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INTRODUCTION 

Although chest radiography remains the initial im- 
aging modality in the work-up of congenital heart disease 
(CHD), the cardiovascular community is often overbur- 
dened and at a loss to establish the correct diagnosis on 
the basis of plane chest films (Fig. 1). Thus, with echocar- 
diography in their hands, pediatric cardiologists have be- 
come the principle investigators of patients with CHD. 
Moreover, approximately half of CHD is due to isolated 
septa1 abnormalities easily emendable to echocardiogra- 
phy with Doppler interrogation. However, complex le- 
sions, especially those involving the central pulmonary 
vasculature and right-sided heart lesions, are difficult to 
assess even with transesophageal echocardiography ( 1 - 
3) and are dependent on operator competence. Although 
the technique allows multiplanar imaging, compliance of 
the patient, body habit limitations, previous surgery, and 
pulmonary abnormalities may inhibit visualization of 
complex structures. In more difficult and complex cases 
of CHD, catheter angiography has been the traditional 
imaging modality of choice. However, angiography is in- 
vasive, traumatic to femoral and subclavian vessels of 
small children, and involves contrast dye of potential 
nephrotoxicity. Moreover, in CHD, repeated and follow- 
up diagnostics are often required to delineate the entire 
extent of the anomaly and follow its course over time; 
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the latter clearly speaks for a noninvasive nontoxic mo- 
dality such as magnetic resonance imaging (MRI). 

Spin-echo (SE) MRI is a superb noninvasive non-ion- 
izing imaging modality that when gated to the patient's 
heart and respiratory rate or as a breathhold technique 
provides excellent imaging of the pathoanatomy of CHD. 
In addition, MRI is excellent at delineating the anatomy 
of the great vessels (43. Although, still evolving, this 
technique combines the major strength of the more tradi- 
tional imaging modalities and offers also functional in- 
formation on the underlying anatomic anomaly (6). The 
large field of view (FOV) in any desired plane allows 
simultaneous visualization of all cardiac chambers, the 
great vessels, the bronchial tree, and the abdomen (7). 
These factors, coupled with improved spatial resolution, 
make MRI attractive to surgeons, who are accustomed to 
angiographic evaluation. On gradient-recalled echo 
(GRE), MR flowing blood, both arterial and venous, may 
be visualized without contrast agents (8), or, even better, 
MR angiography (MRA) with gadolinium shows the en- 
tire vasculature structure in three-dimensional display. 
Thus, MRI can be used as an adjunct to chest x-ray and 
echocardiography for any of the reasons already men- 
tioned; as a primary imaging modality, MRI is useful in 
more complex cases and in the evaluation of the great 
vessels. 

The purpose of this article is to review the various 
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Figure 1. Features of congenital heart disease on conventional chest film or coronal MRI. (Adapted from Kilner P. Imaging of 
adults with congenital heart disease. In: Lima J, ed. Diagnostic Imaging in Clinical Cardiology. Baltimore: Martin Dunitz; 1998.) 

options of MRI relevant to the evaluation of CHD, in- 
cluding recent developments in MRI technology likely 
to increase the utility of MR in cardiology. The article 
will also provide an overview of fundamental cardio- 
vascular embryology and will define areas in which MRI 
has proven to be most useful in the diagnostic work-up 
of patients with CHD and at least equally sensitive and 
specific as compared with transesophageal echocardiog- 
raphy and angiography in the entire spectrum of CHD 
(5,9). 

good contrast with the surrounding structures (e.g., myo- 
cardium or vessel wall) (10). When a stack of SE sections 
is required, each section corresponds to a different car- 
diac phase, without functional information of dynamic 
processes throughout a cardiac cycle. 

TECHNICAL OPTIONS OF MRI 

SE MRI 

Multislice SE MRI with triggering of the image acqui- 
sition by the electrocardiogram (ECG) is the most com- 
monly applied technique,to define the morphology of the 
heart and great vessels. Images are routinely obtained in 
the transverse plane, with additional imaging planes tai- 
lored to the cardiovascular structures under investigation 
(Fig. 2 ) .  The SE images are acquired with relatively short 
repetition times (TR), dependent on the heart rate when 

20-30 mSec long and with two to four averages to 
optimize the signal-to-noise ratio. This imaging sequence 
is especially Well suited for defining anatomic detail but 
allows no assessment of dynamic cardiac events because 
moving blood does not produce a signal and provides 

Figure 2. Patient after Hemi-Fontan operation to shunt ve- 

demonstrates the anatomic situs better than any alternative im- 
aging modality and allows exact quantitative of p,,~- 
m o n q  artery diameter. AAO, ascending aorta; DAO, descend- 
ing aorta; LPA, left pulmonary artery; RPA, right pulmonary 
artery; SVC, superior vena cava; SP, spine. 

ECG-triggenng is and short echo times (TE)v nous blood into pulmonary circulation. The coronal SE MRI 
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Figure 3. Left: Anatomic SE MRI showing the exact site of coarctation. Middle: cine MRI (or GRE image) revealing the functional 
seventy of the aortic isthmus stenosis with evidence of turbulent flow shown by the characteristic signal void, both on cine MRI 
and phase mapping. Right: MRA after intravenous injection of gadolinium-DTPA nicely delineating the stenotic site, the development .. ~ ~ 

of the collateral circulation, and the adjacent vasculature. 

GRE MRI 

In contrast with SE techniques, GRE MRI provides 
less soft tissue detail but dynamic information on flow 
and cardiac function ( I  1). GRE images display flowing 
blood as a bright signal intensity, whereas SE images 
show flowing blood generally as a dark signal or a signal 
void (12). On GRE cine displays, disturbances of normal 
flow are shown as low-signal turbulent jet effects. GRE 
images are acquired with high temporal resolution 
throughout the cardiac cycle of 8- 16’frames/sec by using 
short TR, short TE, and small flip angles (10). This tech- 
nique is ideally suited to assess functional information 
on aortic coarctation (Fig. 3, A and B). However, the 
image acquisition is not real time but requires, for exam- 
ple, 128 heartbeats for images with 128 phase-encoding 
steps. The images can be displayed in a cine mode at the 
above frame rate to reveal the dynamics of flow and other 
motion effects in a pseudo-real-time format. Artifacts in- 
herent to GRE techniques pose a problem when one im- 
ages structures such as metallic implants or anatomic 
structures adjacent to the lung parenchyma because of 
susceptibility effects. 

Ultrafast MRI 

Recently, ultrafast gradient MRI and real-time echo- 
planar techniques have been introduced into clinical prac- 
tice (13,14). Fast-imaging methods reduce image degra- 
dation from physiologic motion effects such as respira- 
tion and cardiac rotation during contraction, allowing 

improved evaluation of cardiovascular function. Ultrafast 
MRI allows image acquisition during a breathhold within 
one heartbeat’s interval. These rapid radiant echo se- 
quences operate with very short TR values, resulting in 
suboptimal image contrast. A prepulse is commonly ap- 
plied to suppress vascular signal and provide T1- 
weighted contrast in the final image. To restore TI and 
T2 image contrast, preparatory pulses are incorporated 
in the imaging sequence in the time interval before data 
collection starts. For example, this technique is applied 
to assess first-pass myocardial perfusion wich the aid of 
various intravasculx contrast agents used as perfusion 
markers (Fig. 3C) (15). 

Echoplanar imaging (EPI) provides snapshot or 
multishot imaging with very short acquisition times of 
20-100 msec per image, allowing real-time imaging of 
cardiac function and flow with acquisition rates of up to 
50 images per second (14). In EPI, multiple segments of 
the image data are acquired from a single SE or GRE. 
The acquisition of an entire image after a single radiofre- 
quency excitation is performed, for example, for a 128 
phase-encoded image with 128 oscillations of the readout 
gradient. The readout gradient oscillates rapidly from 
positive to negative amplitude to form a train of GRE 
that form around the envelope of the SE induced by a 
single excitation. Each echo is differently phase encoded 
by phase-encoded “blips” on the phase axis. EPI tech- 
nology poses special demands on the gradient system and 
radiofrequency receiver of the MR scanner. With further 
technical advances, EPI may become clinically applica- 
ble for multislice imaging of the entire heart within a 



172 Nienaber, Rehders, and Fratz 

single heartbeat. EPI images of the heart can be acquired 
without the need for ECG triggering in a free-run mode 
and displayed in a cine format to demonstrate dynamic 
processes such as a valve function, flow, and perfusion 
(1 6,17). 

Fast SE or turbo-SE (TSE) MRI allows the acquisition 
of high-quality T2-weighted M R  images with substantial 
reduction in imaging time, compared with conventional 
TZweighted MR sequences (18). T2-weighted MRI is 
valuable in obtaining better characterization of the com- 
position of tissue components, such as intramural hema- 
toma of the aorta (19). However, conventional T2- 
weighted approaches suffer from several artifacts due to 
motion during relatively long acquisition times. This 
problem may be overcome with the use of TSE acquisi- 
tion. Reduced imaging time with ECG-triggered TSE im- 
aging is achievable because of acquisition of multiple 
phase-encoding steps for each excitation in combination 
with the multislice mode. TSE imaging obviates the use 
of time-consuming conventional T2-weighted prepara- 
tions while maintaining high-quality T2 information for 
improved tissue characterization and improved definition 
of cardiac i d  mediastinal abnormalities. 

Flow Mapping and MRA 

MRA is based on a number of GRE MR techniques 
that allow the visualization of flowing blood noninva- 
sively. These techniques are categorized as time-of-flight 
or phase-contrast methods, depending on the principle for 
visualization of flowing blood (20). In the time-of-flight 
method, the difference between the signal obtained from 
flowing blood and that from stationary tissue is due to 
the continuous wash-in of unsaturated blood and wash- 
out of saturated blood within an imaging section. This 
phenomenon of flow-related enhancement results in 
bright vessels on a relatively dark background (21). In the 
phase-contrast method, the difference in signal intensity 
between flowing and stationary structures is based on ve- 
locity-induced phase shifts of moving spins in the pres- 
ence of a magnetic field gradient (22,23). In contrast to 
most MRI techniques, images are reconstructed from the 
phase of the MR signal rather than from the amplitude. 
This approach allows the extraction of quantitative flow 
information, because the phase shift of flowing blood is 
proportional to its velocity. So far, MR velocity mapping 
provides accurate measurement of flow velocity and flow 
volume in medium and large vascular structures. MR ve- 
locity mapping has been validated as an accurate tech- 
nique both in vitro and in vivo (24). This phase-contrast- 

based method is gaining widespread acceptance as a 
valuable technique for measuring flow in the aorta, pul- 
monary arteries, superior caval vein, pulmonary veins, 
and, possibly in the future, coronary circulation, flow 
across cardiac valves, and flow in other vascular struc- 
tures throughout the body (25-27). M R  velocity mapping 
correlates well with oximetry and with MR measure- 
ments based on ventricular volumetry for calculation of 
shunt size in patients with CHD, including atrial (ASD) 
and ventricular septal defects (VSD), persistent ductus 
arteriosus (PDA), truncus arteriosus, and coronary-to- 
pulmonary artery fistulas (27a). 

Three-Dimensional Contrast-Enhanced 
MRA 

Especially complex CHD may prove extremely suit- 
able for MRI and three-dimensional (3-D) MRA after 
bolus injection of gadolinium-diethylenetriaminopenta- 
acetic acid (DTPA) via a venous access (28,29). Based on 
the administration of gadolinium during data acquisition, 
the technique exploits the contrast-induced Tl-shorten- 
ing effects and avoids saturation problems with slow flow 
or turbulence-induced signal voids. With the use of ul- 
trafast gradients, acquisition has to be performed at 
breathhold of 15-25 sec. A fast spoiled gradient 3-D se- 
quence with and without intravenous contrast is the basis 
for creating maximum intensity projections; TE and TR 
may be set at 1.9 and 4.0 msec, respectively. With a FOV 
between 390 and 450 mm, a conventional 512 X 512 
matrix provides an in-plane resolution of 1.1 X 1.6 mm. 
Slice thickness may vary from 2 to 4 mm, and the flip 
angle of 30 degrees is usually used. High-quality imaging 
of 64 interpolated contiguous slices using ' /2  K-space data 
acquisition in phase-encoding direction usually takes 
about 15-25 sec, and acquisition is performed with a 1.5- 
T MR equipped with an ultrafast gradient system; a dedi- 
cated body array coil is needed for signal transmission 
and reception. Optimal image quality is ensured by indi- 
vidual bolus tracking before infusion of 0.25 mmol/kg 
body weight of gadolinium over 10-30 sec (half the 
acquisition time). With subvolume multiplanar recon- 
struction, the intra- and extracardiac structures (Fig. 3C), 
the exact site of a malformation, or pathologic intracar- 
diac connection is identified and visualized in 3-D fash- 
ion (Fig. 4). The morphometric evaluation of MR images 
and angiograms may be extremely helpful to determine 
even the most complex abnormality, to describe the ana- 
tomic situs, to plan a corrective operation, and to assess 
the postsurgical result (Fig. 5). 
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CARDIAC EMBRYOLOGY 

The standpoint of an embryologist greatly helps to un- 
derstand the formation and septation of the atrial and sys- 
temic veins, the ventricles, and the great arteries and thus 
complex congenital cardiac anomalies (30). The forma- 
tion of two single endocardial tubes begins at day 21 after 
fertilization with sequential primordial heart chambers 
such as the sinus venosus, the primitive atrium, the primi- 
tive ventricle, bulbus, conus, and truncus arteriosus that 
continues into the aortic sac. The primitive heart tubes 
join centrally to form a bulboventricular loop (31-33). 
Within the following 10 days, the partitioning of the 
primitive heart and the transformation from a single- to 
a four-chambered heart is performed. Blood enters the 
heart through paired venous structures, passes through a 
differentiated endocardial tube, and leaves through paired 
arterial structures, the conotruncal apparatus. With septa- 
tion of the various structures, a four-chambered heart and 
two great arteries are created (31-33). Under normal con- 
ditions the left-sided venous structures and the left sinus 
venosus regress. The right sinus venoms becomes incor- 
porated into the right atrium, constituting the entire 
smooth-walled portion of the adult right atrium, ~h~ 
atrial appendage is the only remnant of the embryonic 
right atrium. The left atrial appendage is the remnant of 
the embryonic left atrium, whereas the left atrium con- 
sists of a fusion with a common pulmonary vein. The 
inferior vena cava (IVC) drains into the right-sided right 
atrium in the normal or situs solitus situation (3 1-33). 

The septation of the atria is stimulated by the truncus 
arteriosus to form a septum primum that never com- 
pletely divides the common atrium. A persistent opening 
between the two atria is known as the ostium primum. 
The ostium primum lies just above the communication 
of the atria with the left ventricle (e.g., the atrioventricu- 
lar [AV] canal), whereas the septum and ostium secun- 
dum is situated above. After birth, the foramen ovale situ- 
ated in this region closes and forms the thin-walled fossa 
ovalis; in 20% of the population, the foramen ovale re- 
mains probe patent (31-33). At day 42 the communica- 
tion between the atria and ventricles, the AV canal, is 
septated by the endocardial cushions. A set of medial and 
lateral cushions divides the AV canal into a right and a 
left AV orifice and helps to form a component of the 
tricuspid valve and the anterior leaflet of the mitral valve 
and the chordae tendineae and papillary muscles. The re- 
maining AV valve leaflets are not derived from the atria 
but from their respective ventricles. Therefore, in cases 
of ventricular inversion (e.g., in Congenitally corrected 
transposition of the great arteries [cc-TGA]), each AV 

Figure 4. MRA after gadolinium-DTPA showing the lumino- 
gram of a patient with double-inlet left ventricle (or functionally 
a univentricular heart). The aorta and pulmonary vasculature 
originate from the “single chamber”; no septum is appreciated. 

~i~~~~ 5. MRA of a pat,ent after previous modified ~~~~~.l, 
shunt operation in TGA; the MRA clarifies the fact that the 
shunts are open and well perfused and confirms a good result 
8 yr postsurgery. 
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Figure 6. Corrected TGA in double oblique and coronal ori- 
entation. The SE MRI reveals transposition with the aorta (Ao) 
originating from the anatomic right ventricle (RV) and the left 
ventricle (LV) connected to the right atrium (RA) and pulmo- 
nary artery (PA). 

valve stays with its ventricle (Fig. 6). With expansion of 
both the right and left ventricle, the trabeculated muscular 
interventricular septum is formed. A large trabecula on 
the right, the septa1 band, runs longitudinally to the apex. 
Another prominent trabecula, the moderator band, con- 
nects with the anterior papillary muscle (31-33). The 
membranous septum constitutes the superior part of the 
septum that extends over the tricuspid valve. Thus, a de- 
fect in the supravalvular portion of the membranous sep- 
tum infers a left ventricular-to-right arterial shunt. 

Septations of the conus cordis and the truncus arterio- 
sus are intimately related and eventually form the as- 
cending aorta, main pulmonary artery, infundibuium, or 
outflow tract of the right ventricle, aortic annulus, semilu- 
nar valves, and the AV canal and the muscular interven- 
tricular septum. Pairs of truncal and conal swellings, sim- 
ilar to the endocardia1 cushions, appear in the truncus 
arteriosus and the conus cordis. The fusion of the dextro- 
superior and sinistroinferior truncal swellings and the 
dextrodorsal and sinistroventral conal swellings deter- 

mine the relation between aorta and main pulmonary ar- 
teries. The truncal swellings divide the truncus arteriosus 
into an aortic channel (proximal ascending aorta) and a 
pulmonary channel (pulmonary trunk). Because the con- 
otruncal apparatus is intimately involved in the formation 
of the great arteries, interventricular septum, and endo- 
cardial cushions, it appears obvious for an anomaly of 
the conotruncus to consist of several components (3 1 - 
33). The septation of the outflow tract is the final morpho- 
logic change in the developing heart; meanwhile, aortic 
and pulmonic valves stem from small tubercles on the 
truncal swellings and from a tubercle along the free wall 
of each artery. The leaflets and sinuses of Valsalva form 
by a process of excavation of the tubercles simulta- 
neously with the final septation of the conotruncal appa- 
ratus. 

Formation of the aortic arch and its branches is a com- 
plex process involving the development of six pairs of 
aortic arches. The first and second arch basically disap- 
pear, with only a part of the first persisting as a portion 
of the maxillary artery. All that remains of the second 
arch is the stapedial artery. The fifth aortic arch in mam- 
mals is rudimentary. The aortic arch of the adult is 
formed by the left third arch and is connected with the 
ductus arteriosus that is a part of the distal sixth aortic 
arch. Normally, this structure obliterates after birth and 
is converted to the ligamentum arteriosum. In the em- 
bryo, both sixth arches are also continuous with the pul- 
monary trunk. The right fourth aortic arch persists as part 
of the proximal subclavian artery. 

SYSTEMATIC ANALYSIS OF THE 
CARDIOVASCULAR ANATOMY 

Determination of Situs 

Atrial situs solitus is the normal situation with the 
morphologic right atrium on the right side and the mor- 
phologic left atrium on the left side of the body. The atrial 
situs inversus is the mirror image of the normal situation. 
In the normal situs solitus, the short main bronchus, the 
liver, and the IVC are right-sided structures, whereas the 
long main bronchus, the stomach, the spleen, and the ab- 
dominal aorta are left-sided structures (34-36). The mor- 
phology of the main bronchi is well visualized on coronal 
and transversal SE MR images and is a reliable indicator 
of the atrial situs but can already easily be determined 
with chest-x-ray (Fig. 1). Moreover, the right pulmonary 
artery is ventral to a relatively short right main bronchus, 
whereas the left pulmonary artery crosses over the left 
main bronchus. 
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Situs ambiguus is diagnosed when symmetry of the 
main bronchi and pulmonary arteries is present, for ex- 
ample, as left-sided (or polysplenia syndrome) or right- 
sided isomerism (or asplenia syndrome). Situs ambiguus 
is usually associated with complex malformations such 
as a large symmetric liver, absence of the spleen, and 
location of the IVC and abdominal aorta on the same 
side of the spine, all in conjunction with complex cardiac 
abnormalities. In polysplenia syndrome the presence of 
bilateral long main bronchi, multiple spleens, and inter- 
ruption of the hepatic segment of the IVC with azygos 
or hemiazygos vein continuation are characteristic. 

In sirus inversus the morphologic right atrium with 
systemic venous drainage is located on the left side, 
whereas the morphologic left atrium with pulmonary ve- 
nous drainage is located on the right side. The pulmonary 
veins can be defined with great accuracy by MFU tech- 
niques (37). The configuration of the atrial appendages 
may also be used to distinguish the morphology of the 
atria by MRI. The morphologic right atrium is character- 
ized by an appendage with a triangular configuration and 
wide base of implantation into the atrial chamber. The 
morphologic left atrium has a tubular appendage with a 
narrow ostium to the main chamber. In most patients, 
the atrium connected to the IVC is the morphologic right 
atrium. 

Morphology of the Ventricles 

The anatomic location of a ventricular compartment 
or the wall thickness cannot be used to determine the 
morphology-of the situs, because the ventricular position 
may be reversed in complex cardiac malformations and 
the wall thickness depends primarily on loading condi- 
tions (38). However, the morphologic right and left ven- 
tricles can be distinguished in most patients by close anal- 
ysis of the anatomic characteristics of the ventricles on 
MR images. Transverse SE MR images at a midventricu- 
lar level usuaIIy reveal the presence of the moderator 
band as a landmark for the morphologic right ventricle 
with a trabecular pattern, whereas the inner left ventricu- 
lar lining is smooth. Furthermore, the septa1 attachment 
of the AV valve of the morphologic right ventricle (the 
tricuspid valve) is caudal and closer to the cardiac apex 
than of the morphologic left ventricle. 

In addition, the presence of a muscular infundibulum 
is a reliable anatomic marker for characterizing a mor- 
phologic right ventricle, even when the other landmarks 
are difficult to identify (39). Thus MRI using simple SE 
images is well suited for analyzing complex ventricular 
abnormalities (40,41). In case of a single ventricle, one 

ventricular compartment receives blood through both AV 
valves and the assignment of the ventricular morphology 
is dependent on presence or absence of an infundibulum. 
Without a reliable description of morphology (very rare 
with MRI), the single ventricle is diagnosed as indetermi- 
nate. After evaluation of atrial situs and ventricular mor- 
phology, the AV connections are defined. 

Ventriculoarterial Connections 

The aorta and pulmonary artery are defined by their 
branching pattern as optimally visualized on transverse 
SE MR images at the base of the heart; TGA and other 
large vessel abnormalities are clearly depicted with the 
use of multiple transverse imaging planes. cc-TGA, for 
instance, is a congenital cardiac malformation defined by 
both discordant AV and ventriculoarterial connections. 
The morphologically right atrium communicates with the 
morphologically left ventricle through the mitraI valve 
orifice with the pulmonary artery originating from this 
ventricle. The morphologically left atrium communicates 
with the morphologically right ventricle through the tri- 
cuspid valve. The ascending aorta rises from the infun- 
dibulum of the right ventricle and is located to the left 
and anterior to the main pulmonary artery in situs solitus. 
The terms “congenitally corrected transposition,” “1- 
transposition,” and “ventricular inversion” are inter- 
changeable (42). Figure 7 explains the relationship of the 

ant \ 

Figure 7. Schema of the relationship between the great arter- 
ies in various malformation syndromes in transaxial orientation. 
(Modified from Ref. 43.) During embryologic development, the 
primitive truncus is an anterior midline structure. Conotruncal 
abnormalities are the result of abnormal orientation of the prim- 
itive truncus. Ao. aorta; ant, anterior; L, left; PA, pulmonary 
artery; post, posterior; PT, primitive truncus: R, right; RV, right 
ventricle. 
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great vessels in the principal forms of ventriculoarterial 
connections (43). Besides the advantages for segmental 
anatomic analysis, MRI is well suited to diagnose vascu- 
lar rings and other aortic arch anomalies (Fig. X )  or pul- 
monary artery malformations (44-46). 

Conotruncal Anomalies 

Septation anomalies of the conotruncd apparatus in 
the outflow tracts and at the level of the great arteries are 
an ideal target for MRI (2,4749). When septation of the 
conus cordis and truncus arteriosus fails to develop ap- 
propriately, a persistent truncus arteriosus may develop. 
If septation occurs without the normal spiraling, the result 
is TGA (Fig. 8). Finally, with asymmetric septation and 
normal spiraling, the resultant anomaly is tetralogy of 
Fallot (Fig. 9). Of these three anomalies, MRI is most 
helpful in evaluation of tetralogy of Fallot. In this anom- 
aly, it is difficult to assess the pulmonary arteries with 
angiography and echocardiography. Because of its large 
FOV, multiplanar imaging, and nonreliance on adminis- 
tration of contrast dye, MRI is well suited to display all 
comppnents of the tetralogy. Moreover; MRI facilitates 
the identification of the pulmonary arteries, the assess- 
ment of their caliber size, and location of collateral ves- 
sels (Fig. 9). Furthermore, flow-sensitive MR techniques 
assess the patency of the ductus arteriosus, the presence 

Figure 8. Transverse SE MR image of a patient with TGA. 
The aorta (A) is situated to the right of and anterior to the 
main pulmonary artery (P) as schematically shown in Fig. 
7. (From Link KM and Lesko NM. Congenital heart disease. 
In: Edelman RR and Zeatkin MB, eds. Clinical Magnetic Reso- 
nance Imaging. Philadelphia: WB Saunders; 1996: 1698, with 
permission.) 

of bronchial arteries, or major aorticopulmonary collat- 
eral arteries arising from the descending aorta in cases 
of pulmonary atresia. The transaxial views are excellent 
for evaluating the proximal right and left main pulmonary 
arteries (2). Imaging perpendicular to the arteries allows 
precise measurement of vessel diameter. The degree of 
infundibular stenosis can also be assessed with the 
transaxial and coronal planes. This determination is use- 
ful in assessing the results of infundibulectomy. a , e  se- 
venty of pulmonic stenosis, infundibular or valvular, can 
be assessed using phase-mapping techniques in a plane 
perpendicular to the pulmonary artery and usually distal 
to the stenotic lesion. TGA refers to the reversal of the 
anterior-posterior relationship of the aorta and pulmonary 
arteries (Fig. 7). 

Septation Anomalies 

Although MRI can readily establish the diagnosis of 
a VSD (50,51), ASD (52), or PDA (53), such common 
septation defects are in genenl adequately evaluated with 
echocardiography and color Doppler interrogation. 
Therefore, MRI is rarely required in their diagnostic 
workup. If MRI is needed, the short axis view is the most 
useful orientation for studying ASDs. This “double- 
oblique” view is oriented perpendicular to the interatrial 
septum. It is used instead of the standard transaxial view 
because the atrial septum is quite thin, especially in the 
area of the fossa ovalis and likely to be misdiagnosed as 
an ASD on transversal views. Alternatively, cine MRI 
(or GRE sequences) may demonstrate a black signal void 
across any, even small, VSDs. Most VSDs are already 
clearly depicted by standard transaxial imaging. On occa- 
sion, a horizontal long-axis view is required to visualize 
small supravalvular membranous VSDs. This view is 
usually required when trying to establish the diagnosis 
of a septa1 aneurysm. Phase-contrast MRI is useful when 
there is doubt regarding the diagnosis and as for calculat- 
ing shunt volumes (54,55). The PDA is difficult to iden- 
tify on transaxial images. Better visualization can be 
achieved on a coronal or left anterior oblique (LAO) scan 
through the aorta, which is best studied using thin-section 
slices and a dedicated coil. Cine MRI or contrast-en- 
hanced MRA may also be required to establish this diag- 
nosis. 

Dextrocardia 

Dextrocardia comprises all abnormalities with the 
heart located predominantly in the right hemithorax. The 
correct diagnosis can easily be reached by application of 
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Figure 9. Gadolinium-DTPA-enhanced MRA of a patient with tetralogy of Fallot. Left: MRA showing the ventricular septa1 defect, 
ovemding aorta, and pulmonary stenosis. Right: Targeted maximum intensity, projection shows dilatation of the left pulmonary 
artery dilated hepatic veins. 

MRI and using three simple rules: the type of aorta deter- 
mines the loop, the side of the N C  or the bronchi deter- 
mine the situs (30,56), and in transposition the aorta 
arises from the right ventricle. The large FOV and se- 
quential multiplanar imaging make MRI much more con- 
ducive than echocardiography, conventional angiogra- 
phy, and computed tomography. 

There are six types of dextrocardia (Fig. 7) (57) to be 
distinguished by using coronal and transaxial ECG-gated 
SE MRI: dextroposition, arrest of the d-bulboventricular 
loop, situs inversus totalis, cc-TGA, right atrial iso- 
merism, and left atrial isomerism. Examples are shown 
in Figs. 6 ,  8, and 10. With the first step (i.e., the determi- 
nation of the loop type), the presence of an l-bulboventri- 
cular loop and thus of either situs inversus totalis or cc- 
TGA is made. The next step is to determine the situs by 
evaluating the position of the IVC or the bronchi that 
identify the right atrium (Fig. 10). Dextroposition is usu- 
ally associated with a d-bulboventricular loop and situs 
solitus (the normal situation), but it can also be associated 
with a simple defect, such as an ASD or a congenital 
anomaly of the aorta. Associated skeletal abnormalities 
or pulmonary hypoplasia are best detected in coronal 
views. Transaxial MR images are better to show the inter- 
ventricular septum that deviates from its normal 30- to 
45-degree orientation relative to the patient’s back. 

Conversely, situs inversus totalis is a mirror image of 
the normal situation of situs solitus and a d-bulboventri- 

cular loop with a 3-5% incidence of congenital abnor- 
malities. Situs inversus is evidenced by a left-sided IVC 
and therefore left-sided right atrium, and an l-bulboven- 
tricular loop is determined by the evidence of an 1-aorta. 
Although the heart is in the right hemithorax, the left ven- 
tricle continues to be posterior to the right ventricle and 
the aorta remains posterior to the pulmonary artery. In 
TGA a situs solitus and an I-aorta are observed; the aorta 
is to the left and anterior to the pulmonary artery, arising 
from the right ventricle. Transaxial and coronal SE MR 
images delineate the anatomy. and dynamic MRI tech- 
niques are used to assess the severity of the associated 
pulmonary stenosis (44,58). In addition to identifying the 
components of cc-TGA, it is important to assess the size 
of the pulmonar arteries and their collateral flow. These 
patients often require a shunt operation for flow to the 
pulmonary circulation. Evaluation of the pulmonary ar- 
teries is best accomplished using transaxial SE MRI 
(Fig. 2). 

In cases of atrial isomerism there are either two right 
atria or two left atria. Isomerism is often seen by the 
abdominal relationship of the IVC and the aorta and by 
polysplenia or asplenia. Typically, the IVC and aorta are 
on the same side of the spine Cjuxtaposed) in cases of 
right atrial isomerism, and there is IVC interruption in 
85% of cases of left isomerism. Moreover, the bronchial 
anatomy may be helpful; if both bronchi are similar in 
length and angulation, there is atrial isomerism (Fig. 1). 
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Figure 10. Sagittal SE MR image of a patient with atrial situs 
inversus. The IVC enters ttre dorsally located morphologic right 
atrium. (From de Roos A, Rebergen SA and van der Wall EE. 
Congenital heart disease assessed with magnetic resonance 
techniques. In: Skorton DJ, Schelbert HR, Wolff GL and 
Brundage BH, eds. Cardiac Imaging. Philadelphia: WB Saun- 
ders; 1996:678, with permission.) 

The morphologic right atrial appendage is a broad-based 
triangular structure, and the left atrial appendage is a nar- 
row-based fingerlike structure. Either type of isomerism 
may be associated with other anomalies, right isomerism 
with total anomalous pulmonary venous return, a large 
or common atrium, a common AV valve, a large VSD 
or single ventricle, TGA or double-outlet right ventricle, 
and pulmonary stenosis or atresia, whereas left iso- 
merism often has associated partial anomalous pulmo- 
nary venous return, ASD, VSD, normal ventriculoarterial 
connection or double-outlet right ventricle or niitral ste- 
nosis, subaortic stenosis, aortic stenosis, and coarctation. 
All of these associated anomalies can be detected by us- 
ing transaxial and coronal SE MRI. The severity of ob- 
structive lesions can be assessed by using phase-contrast 
MRI techniques. 

Nienaber, Rehders, and Fratz 

Aortic Anomalies 

As a result of persistent and continued patency or dis- 
appearance of segments of the aortic arches, anomalies 
such as patent ductus arteriosus, double aortic arch, right 
aortic arch, anomalous right subclavian artery, inter- 
rupted aortic arch, or absent left pulmonary artery can 
be explained. A left aortic arch with an aberrant right 
subclavian artery is the most common aortic arch anom- 
aly, with 0.5% prevalence in the population (59). The 
right subclavian artery and the distal right arch are incor- 
porated into the descending aorta. The right ductus arteri- 
osus is obliterated. The right subclavian artery can arise 
directly from the aorta or from an aortic diverticulum of 
Kommerell, that is, the persistent segment of the distal 
right dorsal aortic arch (Fig. 11). The aberrant right sub- 
clavian artery is best studied by SE transaxial and coronal 
imaging (42,60,61), and this feature is often found as an 
isolated anomaly. However, there is an increased inci- 

Figure 11. Coronal SE MR image of an aneurysm of Kom- 
merell situated at the junction of the left-subclavian artery and 
the aortic arch. The aneurysm was associated with partial rup- 
ture and subsequently underwent surgical repair. 
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dence with tetralogy of Fallot and coarctation. If the aber- 
rant artery arises distal to the coarctation, it serves as a 
major collateral vessel, and rib notching is unilaterally 
confined to the left hemithorax. 

A mirror-image right aortic arch is almost always 
(>95%) seen in conjunction with cyanotic CHD (56); 
25% of patients with tetralogy of Fallot, 35-50% of pa- 
tients with persistent truncus arteriosus, and 10% of pa- 
tients with TGA have mirror-image right aortic arches. 
Tetralogy of Fallot is much more common (10-12% of 
CHD) than persistent truncus arteriosus (1.5-2.0%), and 
mirror-image right aortic arch is frequently associated 
with tetralogy of Fallot (Fig. 9). The more common form 
of a right aortic arch is the right arch with an aberrant left 
subclavian artery, which occurs in approximately 0.1 % of 
the population (56). The frequency of CHD associated 
with this aortic anomaly is about 5%. Depiction of the 
pathoanatomy of the aberrant subclavian artery is best 
done using transaxial and coronal SE MRI (45,57,58). 
Transaxial imaging just below the arch nicely demon- 
strates the origin of the aberrant vessel and its course 
posterior to the esophagus. Using the same imaging 
plane, cine MRI can evaluate the amount of constriction 
the ring exerts on the esophagus and trachea during the 
cardiac cycle. Coronal SE MRI demonstrates the aorta to 
either the right or left of the spine. 

Two types of double aortic arch are known and may 
be completely evaluated with MRI (45-59-61). When the 
diagnosis is suspected on the basis of clincial presenta- 
tion or from plain chest radiography, MRI should be used 
as the primary nonivasive imaging modality. The caliber 
of both arches and the superior location of the right arch 
are best shown with coronal SE MRI. The encirclement 
of the trachea and esophagus by the classic inverted U 
appearance of the double aoritc arch is best shown using 
trnasaxial SE MRI and cine-MRI. 

. 

Coarctation 

Coarctation is a common anomaly resulting from a 
localized deformity of the aortic media that causes an 
eccentric infolding of the posterolateral wall of the proxi- 
mal descending aorta (62) .  Rarely, the coarctation can 
occur proximal to the left subclavian artery or proximal 
to the ductus arteriosus (preductal, infantile form with 
hypoplasia of the aortic isthmus) (59). With either form 
of coarctation, there is usually dilatation of the aorta just 
distal to the coarctation site. This is due to the eccentric 
high-velocity blood jet caused by the coarctation. With 
high-grade stenosis, collateral vessels develop to reestab- 
lish flow to the descending aorta but cause a trans- 

stenotic gradient (Fig. 3). MRI, with its large FOV, 
multiplanar format, and dynamic imaging, including ve- 
locity measurement, has emerged as the imaging modal- 
ity of choice in the evaluation and follow-up of coarcta- 
tion (63-66). Transaxial SE imaging can demonstrate the 
small caliber of the descending aorta but does not usually 
demonstrate the membrane or its relationship to the 
branch arteries. SE MRI performed in the LAO plane 
through the middle of the ascending and descending aorta 
“unfolds” the aorta and the site of coarctation, any hypo- 
plasia of the aortic isthmus, and postcoarctation dilatation 
of the descending aorta. Especially MRA after injection 
of gadolinium-DTPA depicts the luminogram of the hy- 
poplastic arch and the isthmus and nicely demonstrates 
enlarged intercostal collateral arteries when they are pres- 
ent (Fig. 12). Cine and phase-contrast MRI performed in 
LAO allows semiquantitative assessment of coarctation 
seventy. Phase-contrast MFU performed distal to the co- 
arctation site and perpendicular to the blood jet or in the 
LAO plane measuring velocity in three orthogonal planes 
is used to measure blood velocity distal to the coarctation 
(Fig. 3B). This can be used to calculate a pressure gradi- 
ent using the modified Bernoulli equation with a pressure 
gradient of four times the peak velocity squared. Phase 
mapping can also be used to identify reversal of flow in 
the intercostal arteries or an aberrant right subclavian ar- 
tery, documenting collateral flow to the descending aorta. 
Short-axis cine MRI is used to detect left ventricular hy- 
pertrophy and evaluate ventricular function. Similarly, 
SE transaxial MRI is used to scan the heart for any associ- 
ated VSD, another commonly associated anomaly. 

POSTSURGICAL EVALUATION AND 
FLOW DYNAMICS 

All aforementioned MR techniques are by nature well 
suited for postsurgical assessment. both as a quality con- 
trol measure and for follow-up management of any com- 
plex surgical procedure. However, patients with intraop- 
erative placement of ferromagnetic vascular clips and 
coils constitute a contraindication for MRI at high field 
strength, whereas metal bone clips and wires may just 
cause local artifact. 

Postoperative Tetralogy of Fallot 

Despite improved sursical methods. pulmonary steno- 
sis and pulmonary regurgitation are common postopera- 
tive sequelae after repair of tetralogy of Fallot and have 
been associated with enhanced risk of sudden death 
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Figure 12. 3-D MRA after bolus injection of gadolinium- 
DTPA in a patient with coarctation; the MRA is ideal to demon- 
strate the, development of collaterals via the intercostal and 
mammary arteries as evidence of a severe aortic narrowing. 
Note also the small aortic arch dimension (arrow). 

(67,68). SE and GRE MRI are effective for the postsurgi- 
cal evaluation of the anatomic and functional status. Pul- 
monary regurgitation is commonly found, especially 
when a transannular patch has been used for abolition of 
right ventricular outflow tract obstruction. The evaluation 
of the clinical significance of pulmonary regurgitation 
after Fallot repair has been facilitated with MRI. Phase- 
contrast MRI has been shown to be an accurate method 
for noninvasive volumetric quantification of pulmonary 
regurgitation after surgical correction of tetralogy of Fal- 
lot (69). In addition, multislice GRE MRI is an accurate 
method for performing measurements of right ventricular 

volumes, without the limitations inherent to the complex 
geometry of the right ventricle (70,71). The conse- 
quences of pulmonary regurgitation on right ventricular 
function in patients who have undergone Fallot repair can 
be comprehensively evaluated with combined use of 
phase-contrast MRI and GRE MRI. Furthermore, the 
measurement of left and right ventricular stroke volumes 
based on the tomographic method can be used as an inter- 
nal reference to validate the direct measurement of pul- 
monary flow; pulmonary regurgitation volumes closely 
agreed with the difference between the corresponding 
right and left ventricular stroke volumes as measured to- 
mographically by GRE MRI (69). The comparison be- 
tween MR velocity mapping results and regurgitation as 
judged from Doppler echocardiography showed that reli- 
able assessment of the severity of pulmonary regurgita- 
tion is problematic with Doppler echocardiography and 
may be measured more reliably with phase-contrast MRI. 
Thus, phase-contrast MRI appears to be ideally suited for 
monitoring pulmonary regurgitation and right ventricular 
function after repair of tetralogy by Fallot (69). 

.Evaluation of Pulmonary Flow Dynamics 

Various complex operations have been advised for cy- 
anotic patients with CHD to enhance pulmonary blood 
flow. SE MRI is ideal to visualize the anatomy of pulmo- 
nary circulation and surgical procedures aimed at the im- 
provement of pulmonary blood flow (2); the technique is 
superior to echocardiography to delineate the confluence 
of the pulmonary arteries in patients with pulmonary atre- 
sia (4833). Also, MRI has an advantage over angiocardi- 
ography in small children and pulmonary hypertension, 
both unlikely to tolerate application of contrast dye well. 
Both size and patency of systemic-to-pulmonary artery 
shunts can be assessed with great detail by SE MRI or 
flow-sensitive sequences without any need for contrast 
angiography (Fig. 2 )  (53). 

Shunts and Conduits 

Accurate diagnosis of obstruction in extracardiac con- 
duits is well performed with the use of MRI techniques 
(72). A variety of conduits exists for improvement of the 
pulmonary flow in patients with cyanotic heart disease. 

In Rastelli’s operation, a conduit establishes or im- 
proves blood flow from the right ventricle to the pulmo- 
nary vasculature and may be visualized by gadolinium- 
enhanced MRA (Fig. 5) .  When a stenosis in the conduit 
is defined with SE MRI, MR velocity mapping can be 
used to calculate the pressure gradient across an ob- 
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structed conduit by applying a modified Bernoulli equa- 
tion (similar to Doppler ultrasound) (72,73). The Fontan 
procedure and its related variations are designed to direct 
systemic venous return to the lungs (74,75). Modifica- 
tions vary from direct atriopulmonary connection be- 
tween the right atrium and the pulmonary artery to an 
AV connection between the right atrium and the right 
ventricle, incorporating the pumping capability of the 
right ventricle into the pulmonary circulation (Fig. 2 ) .  
M R  velocity mapping has proven suitable for the study of 
pulmonary flow patterns after Fontan surgery with both 
atriopulmonary and AV shunts (76). Monophasic systolic 
pulmonary flow curves are often seen in patients with AV 
Fontan connections, indicating right ventricular-depen- 
dent pulmonary blood flow. Usually, however, the pump- 
ing capabilities of the right ventricle are more or less a 
passive conduit in the Fontan circulation. Thus, MR ve- 
locity mapping provides reliable measurements of vol- 
ume and velocity of pulmonary flow in various modifica- 
tions of Fontan procedures and may objectively assess 
the success of Fontan procedure and flow distribution to 
both lungs or may be preferential to the left lung (76,77). 

Pulmonary Hypertension 

Assessment of pulmonary flow by MR velocity map- 
ping gives insight into the seventy of arterial pulmonary 
hypertension (78). Decreased pulmonary blood and lower 
peak systolic pulmonary flow velocities may be observed 
with severe pulmonary hypertension (79). Furthermore, 
the signal intensity in the right pulmonary artery on SE 
MR images appears to have a direct linear relationship 
with pulmonary vascular resistance in patients with con- 
genital cardiovascular shunt lesions. Moreover, MR eval- 
uation is by nature not harmful, contrary to the applica- 
tion of contrast dye in pulmonary hypertension. 

Evaluation after Senning or Mustard 
Repair 

Mustard or Senning operations redirect the pulmonary 
venous return to the anatomic right ventricle in patients 
with TGA and subject the right ventricle to the loading 
conditions of a systemic ventricle. Because the right ven- 
tricle is not ideally suited for systemic performance, right 
ventricular failure may develop in these patients. MRI 
may be of value in demonstrating baffle obstruction and 
in monitoring right ventricular systolic function in this 
category of patients. The ability of MRI to measure right 
ventricular diastolic function further qualifies this tech- 
nique as a valuable tool for postsurgical evaluation before 

systolic dysfunction is evident after Mustard and Senning 
operations (80). Abnormal tricuspid flow patterns by 
Doppler echocardiography after Mustard or Senning re- 
pair may result from reduced compliance and impaired 
relaxation of the hypertrophied right ventricle. MR veloc- 
ity mapping of tricuspid flow in patients after Mustard 
or Senning repair has shown that abnormal tricuspid flow 
profiles can be demonstrated with MR velocity mapping. 
In patients after Mustard or Senning repair, the time to 
peak filling rate and normalized peak filling rate are usu- 
ally higher than in normal children at similar age, body 
surface area, and heart rate. 

SUMMARY AND FUTURE 
PERSPECTIVES 

Currently, MR techniques provide useful information 
that is not readily available from other noninvasive mo- 
dalities such as echocardiography, radionuclide imaging 
techniques, and computed tomography. The superb reso- 
lution, the inherent contrast, the 3-D nature, and its mor- 
phologic and functional imaging capabilitces justify the 
application of MRI in all patients with CHD. The de- 
velopment of one single comprehensive procedure for 
studying cardiovascular anatomy, function, flow, coro- 
nary angiography, myocardial perfusion, and cardiac 
metabolism will be a major challenge both for diagnostic 
and for follow-up imaging. Although the number of MR 
machines is rapidly increasing, very fast real-time MRI 
is possible only in few centers with specially designed 
and dedicated magnets. Technologic improvement in 
hardware (rapid switching of magnetic field gradients) 
and software is emerging for fast-image acquisition on 
commercially available hospital-based magnets (8 1). MR 
contrast agents such as blood pool agents for CHD and 
compounds specifically absorbed by ischemic myocar- 
dial tissue are currently entering the clinical arena and 
offer new applications for MRI and MRA. With the ad- 
vances in technology, replacement of a diagnostic test 
battery by just one primary MR procedure is just a ques- 
tion of conception and most likely beneficial for patient 
care and healthcare economics. 
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