff use nature of the hypoplasia, no intervention was performed       

 ⊡   Fig. 23.11     Sling left pulmonary artery in a 5-month-old boy 
with a history of lower airway obstruction. Maximum intensity 
projection in the axial plane demonstrates a sling left pulmonary 
artery ( arrow ) that arises from the right pulmonary artery and 
courses posterior to the left main bronchus to supply the left lung. 
The child underwent reimplantation of the sling left pulmonary 
artery into the main pulmonary artery anterior to the trachea, 
relieving compression on the left main bronchus (With permission 
from A.-M. du Plessis    et al.  Pediatr Radiol  2008)       
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23.5.2       Tetralogy of Fallot 

 Tetralogy of Fallot (5–7% of CHD) is the most com-
mon right-sided obstructive anomaly. All forms of 
tetralogy include a large ventricular septal defect and 
varying degrees of obstruction to pulmonary outfl ow 
(Fig.   23.12 ), right ventricular hypertrophy, and aortic 
override of the ventricular septum. Surgical palliation 
includes septal defect closure and relief of the right ven-
tricular outfl ow tract obstruction with a valvotomy, a 
patch, or a conduit from the right ventricle to the branch 
pulmonary arteries.

   In tetralogy of Fallot with pulmonary artery atre-
sia, lung perfusion is partly or completely provided 
by collaterals arising from the aortic arch. Defi ning 
the architecture of the central pulmonary arteries and 
aortopulmonary collaterals is essential for determin-
ing if the patient is suitable for primary correction. In 
patients with very small true pulmonary arteries and 
multiple aortopulmonary collateral vessels, a palliative 
shunt with unifocalization of the collaterals and pulmo-
nary arteries is typically performed prior to complete 
repair. Subsequent corrective or palliative operations 
are usually possible, depending on the growth of the 
pulmonary arteries. Th e fi rst aortopulmonary shunt 
described was the Blalock-Taussig shunt, connecting 
the subclavian artery to the ipsilateral pulmonary artery 
in cyanotic patients with tetralogy of Fallot (1944). 
Modifi ed Blalock-Taussig shunts, central aortopulmo-
nary shunts (using Goretex®), and direct connections of 

the  hypoplastic pulmonary trunk to the aorta are in use 
today (Fig.  23.12 ). CT has been shown to correlate well 
with catheterization for evaluation of aortopulmonary 
collateral anatomy in patients with pulmonary artery 
atresia (Fig.  23.12C ). 

 Aft er complete repair of tetralogy, residual pulmo-
nary stenosis and insuffi  ciency are common and have a 
detrimental long-term eff ect on right ventricular func-
tion. Reintervention should be timed by evaluation of 
right ventricular end diastolic volume, end systolic vol-
ume, and right ventricular function. Th is data is most 
commonly obtained with MRI, but can be obtained with 
a functional CT dataset in patients with pacemakers or 
metal artifacts. 

 The incidence of additional coronary arte-
rial anomalies in patients with tetralogy of Fallot is 
between 8 and 36%. The following anomalies in the 
course and/or distribution of the coronary arter-
ies have been described: single coronary ostium, left 
anterior descending artery arising from the right 
coronary artery, circumflex artery arising from the 
right coronary artery, small fistulas between coronary 
arteries and the pulmonary artery, fistulas between 
coronary and bronchial arteries or right atrium. For 
CT in children with tetralogy of Fallot, a high diag-
nostic accuracy of 95.5% for all disease-related issues 
(compared to surgical findings) was found in a pilot 
study. Coronary artery anomalies are significant if 
they cross the right ventricular outflow tract and 
affect the planned surgical intervention. 

A B CA B C
 ⊡   Fig. 23.12     Tetralogy of Fallot in a 1-month-old male baby. ECG-gated 16-row CT was performed using 30 ml of contrast agent with 

250 mg I/ml followed by 10 ml saline at an injection rate of 1 ml/s through a venous line at the head. A larger amount of contrast agent 
was used to opacify the pulmonary arteries as well as the descending aorta and potential collaterals. Panel  A  (double-oblique reforma-
tion) shows the ventricular septal defect ( arrow ), the overstriding ascending aorta ( Ao ), and the right ventricular hypertrophy ( arrow-
head ). Panel  B  (axial maximum intensity projection) shows the hypoplastic main ( arrow ), right and left pulmonary arteries and a large 
major aortopulmonary collateral artery ( MAPCA ) draining into the pulmonary arteries ( arrowhead ). The volume rendering (Panel  C ) 
shows the descending aorta ( DA ) and the large  MAPCA  ( arrowhead ), which is directed upwards. In this case the MAPCAs were too large 
for embolization and had to be clipped surgically       
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 In patients with a previously placed right ventricular 
outfl ow tract conduit or stent, CTA can be used to defi ne 
the dimensions of the proximal and distal conduit, the 

branch pulmonary arteries, the in-stent luminal dimen-
sion, and the coronary artery relationship to the right 
ventricular outfl ow tract (Figs.  23.13 ,  23.14 , and  23.15 ).

A B C
 ⊡   Fig. 23.13     Status post implantation of a pulmonary valve conduit ( arrows ) in a 2-year-old boy with tetralogy of Fallot (Panel  A ). 

Panel  B  shows the position of the ascending aorta ( Ao ) overstriding the large ventricular septal defect ( arrow ) between the right and left 
ventricle ( LV ). The examination was indicated to evaluate the anastomosis of the conduit to the native pulmonary arteries ( arrow  and 
 arrowhead  in Panel  C ). A focal stenosis of the lower lobe pulmonary artery ( arrowhead  in Panel  C ) can be seen. Interestingly, using MRI 
the spatial resolution was insuffi  cient for precise visualization of the anastomoses, and interpretation was additionally impaired by 
 artifacts from the mediastinal clips       

 ⊡   Fig. 23.14     This 30-year-old patient with repaired tetralogy of 
Fallot had severe pulmonary insuffi  ciency and right ventricular 
enlargement. The scan was reconstructed in the short axis view 
from a functional CT scan. Note the transvenous pacer lead beam 
hardening artifact ( arrow ) and the calcifi ed transannular patch 
( arrowhead ). The patient underwent right ventricular outfl ow tract 
conduit placement.  LV  left ventricle,  RV  right ventricle       

 ⊡   Fig. 23.15     This 20-year-old patient had a right ventricular out-
fl ow tract gradient on echocardiography, but the exact site of 
obstruction was unclear. A CT scan was performed because prior 
MR images were limited by artifacts. The three-dimensional recon-
struction shows bilateral branch pulmonary artery stents ( arrows ) 
and extensive calcifi cation of the proximal and distal conduit 
( asterisks ). The pulmonary artery stents were patent (not shown). 
The patient underwent subsequent right ventricular outfl ow tract 
conduit placement       
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23.6          Left-Sided Heart Disease 

 Left -sided obstruction may occur at the level of the pul-
monary veins, left  atrium (cor triatriatum, Chap.   21    ), 
mitral valve, left  ventricular outfl ow tract, or aortic arch 
(List 23.2). Patients may have obstruction at many levels 
and oft en have more than one lesion simultaneously. CT 
is excellent for visualization of total or partial anoma-
lous pulmonary venous return (Figs.   23.16  and  23.17 ) 
and for complex arch anomalies, but most other lesions 
are seen very well echocardiographically. CTA is well 
suited to show the area of anatomic narrowing in cases of 
obstructed total or partial anomalous pulmonary venous 
return or the multiple sites of drainage in mixed anoma-
lous pulmonary venous return. A small percentage of 
patients with obstructed total or partial anomalous pul-
monary venous return will go on to develop pulmonary 
venous stenosis subsequent to repair, and the individual 
pulmonary vein, site and length of obstruction are well 
visualized by CTA.

    Congenital anomalies of the aortic arch are com-
mon. Advanced imaging is usually requested for native 
arch pathology when there are associated cardiac 

anomalies or unusual features. CTA can detect aortic 
aneurysm, recurrent arch obstruction, or stent integ-
rity and in- stent stenosis in patients who have under-
gone previous catheter-based or surgical intervention. 
CT can visualize the anatomy of an interrupted aortic 
arch, unusual ductus arteriosus, or truncus arterio-
sus to defi ne aortopathy associated with Williams or 
Marfan syndrome.

 ⊡   Fig. 23.16     This neonate presented with total anomalous pul-
monary venous return ( TAPVR ) to the left superior vena cava ( aster-
isk ). A free-breathing CT scan was performed using 2 ml/kg of 
contrast agent injected through a 24-G IV line. The posterior view 
of a three-dimensional reconstruction shows the vertical vein 
( arrow ) coursing over the left pulmonary artery and parallel to the 
aorta ( Ao ). The pulmonary venous confl uence is indicated by two 
 asterisks . The patient underwent TAPVR repair with connection of 
the pulmonary venous confl uence to the left atrium       

 List 23.2. Left-sided heart disease 

   1.    Anomalous pulmonary venous return
   Total anomalous pulmonary venous return 

(Fig.  23.16 )
   Cardiac  
  Infracardiac  
  Supracardiac  
  Mixed     

  Partial anomalous pulmonary venous return (often 
associated with atrial septal defects)      

   2.    Pulmonary vein stenosis   
   3.    Cortriatriatum (Chap.   21    )   
   4.    Aortic coarctation (Figs.  23.3  and  23.4 )

   Status post intervention (Fig.  23.6 )      
   5.    Interrupted aortic arch   
   6.    Hypoplastic left heart syndrome   
   7.    Aortopathy

   Williams syndrome (Fig.  23.10 )  
  Marfan syndrome      
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23.7       Transposition of the Great Arteries 

 Transposition of the great arteries (3–5% of newborn 
CHD) usually refers to isolated transposition of the great 
arteries (ventriculoarterial discordance, Fig.   23.18 ). 
Many older patients will have had an atrial switch, and 
younger patients will have undergone an arterial switch 
(Fig.   23.19 ). CTA easily visualizes the systemic and 
 pulmonary venous baffl  es aft er atrial switch (Figs.  23.18  
and  23.19 ) or the branch pulmonary arteries aft er the 
LeCompte maneuver (Fig.   23.19C ), the reimplanted 
 coronary arteries, and the neoaortic and neopulmonary 
root aft er the arterial switch. Although recent surgical 
outcomes are excellent, long-term follow-up for compli-
cations is required and repeat intervention is necessary 
in a minority of patients. Studies have shown that CTA 
correctly visualizes signifi cant coronary lesions in these 
patients compared to catheterization angiography. L-TGA 
is also called physiologically corrected transposition 
and refers to both atrioventricular and ventriculoarterial 

 ⊡   Fig. 23.17     Incidental fi nding of partial anomalous pulmonary 
venous return on a CT scan performed for coronary angiography. 
The axial maximum intensity projection shows the anomalous left 
upper pulmonary vein ( asterisk ) draining to the innominate vein 
( arrow ). Due to the small shunt, no intervention was performed.  Ao  
aorta,  LPA  left pulmonary artery       

A B CA B C
 ⊡   Fig. 23.18     A 27-year-old patient after atrial switch operation performed for transposition of the great arteries in the fi rst year of life. 

CT images were acquired prospectively using high-pitch helical scanning. The three-dimensional reconstruction shown in Panel  A  illus-
trates d-transposition of the great arteries, with the anterior and rightward aorta ( Ao ) arising from the right ventricle ( RV ) and the left-
ward and posterior pulmonary artery ( PA ) arising from the normally positioned left ventricle ( LV ). Follow-up with echocardiography and 
possibly MRI will be required to screen for systemic right ventricular dysfunction, which is the most common reason for reduced life 
expectancy of patients with an atrial switch. Panel  B  shows the pulmonary venous baffl  e to the systemic right ventricle. This baffl  e is 
created at the time of the atrial switch to allow pulmonary venous blood to enter the right atrium and then fi ll the systemic right ven-
tricle. Panel  C  is a coronal maximum intensity projection showing widely patent systemic venous baffl  es from the superior and inferior 
vena cava ( SVC  and  IVC ) to the  LV  after the atrial switch. Systemic venous baffl  e obstruction may occur in the future and is monitored by 
serial echocardiography or possibly MRI. It is important to assess baffl  e patency by opacifi cation of the systematic venous system on CT 
in any patient with prior d-TGA and an atrial switch       
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discordance. Many of these patients have pacemakers due 
to the high incidence of congenital heart block.

    Simultaneous visualization of both sides of the heart in 
transposition complexes can be accomplished with a biven-
tricular injection protocol. CT of complex transposition 
must be tailored to the specifi c patient and operative details.  

23.8    Coronary Artery Imaging 

 Coronary anomalies are classifi ed according to their origin, 
course, and termination (Figs.  23.20  and  23.21 ). For fur-
ther details on coronary anomalies pertaining to adults see 
Chap.   22    . An abnormal coronary origin from the opposite 
sinus of Valsalva is the second most  common cause of sud-
den death on the athletic fi eld in the US. For anomalous 
left  coronary arteries, the high risk interarterial course may 
be easily diff erentiated from the diff erent benign courses. 
Treatment of an anomalous right coronary artery from the 
left -facing sinus remains a controversial topic.

23.8.1       Anomalous Origin of the Left Coronary 
Artery from the Pulmonary Artery 
(ALCAPA or Bland-White-Garland 
Syndrome) 

 Th e anomalous origin of the left  coronary artery from the 
pulmonary artery (ALCAPA) is a rare congenital malfor-
mation reported to occur in 0.25–0.5% of all CHD. Most 
of the times, the anomaly is the only cardiac malforma-
tion. Less commonly, the association with other structural 
abnormalities may conceal the clinical fi ndings and make 
the diagnosis even more diffi  cult. Chronic myocardial 
ischemia leads to early progressive left  heart failure and 
cardiac death. Children can survive if enough collaterals 
between the right coronary artery with a normal origin 
and the left  coronary artery exist (formerly called adult 
type). Th is is only the case in 15–20% of patients. Th e 
other 80–85% patients do not have adequate collateral 
supply and develop progressive heart failure with death 
occurring at the age of 3–6 months. Usually, symptoms 

A B CA B C
 ⊡   Fig. 23.19     Status post arterial switch operation for dextro-transposition of the great arteries in a 12-year-old boy. Panels  A  and  B  

show three-dimensional volume renderings after surgery (anterior and lateral view,  PT  pulmonary trunk,  Ao  ascending aorta). No steno-
ses or aneurysms were found. An axial maximum intensity projection (Panel  C ) demonstrates the main pulmonary artery anterior to the 
ascending aorta ( Ao ), whereas there is a normal position of the descending aorta ( DA )       

 

Chapter 23 ● Congenital and Acquired Heart Disease

http://dx.doi.org/10.1007/978-3-642-41883-9_25


407 23

A BA B
 ⊡   Fig. 23.20     Anomalous left coronary artery in a 10-year-old patient. The intraseptal benign course (Chap.   22    ) of an anomalous left 

coronary artery ( arrow ) from the right sinus of Valsalva is shown on maximum intensity projections in the axial (Panel  A ) and coronal 
orientation (Panel  B ). The course of the anomalous coronary artery is inferior to the pulmonary valve annulus through the septum. 
Although the patient presented with atypical chest pain, this anomaly is considered benign and unrelated to his symptoms       

A BA B
 ⊡   Fig. 23.21     Interarterial left coronary artery arising from the right sinus of Valsalva. This is a potentially malignant anomaly ( arrow ) with 

increased incidence of sudden death in those without surgical correction (Panel  A ). The maximum intensity projection (Panel  B ) dem-
onstrates where surgical “unroofi ng” ( arrow ) will be performed to incorporate the left main coronary artery into the aortic sinus and elimi-
nate coronary compression between the aorta ( Ao ) and pulmonary artery ( PA ). Surgical unroofi ng of the proximal course of the left 
coronary artery was performed and eliminated the patient’s exertional chest pain.  RCA  right coronary artery       
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present late, and the clinical examination is inconspicu-
ous. If there is a clinical suspicion, at this point, CT can 
reliably detect the anomalous origin of the left  coronary 
artery. It should be kept in mind that scanning should be 
started when the contrast agent is in the ascending aorta 
(as usual) as there is retrograde fi lling of the left  coronary 
artery by the right coronary artery (Fig.  23.22 ).

   Coronary artery stenosis is rare in childhood, but has 
been reported early and late aft er arterial switch opera-
tions, aft er reimplantation as part of the Ross procedure 
(a diseased aortic valve is replaced with the person’s own 
pulmonary valve, a pulmonary allograft  (valve taken from a 
cadaver) replaces the patient’s own pulmonary valve), and in 
patients with a history of Kawasaki disease and aneurysms.  

A B

C D

A B

C D
 ⊡   Fig. 23.22     Surgically corrected Bland-White-Garland syndrome in a 16-year-old girl. The left main coronary artery originated from the 

pulmonary artery and was surgically transferred to the aortic root during infancy to restore normal anatomy. Additionally, a mechanical 
mitral valve was placed. Conventional angiography (aortography) at follow-up demonstrated the right coronary artery ( RCA , Panel  A ) 
but not the ostium of the left coronary artery. A late phase of the dedicated angiography of the  RCA  demonstrated retrograde fi lling of 
the left coronary arterial system ( arrow  in Panel  B ) as an indirect sign of left main occlusion. The patient had no clinical symptoms or ECG 
changes. 16-row CT using adaptive multisegment reconstruction ruled out stenosis of the dominant  RCA  (Panel  C , curved multiplanar 
reformation) but also confi rmed the occlusion of the reinserted left main coronary artery ( arrow  in Panel  D , curved multiplanar reforma-
tion,  Ao  ascending aorta). Both the left anterior descending ( LAD ) and the left circumfl ex coronary artery ( LCX ) were opacifi ed on CT due 
retrograde fi lling via collaterals from the  RCA        
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23.8.2    Kawasaki Disease 

 Kawasaki disease is an acute, self-limiting vasculi-
tis of unknown etiology that occurs predominantly in 
infants and young children. It was fi rst described in 
1967 by Dr.  Tomisaku Kawasaki in the Japanese litera-
ture (Arerugi). Th e specifi c cause of the disease is still 
unknown. Current theories center primarily on immuno-
logical causes. Classically, 5 days of fever plus four of fi ve 
diagnostic criteria must be met to establish the diagnosis. 
By far the highest incidence of Kawasaki disease occurs 
in Japan (175 per 100,000 patients under 5 years of age), 
though its incidence in the US is increasing (approxi-
mately 2,000–4,000 cases are identifi ed in the US each 
year). Kawasaki disease is predominantly a disease of 
young children, with 80% of patients being younger than 
5 years of age. Th e disease aff ects more boys than girls. 

 Cardiac complications are the most important aspect 
of the disease. Kawasaki disease can cause vasculitis in 
the coronary arteries and subsequent coronary artery 
aneurysms. Th ese aneurysms can lead to myocardial 
infarction even in young children (Fig.  23.23 ). Overall, 
about 5–20% of children with Kawasaki disease develop 
coronary artery aneurysms with much higher preva-
lence among patients who are not treated with intra-
venous immunoglobulins (IVIG) early in the course 
of illness (Fig.   23.24 ). Virtually all deaths in patients 
with Kawasaki disease result from its cardiac sequelae. 
Mortality peaks 15–45 days aft er the onset of fever; at 
this stage, patients have coronary vasculitis with a con-
comitant marked elevation of the platelet count and a 
hypercoagulable state. However, sudden death from 
myocardial infarction may also occur many years later 
in individuals who develop coronary stenoses follow-
ing a childhood history of coronary artery aneurysms. 
Many cases of fatal and nonfatal myocardial infarction in 
young adults have been attributed to “missed” Kawasaki 
disease in childhood.

    Evaluation of the coronary arteries should include 
quantitative assessment of internal vessel diameters 
(Fig.   23.25 ). Aneurysms are at least 1.5 times larger 
than the surrounding reference vessel diameter and 
are classifi ed as saccular if axial and lateral diameters 
are nearly equal or as fusiform if symmetric dilata-
tion with gradual proximal and distal tapering is seen. 
When a coronary artery is larger than normal without 
a segmental aneurysm, the vessel is considered ectatic. 
Standard deviations (called Z-scores) are commonly 
used to determine if the coronary artery is dilated 

relative to the patient’s body surface area. Care must 
be taken in making the diagnosis of ectasia because 
of considerable normal variation in coronary artery 
distribution and dominance. Th e Japanese Ministry of 
Health criteria classify coronary arteries as abnormal 
(ectatic) if the internal lumen diameter is >3  mm in 
children <5 years of age or >4 mm in children ≥5 years 
of age, if the internal diameter of a segment measures 
≥1.5 times that of an adjacent segment, or if the coro-
nary lumen is clearly irregular. Th is is less commonly 

A

B

A

B
 ⊡   Fig. 23.23     Routine follow-up CT performed in 24-year-old patient 

who had severe Kawasaki disease at a young age. The three-dimen-
sional reconstruction (Panel  A ) and maximum intensity projection 
(Panel  B ) show complete occlusion ( arrow ) of the left anterior descend-
ing coronary artery ( LAD ) proximal to a calcifi ed aneurysm ( asterisk ). 
The patient is now managed medically by an adult cardiologist       
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A

B C

A

B C
 ⊡   Fig. 23.24     A 25-year-old male patient with Kawasaki disease. The disease occurred at the age of 2 and resulted in a giant aneurysm of the 

proximal right coronary artery ( RCA ) and a fusiform aneurysm in the left anterior descending coronary artery ( LAD ) seen at CT follow-up 
(curved multiplanar reformation, Panel  A ). Conventional coronary angiography confi rmed these fi ndings in the  RCA  (Panel  B ) and LAD (Panel 
 C ). The RCA aneurysm was 25 mm long and had a diameter of 12.5 mm on CT (Used with permission from Arnold et al.  Pediatr Radiol   2007 )       

 ⊡   Fig. 23.25     A 21-year-old patient with Kawasaki disease and aneurysms of both the left anterior descending coronary artery ( LAD , 
Panels  A – D ) and the right coronary artery ( RCA , Panels  E  and  F ). The LAD aneurysm was severely calcifi ed (Panel  B , curved multiplanar 
reformation), and stenosis was demonstrated distal to the aneurysm ( arrow  in Panels  A  and  D ). However, the percent diameter stenosis 
was diffi  cult to evaluate using CT due to the aneurysmal calcifi cation (Panel  D ). There was no stenosis and aneurysm in the left circum-
fl ex coronary artery ( LCX ) both on conventional coronary angiography (Panel  A ) and prospectively ECG-gated dual-source CT (Panel  C ). 
There was no signifi cant stenosis in the  RCA  as seen on conventional coronary angiography (Panel  E ). The CT examination was superior 
in visualizing the calcifi cations in the aneurysm and also did not show any stenosis (Panel  F ). However, there was an artifact on CT as seen 
in Panels  C ,  D , and  F  ( asterisks ), which was due to arrhythmia       
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used now that the Z-score standard deviations are 
widely available.

   Proximal aneurysm can be evaluated echocardio-
graphically, but the technique is not sensitive enough 
to exclude coronary stenosis. For evaluation of stenosis 
or of the more distal coronary segments, either conven-
tional coronary angiography or CT is required. Small 
studies in follow-up patients (mostly teenagers) have 
confi rmed an almost 100% diagnostic accuracy of CT 
for detection of aneurysms with conventional coronary 
angiography as the reference standard. Th us, recent CT 
scanners can be recommended for noninvasive follow-
 up aft er childhood Kawasaki disease, while severe cal-
cifi cations may still impair estimates of the degree of 
coronary stenosis.  

23.8.3    Myocardial Bridging 

 Normally, coronary arteries have an epicardial course. A 
myocardial bridge is a congenital condition in which a 
segment of coronary artery runs intramurally, through 

the myocardium, beneath a muscular bridge. Th e 
 coronary artery segment covered by the myocardial 
bridge is called a “tunneled” artery. As the heart con-
tracts to pump blood, the muscle exerts pressure across 
the bridge and may constrict the artery. Th is can lead 
to premature ventricular contractions and angina pec-
toris. Th ere are only case reports on the use of CT for 
diagnosing myocardial bridging in children. Bridging 
is most commonly seen in children with hypertrophic 
cardiomyopathy. 

 Myocardial bridging most oft en aff ects the left  ante-
rior descending coronary artery. Mild forms of myocar-
dial bridging (less than 20% diameter stenosis) are oft en 
undetectable, as the blood usually fl ows through the cor-
onary while the heart is relaxing in diastole. Visualization 
of the coronary arteries during diastole and systole is 
mandatory to determine the percentage of diameter ste-
nosis and measure the lengths of the tunneled part for 
planning the surgical strategy in patients with ischemia 
(Fig.   23.26 ). Th e eff ect of myocardial bridging is very 
controversial and many think it is a normal variant that 
does not require intervention.

A B C DA B C D
 ⊡   Fig. 23.26     An 11-year-old girl with myocardial bridging of the left anterior descending coronary artery ( LAD ) due to hypertrophic 

cardiomyopathy. She was admitted to the hospital after a heart attack and resuscitation and was thus referred for CT, which was per-
formed on a dual-source CT scanner at a heart rate of 103 beats per min. The patient showed only limited breath-hold capabilities, lead-
ing to artifacts on the reconstructed images. ECG-gated CT angiography using 50 ml of an iodinated contrast agent (370 mg iodine/ml) 
shows the intramural segment ( arrows ) of the left anterior descending coronary artery displayed as curved multiplanar reformations 
during systole (Panel  A ) and diastole (Panel  B ). Note the narrow lumen ( arrow ) of the intramural segment during systole and diastole 
(Panels  A  and  B ). This fi nding was confi rmed on conventional angiography ( arrow  in Panel  C ). Panel  D  shows the intraoperative site after 
dissection of the myocardium. The further clinical course was uneventful (Panel  D  is courtesy of Dr. C. Sebening, Heidelberg)       
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23.9        Evaluation of Prosthetic Valves 

 Pediatric patients oft en have a mechanical (Fig.  23.13a ) 
or bioprosthetic valve (Fig.  23.27 ) placed as part of com-
plex palliation. Th ere is an expected gradient through 
any prosthetic valve, but the gradient can increase due 
to valve dysfunction, patient-valve size mismatch with 
somatic growth, or pannus formation. Perivalvar leaks 
are also seen, and they are diffi  cult to quantify or see 
by echocardiography due to the artifact from the valve 
structure itself. CTA is an excellent modality to assess 
bioprosthetic valve function, pannus formation, and 

paravalvular leaks (Fig.   23.27 , Chaps.   16    ,   17    , and   18    ). 
For leaks, the regurgitant fraction can be calculated from 
a function scan based on the stroke volume diff erences 
between the right and left  ventricle.
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