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ABSTRACT

Cardiac magnetic resonance (CMR) of the pediatric patient involves a unique set of technical
challenges above and beyond those encountered in adult imaging. Anatomical structures are
smaller, demanding greater spatial resolution; heart rates are high, demanding greater tem-
poral resolution; and patients maybe sedated or uncooperative, rendering breath-hold imaging
strategies useless. Despite these difficulties, CMR offers several advantages over other imaging
modalities, including soft tissue contrast, lack of ionizing radiation, a capacity for true three-
dimensional imaging, accurate flow quantification, and freely selectable imaging planes. These
advantages and continued advances in MR hardware, software, and imaging techniques are
bringing CMR into more widespread use in pediatric cardiology.

This review is a summary of the primary techniques used in pediatric CMR for both con-
genital and acquired cardiovascular disease. The fundamentals of CMR pulse sequences and
physiological synchronization of data acquisition are described, and imaging applications are
reviewed. While the basic imaging sequences and techniques are common to both pediatric
and adult CMR, some significant differences in imaging priorities and strategies are discussed.

INTRODUCTION

Cardiac magnetic resonance (CMR) of the pediatric patient
involves a unique set of technical challenges above and beyond
those encountered in adult imaging. Anatomical structures are
smaller, demanding greater spatial resolution; heart rates are
high, demanding higher temporal resolution; and patients may be
sedated or uncooperative, rendering breath-hold imaging strate-
gies useless. Despite these difficulties, CMR offers several ad-
vantages over other imaging modalities, including soft tissue
contrast, lack of ionizing radiation, a capacity for true three-
dimensional imaging, accurate flow quantification, and freely
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selectable imaging planes. These advantages and continued ad-
vances in MR hardware, software, and imaging techniques are
bringing CMR into more widespread use in pediatric cardiology.

This review is a summary of the primary techniques used in
pediatric CMR for both congenital and acquired cardiovascular
disease. While the basic imaging sequences and techniques are
common to pediatric and adult CMR, there are some signifi-
cant differences in imaging priorities and strategies that will be
pointed out and discussed.

The first section deals with some of the fundamental as-
pects of CMR pulse sequences and image acquisition strategies.
The second section covers the various pulse sequences in the
functional imaging categories of localization, morphology, car-
diac function, velocity quantification, first-pass perfusion, and
delayed-enhancement. In the final section, some future direc-
tions for technical advancement are discussed.

PULSE SEQUENCE FUNDAMENTALS

Spin echo

ECG-gated spin echo (SE) imaging has been used for de-
piction of cardiovascular anatomy for over 20 years (1). A 90◦
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RF excitation pulse is followed by a 180◦ refocusing pulse to
form a spin echo. Wash-out of spins during the time between ex-
citation and refocusing reduces blood signal and provides high
contrast between lumen and vessel wall, or cardiac chambers and
myocardium (2). However, scan times are long, and images may
suffer from respiratory motion artifacts and incomplete suppres-
sion of blood signal. Turbo (TSE) or fast spin echo applies mul-
tiple 180◦ pulses to form multiple echoes following each exci-
tation pulse, increasing the efficiency of image acquisition. TSE
techniques combined with blood-nulling pre-pulses are used in
cardiovascular imaging as a means to reduce acquisition time to
a breath-hold and provide more reliable blood signal suppres-
sion (3). TSE can be extended to single-shot imaging (RARE
or HASTE) by sampling enough echoes after a single excita-
tion to reconstruct an entire image (4, 5). However, compared
to SE or TSE, single-shot imaging has relatively poor spatial
and temporal resolution and may not be useful at the high heart
rates of infants and young children. The parallel acquisition tech-
niques of SMASH (6), SENSE (7), and GRAPPA (8) can reduce
scan time by deriving spatial encoding information from multi-
element coil arrays. These techniques have improved single-shot
imaging by reducing the shot-time, improving temporal resolu-
tion and reducing motional blurring. The three basic forms of
cardiac-gated spin echo sequences (SE, TSE, and HASTE) are
shown in Fig. 1. Spin echo based black-blood techniques are
no longer commonly used for basic anatomical imaging hav-
ing been supplanted by rapid, bright-blood single-shot and 3D
SSFP as well as contrast-enhanced 3D MR angiography. How-
ever, SE type sequences are still commonly used for T2-weighted
imaging and tissue characterization.

Spoiled gradient echo (GRE)

The spoiled gradient echo pulse sequence forms the basis of
a wide variety of cardiac imaging applications, including cine,
velocity mapping, first-pass perfusion, delayed-enhancement vi-
ability imaging, and contrast-enhanced angiography. All of these
applications are built on the same basic gradient echo building
block using a short echo time (TE), short repetition time (TR)
and low flip angle excitation with gradient and/or RF spoil-
ing of transverse magnetization following each readout. Mul-
tiple variations have been created, tailored to specific imaging
applications, through the use of velocity encoding and com-
pensation, magnetization preparation pulses, and 2D and 3D
acquisition strategies.

Gradient echo cine imaging relies on inflow enhancement to
generate high signal in blood flowing through the plane of the
image (9). Today, most cine imaging applications are based on
the trueFISP or SSFP (steady-state free precession) sequence
(10, 11, 12), however, spoiled gradient echo cine continues to
play a role in cine imaging of valves and vascular stenoses. Rapid
flow through valves causes signal enhancement in GRE cine, as
shown in Fig. 2, facilitating planimetry of the valve orifice. The
flow disturbances caused by valve stenosis or insufficiency are
often more easily visualized using GRE than with SSFP. Flow
disturbances typically result in controlled dephasing of the signal

Figure 1. Comparison of standard gated spin echo (A) to seg-
mented turbo spin echo (B) to single-shot HASTE (C). The three
cardiac synchronized acquisition strategies diagrammed in the fig-
ure for spin echo based sequences can be generalized to the other
basic sequence types of spoiled gradient echo and steady-state
free precession.

Figure 2. Single frame of spoiled gradient echo cine (A) and
steady-state free precession cine (B) acquired in the aortic valve.
While the tri-leaflet valve is clearly depicted in each of the images,
the GRE image shows higher contrast between the valve orifice
and surrounding aortic cusps due to strong in-flow enhancement.
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in GRE while these disturbances can produce variable results in
SSFP images.

Phase velocity mapping (13, 14) is another important appli-
cation of GRE in pediatric CMR. The motion of blood or tissue
during the application of imaging gradients results in a phase
shift relative to stationary tissue. In order to separate this phase
shift due to velocity from other sources of phase shift, such as
local field inhomogeneities and chemical shift, a reference data
set is acquired (15). In the reference data acquisition, the gradi-
ent pulses are designed to eliminate any phase due to constant
velocity by the technique of velocity compensation or gradient
moment nulling. A second set of image data is acquired in which
a phase shift is generated proportional to magnitude and direc-
tion of velocity. This is accomplished through the use of flow
encoding gradient pulses embedded within the conventional gra-
dient echo cine pulse sequence. After subtracting the phase due
to other sources, the remaining phase difference between the
velocity encoded and velocity compensated datasets is propor-
tional to velocity. A “phase image” is reconstructed in which
the signal intensity is proportional to the magnitude of the ve-
locity, and the sign of the signal (positive or negative) indicates
direction. An example is shown in Fig. 3.

Since velocity mapping requires acquisition of twice as much
data (flow encoded and flow compensated), scan times tend to be
longer than conventional cine imaging. Recently, parallel imag-
ing techniques have been combined with velocity mapping to
accelerate data acquisition. This technique has been used for
left-to-right shunt quantification in pediatric patients (16). Par-
allel imaging has also been combined with a multi-echo readout
for real-time velocity mapping (17). Besides providing a shorter
scan time, real-time flow techniques are insensitive to respira-
tory motion and arrhythmia. While real-time imaging involves
some sacrifice of spatial and temporal resolution over conven-
tional, segmented acquisitions, initial clinical results in pediatric
patients are promising (18).

Figure 3. In this patient with bicuspid aortic valve, two sets of im-
ages are reconstructed from the velocity mapping cine sequence.
The magnitude image shown in (A), used for anatomic orientation is
equivalent to a bright-blood GRE cine image. In the phase-velocity
image shown in (B), pixel intensity is proportional to through-plane
velocity. Medium gray corresponds to zero velocity, while bright (+)
and dark (−) signal indicate flow direction.

The other important applications of GRE sequences in pedi-
atric CMR are first-pass perfusion, delayed enhancement, and
contrast-enhanced MRA. All of these rely on the inherent T1 sen-
sitivity of GRE, the ability to enhance T1-weighting by means
of magnetization preparation pulses, and the T1-shortening ef-
fect of Gadolinium based contrast agents. These techniques
are discussed in more detail in the sections on those specific
applications.

Steady-state free precession (SSFP)

The technique of steady-state free precession (SSFP) or true-
FISP has been responsible in part for the rapid advancement of
CMR over the past five years. SSFP relies on very short repeti-
tion times (TR) for insensitivity to field inhomogeneity. For this
reason, while the SSFP sequence has been known for some time
(10), the first practical applications of SSFP in cardiac imag-
ing (11, 12) only came with the introduction of fast gradient
systems. Cine imaging is the cornerstone of any CMR exam,
and SSFP provides a dramatic improvement in cine image qual-
ity, contrast, and signal-to-noise over GRE sequences. In SSFP,
transverse magnetization is refocussed from one RF pulse to the
next, resulting in an image contrast which is related to the ra-
tio of T2/T1 relaxation parameters. This ratio is on the order of
3x higher in blood than in myocardium, resulting in inherently
high bright-blood contrast without strong reliance on inflow en-
hancement. SSFP has generally replaced spoiled gradient echo
sequences for cine imaging as it does not suffer from saturation
and loss of signal in situations of slow or in-plane flow. SSFP
imaging does have its own limitations, however. Its sensitivity to
field inhomogeneity is dependent on TR. Inhomogeneities typi-
cally exist at the air-tissue interface between the lungs and heart,
and near surgical clips, sternal wires, or stents, and can cause
dark band artifacts if the TR is not sufficiently short. Besides
cine imaging, SSFP has also had success for single-shot 2D
and bright-blood 3D anatomical imaging (19). Magnetization
prepulses (e.g., inversion recovery, saturation recovery, blood-
nulling) can be combined with SSFP (20) to take advantage of
the higher SNR efficiency than GRE in applications such as first-
pass perfusion and delayed-enhancement. Of course, the goal in
these applications is to detect signal intensity changes in tissue,
so any dark band artifacts are of particular concern.

Physiological synchronization

Basics of cardiac synchronization

CMR pulse sequences, with few exceptions, are synchronized
to the cardiac cycle by means of an electrocardiogram (ECG).
Data are collected at the same time relative to the ECG R-wave
over multiple heartbeats in order to reconstruct an image rep-
resentative of a specific phase of cardiac contraction. In cine
imaging (21), multiple images are reconstructed across the car-
diac cycle and viewed in a movie loop depicting the motion of
the beating heart or flowing blood.

Optical fiber or even wireless electrode leads are employed to
reduce ECG signal interference due to gradient field switching.
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The vectorcardiogram (VCG) method (22) has been adopted
as a means of improving the reliability of R-wave detection in
the face of ECG signal distortion caused by blood flow in the
magnetic field. Finger pulse oximetry can also be a useful alter-
native to the ECG signal for physiological synchronization of
pulse sequences as it is an optical signal insensitive to electrical
interference. However, it relies on good peripheral circulation,
which is not always present in patients. The finger pulse trigger
is based on peripheral blood flow and lags behind the R-wave
trigger by 200 - 300 msec at normal heart-rates. This time dif-
ference must be taken into account in setting appropriate pulse
sequence timing parameters.

Prospective triggering vs retrospective gating

Most imaging techniques designed to acquire images at a
single temporal phase of the cardiac cycle (black-blood TSE,
first-pass perfusion, delayed-enhancement, angiography) utilize
prospective triggering, while most cine imaging techniques now
employ retrospective gating. In prospective triggering, a series
of RF and gradient pulse events with fixed timing follows each
R-wave trigger. For example, a single-shot 2D SSFP image may
be acquired, timed to fall in diastole to avoid most systolic mo-
tion. Once the MR data acquisition events are completed for
a given heartbeat, the system halts and waits for the next R-
wave to arrive, triggering the next series of events in the pulse
sequence. This required waiting period associated with prospec-
tive triggering causes it to miss a portion of the cardiac cycle at
end-diastole. If the heart-rate is irregular and the next R-wave
occurs before the system is ready to detect it, entire heart beats
will be skipped.

Retrospective gating techniques acquire data continuously
from one R-wave trigger to the next. Data acquisition does not
halt and wait for the next trigger. Instead, the MR system moni-
tors the ECG waveform during data acquisition and switches to
the next phase encoding steps as soon as a trigger is detected.
After the acquisition is completed, the data are sorted based on
their relative position within the cardiac cycle, and a cine loop
representing an entire R–R interval is reconstructed. While an
arbitrary number of frames may be reconstructed by interpola-
tion of data, the true temporal resolution is still defined by the
acquisition parameters.

Respiratory gating

While rapid imaging techniques have enabled most CMR
scans to be reduced to a reasonable breath-hold period, pedi-
atric patients are often sedated or too young to cooperate with
breath-hold instructions. In sedated infants and small children,
breathing is often shallow and regular, and it is generally suffi-
cient to acquire multiple signal averages to “average out” res-
piratory motion artifact. This simple approach also inherently
improves image signal-to-noise, but averaging in the presence
of significant motion can result in blurring and loss of spatial
resolution. Alternatively, respiratory gating strategies have been
employed to synchronize data acquisition to the respiratory cy-
cle and/or prospectively adjust slice position to compensate for

motion. Respiratory bellows have been used to detect and syn-
chronize the acquisition to respiratory motion, but with incon-
sistent results. More recently, navigator echo respiratory gating
(23) techniques have been developed to accurately and repro-
ducibly monitor and correct for respiratory motion of the heart.
The navigator echo method uses an MR signal to detect and mon-
itor diaphragm position during image acquisition. The heart is
assumed to move in proportion to diaphragm motion, and both
gating (rejection of data collected during active phases of respi-
ratory motion) and prospective slice correction can be applied
based on this measurement of motion. The primary applica-
tion for navigator gating has been three-dimensional coronary
MRA, which has some utility in pediatric CMR in diagnosis of
Kawasaki disease (24) and anomalous coronary arteries (25).
More recently, navigator gated SSFP sequences have been used
for high resolution three-dimensional angiography of the great
vessels in adolescent and adult congenital heart disease (19).

Data acquisition strategies

Concept of segmentation

Three basic modes of ECG-synchronized data acquisition can
be defined, as outlined above for spin-echo based sequences and
diagrammed in Fig. 1. In the standard method of cardiac gating
or triggering, e.g., SE imaging, a single line of data for each
image is acquired each cardiac cycle. While this method affords
the highest possible temporal resolution as defined by the time
to sample only one line, it also results in the longest scan time.
This form of gating, while rarely used in adult imaging, is still
important in CMR of infants and small children with extremely
high heart rates. A more commonly used cardiac synchronized
acquisition strategy is k-space segmentation (26). In a segmented
acquisition, such as the TSE sequence shown in Fig. 1, several
lines (typically from 3 to 64) are acquired each cardiac cycle.
While temporal resolution is sacrificed, the image acquisition
time is reduced by the segmentation factor, making rapid breath-
hold imaging possible. In pediatric imaging, breath-holding is
only appropriate for children old enough to cooperate with the
operator. Segmented acquisition may also be combined with
averaging or respiratory gating methods for imaging during free
breathing.

Single-shot and real-time imaging

The concept of segmentation, i.e., sampling more than one
line of data per cardiac cycle, can be extended to the extreme of
sampling all lines inside of a single heartbeat. This approach is
termed “real-time” when in reference to cine imaging or “single-
shot” when pertaining to static imaging. Real-time does not nec-
essarily imply that the images are reconstructed and displayed in
real-time. Rather, it implies that these cine images are acquired
as a series of complete images acquired rapidly and sequentially
in time depicting actual heartbeats (27). This differs from stan-
dard or segmented acquisition techniques which build up a cine
loop representing a composite cardiac cycle reconstructed from
data acquired over a number of heartbeats. Single-shot refers
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to the acquisition of all image data in a “single shot,” rather
than segmented over a number of beats. In these cases, the re-
quirement of sampling an entire image, or even multiple im-
ages worth of data inside of a single heartbeat, demand compro-
mises in spatial and temporal resolution compared to segmented
acquisitions. However, single-shot and real-time imaging offer
distinct advantages over segmented acquisitions and are becom-
ing more widely used as temporal and spatial resolution are
improved. Cardiac arrhythmias, for example, can destroy the
quality of segmented gated acquisitions due the discrepancies
in data collected in different heartbeats. Real-time imaging, on
the other hand, doesn’t combine data from multiple beats and
is therefore much less sensitive to variations in rhythm. Like-
wise, single-shot image acquisition is fast enough to “freeze”
respiratory motion and is insensitive to breathing artifacts. In-
sensitivity to arrhythmia and breathing motion make single shot
imaging the only viable option in some patients. The advent of
these rapid techniques has meant that even the sickest, most un-
cooperative patient can be successfully imaged. However, given
the spatial and temporal resolution compromises necessary to
achieve the speed of real-time imaging, these techniques have
seen only limited application in pediatric CMR. As the technol-
ogy advances and spatial and temporal resolution are improved,
real-time and single-shot imaging will take on a more important
role in pediatric imaging. Even using today’s MRI technology,
real-time fetal cardiac MRI has been demonstrated (28), despite
the extreme demands on temporal and spatial resolution of this
application.

Data sharing

Techniques for sharing raw data between frames in a time
series of images have been developed to improve the effec-
tive frame rate (29, 30). Image frames can be reconstructed
closer together in time by overlapping the raw data from one
image to the next. While true temporal resolution, defined as
the period of time to acquire a given image, is not improved
by data-sharing, the temporal spacing between reconstructed
images is improved (31). This leads to a smoother display of
cardiac motion or flowing blood. Data sharing has been used
effectively in prospectively triggered cine imaging, flow quan-
tification, real-time imaging, and more recently in time resolved
MR angiography (32, 33). Time resolved 3D MRA can provide
additional information on the dynamics of blood flow, baffle
leaks, and shunts in complex congenital heart disease (34).

Magnetization preparation

A variety of different image contrasts can be generated by
the use of magnetization preparation pulses. T1-weighting can
be imparted by inversion-recovery (IR) and saturation-recovery
(SR) pulses. T2-weighted preparation has been successfully
used to improve blood-myocardium contrast in 3D acquisi-
tions (35). Blood-nulling is achieved through double-inversion
(36). Fat suppression, grid tagging, and spatial pre-saturation
are also all examples of magnetization preparation schemes
used in CMR. These preparations provide the flexibility neces-

Figure 4. Short-axis images from a normal volunteer demonstrat-
ing the flexibility and image constrast varation made possible by
magnetization preparation. Each of the four images shown was
acquired using the same segmented SSFP readout, but each pre-
ceded by a different magnetization preparation. Upper left image
(A) shows the native SSFP contrast with no magnetization prepara-
tory pulses. Upper right image (B) is the same sequence with
the addition of a T2-weighting preparation. Note the darker my-
ocardium and skeletal muscle due to the T2-weighting. Lower left
image (C) demonstrates black-blood contrast generated by the
double-inversion preparation. Lower right image (D) shows the ef-
fect of a non-selective inversion recovery pulse. The inversion time
was set to null myocardium, as is done in delayed enhancement
imaging.

sary to successfully perform the wide variety of imaging func-
tions necessary for cardiac imaging. Several examples show-
ing the effect of different magnetization preparation schemes
combined with a segmented trueFISP readout are shown in
Fig. 4.

Coils for pediatric CMR

Small coils placed directly on the chest and under the back of
a child can significantly improve SNR. In selecting appropriate
coils for a pediatric CMR exam, it is also important to consider
the arrangement of multiple array elements for optimal applica-
tion of parallel acquisition techniques (6, 7, 8). While there are
some commercially available pediatric coils, these are typically
designed for imaging of the brain and spine. Imaging the heart
of an infant or very small child often requires the use of adult
coils designed for other applications. For example, infants may
fit within a standard head coil, and flexible coils designed for
orthopedic imaging can be wrapped around the chest of a small
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child. Alternatively, some coil arrays permit selection of only
specific elements out of the total array, allowing for the use in
larger children of cardiac coils designed for adults.

IMAGING APPLICATIONS

Localization

The first step in any CMR exam is to identify the appropriate
scan planes needed to answer the clinical questions. This gener-
ally means taking steps to obtain images in the standard cardiac
views (short-axis, vertical and horizontal long-axis) and valvu-
lar views. These views are easily achieved through the use of
single-shot localizers, generally using either bright-blood SSFP
or dark-blood HASTE. Either technique will generate a com-
plete image in less than a heart-beat, and one can very quickly
get to the standard cardiac views by positioning one slice off of
another.

In the case of complex congenital heart disease, the stan-
dard cardiac views may no longer apply. Anatomic anomalies
can make it difficult to determine appropriate views by standard
slice positioning methods. In these cases, a useful alternative
approach is to first obtain a 3D volume covering the entire re-
gion of interest, generally including the heart and great vessels.
This data can be obtained either using a 3D SSFP sequence
or by acquiring a series of overlapping 2D slices with either
single-shot or segmented SSFP. Because of the large number
of slices acquired, this type of scan can take several minutes.
The acquisition is generally either respiratory gated, or multiple
averages are obtained to suppress respiratory motion artifact.
Once the 3D volume data are acquired, they can be loaded into
a multi-planar reconstruction (MPR) tool to define the oblique
orientations needed to image the anatomy of interest, as shown
in Fig. 5. The slice orientations determined in this fashion are
used as the scout images for subsequent imaging using cine, flow
quantification, and other techniques.

Another approach to slice positioning gaining in popular-
ity is real-time interactive imaging. In this method, images are
acquired in rapid succession, reconstructed, and displayed in
real-time. Real-time control allows the operator to steer the scan
plane into the desired views, much like echocardiography. Inter-
active scan control is not generally commercially available but
is an active area of research and development.

Cardiac and vascular anatomy

Accurate visualization of cardiac and vascular anatomy is
critical to surgical planning and assessment of results in congeni-
tal heart disease. MRI can provide high resolution, high contrast,
anatomical images in freely-selectable 2D planes or true 3D vol-
ume scans. Anatomical images, combined with the functional
information provided by cine, velocity mapping, and dynamic
contrast angiography techniques make MRI ideally suited to the
evaluation of congenital heart disease patients.

Figure 5. MPR reformats in a patient with double-outlet right ven-
tricle and coarctation of the aorta who underwent palliative repair
with a lateral tunnel Fontan and subclavian flap angioplasty. MPR
is useful in the single ventricle patient where conventional imaging
planes are difficult to obtain such as the horizontal long axis or
four-chamber (A), short axis (B) and outflow-tract (C) views. Rapid
acquisition and reconstruction of scout images may decrease over-
all scan time in children with complex congenital anatomy.

SSFP

With the advent of fast gradient hardware, bright-blood SSFP
techniques are taking over the anatomical imaging role tradition-
ally held by gated spin echo. Single-shot, 2D SSFP images are
insensitive to cardiac arrhythmia and breathing motion and pro-
vide a rapid, high resolution survey of cardiovascular anatomy.
In the high heart rates often encountered in pediatric patients, k-
space segmentation is employed to improve temporal resolution
in 2D or 3D volumetric scans. With segmentation, breath-hold,
averaging, or respiratory gating are required to suppress breath-
ing artifact.

Black-blood sequences

While bright-blood SSFP and contrast-enhanced MRA
have become more important tools for anatomical imaging,
black-blood SE-based techniques still play an important role
in tissue characterization in pediatric CMR. These techniques
offer means of assessing pathological changes in T1 and T2 re-
laxation parameters in cardiac and vascular tissue. Myocarditis
(37), various cardiomyopathies, pericarditis, cardiac masses,
and vasculitis all can show an increase in T2. Black-blood
SE-based imaging with blood suppression pulses provides
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Figure 6. Black-blood SE imaging in a patient with unrepaired
tetralogy of Fallot, pulmonary atresia and major aorto-pulmonary
collateral arteries (MAPCAs). Black blood imaging identified not
only a severely dilated ascending aorta but also numerous
MAPCAs arising from the descending aorta supplying the right
and left pulmonary arteries.

high-resolution T2-weighted images of cardiac and vascular
tissue (38), as demonstrated in the example in Fig. 6. The high
contrast resolution of spin echo provides detail demonstrating
functional pathology, arterial relationships of the great vessels
and anatomy of intracardiac shunts. Fat suppression with
inversion prepulses (STIR, or Triple-IR) followed by a TSE
readout is important in the characterization of masses (3) and
diagnosis of fatty infiltration.

Contrast-enhanced 3D MRA

Contrast-enhanced 3D MR angiography (ce-MRA) has be-
come one of the most efficient and accurate means of assessing
complicated cardiovascular anatomy in congenital heart disease
(39). A rapid, 3D spoiled gradient echo acquisition is run during
the intravenous bolus injection of Gd-based contrast agent. The
data acquisition generally takes on the order of 15 sec–20 sec
and relies on accurate timing of the scan to the arrival of contrast
agent in the vasculature of interest. Timing accuracy is achieved
by a number of different methods. A rapid 2D T1-weighted GRE
sequence is typically run to detect the arrival time of contrast
agent, either as a pre-scan using a small test bolus of contrast
agent or immediately preceding the 3D MRA which is manu-
ally or automatically triggered when the contrast agent arrives.
The resulting high resolution 3D dataset can be processed in
a number of ways to evaluate vascular anatomy. Multi-planar
reconstruction (MPR) tools can be used to retrospectively gen-
erate 2D slices of any orientation from the original 3D data.
Maximum intensity projection or volume rendering can be ap-
plied to preserve and display the three-dimensional aspect of
the data, facilitating the visualization of overlapping anatomical
structures.

Like any other MRI of the chest, ce-MRA images of the heart
and great vessels can be corrupted by cardiac motion artifact.
Some cardiac motion artifacts are evident in the un-triggered

Figure 7. MRA is essential in the assessment of the cavopul-
monary flow paths in the palliated single ventricle patient. Re-
formatted MRA images in a patient with tricuspid atresia demon-
strated a classic Glenn (arrow; A) and anastomosis of the right
atrium to the left pulmonary artery (B).

3D MRA results shown in Fig. 7. ECG synchronization of ce-
MRA has been shown to significantly reduce cardiac motion
artifact (40) but at the expense of increased scan time due to the
dead-time introduced each heart-beat by prospective triggering.
Figure 8 shows an ECG-triggered MRA result with artifact-
free visualization of cardiac structures in MPR and volume ren-
dered reconstructions. Breathing motion can also cause blurring
in patients unable to breath-hold; however, the shallow regular
breathing pattern of infants and small children generally results
in good image quality even without breath-hold.

Time-resolved 3D MRA is an angiographic technique de-
signed to provide dynamic information with a temporal resolu-
tion of 0.5 sec–3.0 sec (41). In order to achieve this acquisition
speed in 3D imaging, through-plane spatial resolution is sacri-
ficed, parallel imaging acceleration and data sharing techniques

Figure 8. ECG-triggered contrast-enhanced 3D MRA. ECG syn-
chronization provides clear visualization of cardiovascular anatomy
in and around the heart. Images are shown of patient with double-
inlet left ventricle status-post lateral tunnel Fontan repair who un-
derwent implantation of an 8 mm Amplatzer Septal Occluder (ASO)
device (arrow) for a residual leak in the lateral tunnel associated
with significant desaturation. Reformatted image in the sagittal
plane (A) demonstrates the cavopulmonary is not obstructed. Vol-
ume rendered reconstruction of the same data (B) shows artifact
free depiction of aortic root.
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Figure 9. Dynamic MRA imaging in the sagittal plane in patient with d-transposition of the great arteries status-post Mustard repair. ECG-triggered
acquisition with complete 3D volume obtained each cardiac cycle. Selected images from the time series are shown, beginning with the upper
left image and proceeding in time across the top row and then the bottom row of images. After intravenous injection of 6 mL of gadolinium into
the arm, the superior vena cava is intially visualized. However, complete obstruction of the superior limb of the baffle is suspected due to reflux
of contrast into the azygous venous system. The venous system is seen decompressing through collaterals that communicate with the inferior
vena cava. Contrast returns to the systemic venous pathway inferiorly, eventually reaching the pulmonary arteries. Contrast finally opacifies the
systemic right ventricle and anteriorly located aorta.

such as TRICKS (32) or TREAT (33), and have all been ap-
plied. The result is an acquisition which requires only a small
dose of contrast agent and can capture the dynamics of blood
flow through the right and left circulation, as seen in the example
images shown in Fig. 9. This technique has been described using
sensitivity encoding in imaging the thoraco-abdominal vessels
in pediatric patients (34), and may be important in the assess-
ment of aberrant circulation patterns.

Coronary MR angiography (MRA)

The primary advantages of coronary MRA over X-ray
catheter angiography are that it is non-invasive and does not
expose the patient to ionizing radiation. These features are par-
ticularly important in pediatric patients, motivating the contin-
ued development of the technology. Non-invasive coronary an-
giography by X-ray computed tomography (CTA) is gaining in
clinical importance but also carries the risks of X-ray exposure.

Coronary MRA has proven to be technically challenging due
to the small size of the vessels and the effects of cardiac and
respiratory motion. The most common imaging strategy used

currently is a segmented, ECG-triggered 3D SSFP sequence
with data acquisition timed to the relatively quiescent phase of
mid-diastole. Navigator-echo respiratory gating is used both to
avoid respiratory motion, as well as to prospectively adjust slice
position based on diaphragm position. While coronary MRA is
still in an active state of technical development, it has found
important pediatric applications in the assessment of anoma-
lous coronary artery origins (25), and in the serial evaluation of
coronary artery aneurysms in Kawasaki disease patients (24).

Cardiac function

Cine imaging of cardiac function and flowing blood forms
the primary component of any MRI evaluation of a patient with
congenital heart disease. Assessment of global and regional wall
motion, as well as accurate quantification of ventricular mass,
ejection fraction, stroke volume, and cardiac index, all rely on
cine MRI. One of the advantages of MRI over echocardiography
is its ability to reproducibly and accurately acquire parallel im-
ages in any orientation, eliminating geometrical assumptions in
the quantification of cardiac mass and volumes. This advantage
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is especially important in congenital heart disease which may
result in ventricular anatomy which does not fit the usual shape
assumptions. One example is the unique ability of cardiac MR to
determine ventricular indices in the single ventricle patient (ei-
ther right or left ventricular morphology). The single ventricle
has a bizarre shape which is difficult to model mathematically
and does not allow for the geometric assumptions necessary to
calculate mass, volume, or cardiac performance from a single
image plane (42). The ventricular geometry and performance
in the single ventricle throughout all three stages of Fontan re-
construction have been studied using cine MRI (43). Compared
to other noninvasive imaging tools, cardiac MR provides a pre-
cise assessment of ventricular volumes and function necessary
for early post-operative as well as long-term follow-up of these
complex patients. The use of MR has also has been validated
extensively for measuring right ventricular function (44). Dur-
ing a single examination, CMR provides a complete evaluate of
right and left ventricular systolic and diastolic function as well
as intracardiac and vascular flow.

Assessment of left and right ventricular volumes and func-
tion has also been accurately measured using real-time SSFP
cine without breath-hold (45). This technique may be useful in
patients with severe cardiac dysfunction or cyanosis when re-
peated breath-holding becomes difficult or in patients too young
to cooperate with breath-hold commands. Real-time acquisitions
are also insensitive to the image artifacts which typically arise
from atrial or ventricular arrhythmias. Parts of the heart may be
missed or repeatedly measured because of respiratory motion
during real-time imaging. This must be taken into account when
reading these images, and can make quantitative evaluation dif-
ficult. Examples of breath-hold, segmented cine and real-time
imaging are shown in Figs. 10 and 11.

Velocity mapping

Velocity mapping and flow quantification in thoracic blood
vessels and across heart valves provides quantitative information
critical to the diagnosis and management of congenital heart dis-
ease. Important clinical applications for MR velocity mapping
include left-to-right shunt evaluation, vena cava and pulmonary

Figure 10. SSFP cine images in a patient with l-transposition of
the great arteries in diastole (A) and systole (B).

artery flow in Fontan patients, and peak velocity measurements
in stenotic vessels and valves. MR velocity mapping has been
well described to assess the presence and severity of shunt le-
sions (46). Using this method, measurements of blood flow in the
pulmonary artery and aorta are obtained simultaneously. Flow
profiles in the pulmonary (Qp) and systemic (Qs) circulations
can be expressed as a ratio (Qp:Qs). In the presence of a left-to-
right shunt such as an atrial or ventricular septal defect, the flow
in the pulmonary circulation exceeds the systemic circulation.
The presence of valvular insufficiency must be taken into con-
sideration, as this imaging technique relies on the calculation
of stroke volumes which will be affected by regurgitant flow.
Differential pulmonary blood flow can also be easily estimated
by MR velocity mapping and may be helpful in the assessment
of the patient with stenotic or hypoplastic pulmonary arteries
or post-operative assessment of surgical right ventricular-to-
pulmonary artery conduits (47). The estimation of peak veloci-
ties and quantification of collateral circulation are helpful in de-
termining the hemodynamic significance of coarctation or other
vascular stenoses. The pressure gradient across a coarctation,
and therefore its functional significance, can be estimated using
the modified Bernoulli equation (48). In patients with coarcta-
tion, the presence of greater flow in the distal aorta suggests the
presence of collateral circulation from the intercostal arteries
and other branches (49). Finally, velocity mapping can be per-
formed to assess the severity of stenosis or insufficiency of the
aortic and pulmonary valves. Aortic or pulmonary regurgitation
can be quantified directly to estimate the volume of antegrade
flow during systole and regurgitant flow during diastole (50). The
degree of pulmonary and aortic insufficiency can be determined
by measuring flow in the main pulmonary artery and ascending
aorta, respectively. The degree of mitral regurgitation can then
be calculated by subtracting the flow into the aorta during systole
from the flow across the mitral valve into the left ventricle dur-
ing diastole (51). In the presence of valvular stenosis, velocity
mapping can calculate the peak velocity across the valve. The
combination of cine MR and velocity mapping provides a direct
demonstration of the jet of stenosis or insufficiency, as well as
assessment of regurgitant fraction or severity of stenosis in the
pediatric patient with valvular dysfunction.

First-pass perfusion

The use of contrast-enhanced magnetic resonance imaging
to identify myocardial perfusion, extent and transmurality of
ischemia, infarction, and viability has been well described in
adults with atherosclerotic coronary artery disease (51–53). My-
ocardial ischemia and fibrosis can also complicate the long-term
outcomes of patients with various forms of complex congeni-
tal heart disease (54). MR perfusion measurement techniques in
clinical use today are all based on the dynamic imaging of the
first-pass through the myocardium of Gadolinium (Gd) based,
T1-shortening contrast agents. An intravenous bolus injection
of 0.075 mmol/kg and an injection rate of 4 mL/sec are com-
monly used, although wide variation can be found in injection
protocols. Adenosine is used as a coronary vasodilator to create
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Figure 11. Comparison of real-time cine images acquired during free breathing (top row) with segmented, ECG-triggered breath-hold images
(bottom row). Both sequences utilize a SSFP readout and parallel acquisition techniques to accelerate the scan. Real-time images are an
acquired matrix of 80 × 192 with a temporal resolution of 65 msecs. Segmented, breath-hold images are an acquired matrix of 128 × 192 and
a temporal resolution of 30 msec.

a blood flow difference between normal coronary beds and those
supplied by stenotic vessels. Single-shot images at three to five
slice positions are acquired each heart beat. Ultra-fast imaging
sequences are necessary to acquire images at this rate. Variations
using GRE (55), SSFP (56), and hybrid GRE-EPI (57) pulse se-
quences have all been described, and parallel acquisition tech-
niques (58, 59) have been used to enhance the performance of
first-pass imaging. All commonly used techniques employ a 90
degree saturation preparatory pulse to increase T1-weighting. As
the contrast agent passes through the blood pool and myocardial
tissue, the T1 is shortened, and the signal enhanced. This first-
pass of contrast agent through the myocardium generally takes
20 secs. to 30 secs. from the time of injection. This time defines
the length of the scan as images must be acquired throughout
the passage of contrast agent through the myocardium. Ischemic
regions with poor perfusion will not enhance at the same rate
as normally perfused tissue and can be visualized as regions of
transient dark signal.

Although the reported application of MRI perfusion imag-
ing in the pediatric population has been limited, preliminary re-
sults demonstrate that MRI evaluation of myocardial perfusion
and viability is feasible in patients with congenital and acquired
pediatric heart disease (60). Advantages of CMR over nuclear
scintigraphy include the lack of ionizing radiation, which be-
comes important in the consideration of stress imaging in young
patients who may require lifelong assessment of myocardial is-
chemia and function. Compared to the nuclear perfusion ex-
amination, which may take from two to six hours, the CMR
examination generally takes less than one hour to complete. The
high spatial resolution of CMR also allows for the detection of
smaller perfusion defects (61). This greater spatial resolution of
CMR becomes particularly helpful in the pediatric population.
In addition, complimentary data such as regional wall motion
abnormalities and delayed enhancement to evaluate viability can
be obtained in one all-inclusive study. These applications could
prove to be useful in the long-term follow-up of patients with
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acquired syndromes such as Kawasaki disease, as well as various
forms of congenital heart disease including anomalous left coro-
nary artery communicating to the pulmonary artery (ALCAPA)
syndrome, anomalous coronaries and complete transposition of
the great arteries arterial switch operation (ASO). Further studies
are required to address the diagnostic utility and clinical benefit
in congenital and acquired pediatric heart disease.

Delayed myocardial enhancement

Gadolinium-based MRI contrast agents in clinical use are
all T1-shortening, extra-vascular, extra-cellular agents. These
agents rapidly diffuse out of the capillaries and into the intersti-
tial space. Areas of acute or chronic infarction provide a larger
distribution volume for these agents when compared to viable
tissue. As a result, within 10 minutes after intravenous injection,
a greater tissue concentration of contrast agent will be present
in infarcted or fibrosed myocardium than in viable tissue. This
process of delayed-enhancement may take longer in “no-reflow”
zones within regions of acute infarction.

T1-weighted, inversion recovery imaging can be used to dif-
ferentiate necrotic regions of delayed-enhancement from viable
myocardium. Inversion-recovery delayed-enhancement imag-
ing has been shown to be effective in identifying the presence,
location, and extent of acute and chronic myocardial infarction
(62). The inversion time (TI) is set to null the signal from vi-
able myocardium, to produce images in which necrotic tissue
is bright by virtue of its shorter T1. In practice, the optimal TI
is based on the dose of contrast administered and the elapsed
time between injection and imaging. An example of delayed-
enhancement consistent with endocardial fibroelastosis in a pa-
tient with aortic coarctation is shown in Fig. 12.

The assessment of transmural extent of viability by CMR has
diagnostic importance that is not available from other noninva-
sive imaging techniques. Studies in adults have demonstrated
that late gadolinium-enhanced CMR can predict whether re-
gions of abnormal ventricular contraction will improve after
revascularization in patients with CAD (53). Initial experience

Figure 12. Delayed enhancement in a patient with corctation of the
aorta who had undergone subclavian flap angioplasty but left with
severe aortic stenosis demonstrates a pattern of diffuse hyperen-
hancement in the short axis (A) and vertical long-axis (B) imaging
planes consistent with endocardial fibroelastosis.

evaluating this technique in the pediatric population is limited.
Infants diagnosed with ALCAPA syndrome demonstrate vari-
ability in the extent of irreversible myocardial injury and ven-
tricular dysfunction. The impact of myocardial viability which
may direct surgical decisions regarding coronary reimplanta-
tion versus cardiac transplantation has been reported utilizing
delayed enhancement to detect ventricular infarct and myocar-
dial fibrosis in infants with ALCAPA syndrome and severe left
ventricular dysfunction (63).

Assessment of delayed enhancement may become increas-
ingly important in the CMR assessment of both children and
adults with congenital heart disease. Recently, the presence of
hyperenhancement has been demonstrated in patients with d-
transposition of the great arteries who have undergone an atrial
switch procedure (64, 65). Further studies are necessary to de-
termine the prognostic importance of these findings.

CONCLUSION AND FUTURE DIRECTIONS

Cardiac MRI hardware and software continue to evolve and
advance. High field 3-Tesla whole-body magnets are coming
into widespread use at research and teaching hospitals. The
higher field strength brings a direct signal-to-noise (SNR) bene-
fit. This gain is especially appealing in pediatric imaging where
the high resolution requirements can be limited by SNR. The
spin-echo and spoiled gradient echo CMR techniques, includ-
ing black-blood TSE, GRE cine, velocity mapping, contrast-
enhanced MRA, and delayed-enhancement, all benefit from the
higher SNR at 3T. However, local susceptibility gradients, RF
inhomogeneity, and higher RF power deposition, all limit the
application of SSFP sequences at 3T. Hybrid GRE-EPI, criti-
cal in first-pass perfusion imaging, is also highly sensitive to
local field inhomogeneities. Unfortunately, SSFP and GRE-EPI
sequences have become mainstays of CMR at 1.5T, so alterna-
tive approaches must be developed before clinical CMR can be
considered routine at 3T and above.

Advances in RF receiver hardware are driving the applica-
tion of parallel imaging technology in CMR. Parallel acquisition
techniques have come into routine use in cine, velocity mapping,
contrast-enhanced MRA, and first-pass perfusion applications.
Commercially available cardiac coils utilize from 5 to 12 ele-
ments, and acceleration rates are generally limited to factors of 2
or 3. New 32-element coils designed to take advantage of com-
mercially available 32 receiver channel systems are in clinical
testing. Initial results are promising, and should enable higher
acceleration factors. Coils designed specifically for smaller chil-
dren will be necessary to take full advantage of this technology
in pediatric patients.

Some of the first applications of the exciting new field of
interventional cardiovascular MRI are aimed at pediatric and
congenital heart disease (66, 67). The combined development
of rapid, real-time MRI sequences, together with MR compati-
ble catheters and guidewires, show promising potential for MR
guided catheter-based interventions. Besides the obvious advan-
tage of sparing the pediatric patient from X-ray radiation, inter-
ventional MRI also offers soft-tissue contrast, and the capability
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of assessing blood flow and velocity, and tissue perfusion and vi-
ability during the course of the procedure. Clinical applications
for this rapidly growing field will begin to appear once MR
compatible interventional devices are developed and approved
for clinical use.

In summary, CMR currently offers a wide range of clini-
cal applications which show distinct advantages in the pediatric
population, where invasive exams and X-ray exposure are to
be avoided. Many CMR sequences and techniques originally
designed for adult imaging have only recently been applied to
pediatric patients. It is expected that the same growth and suc-
cess of CMR recently witnessed in adult cardiology will be seen
in pediatric cardiology in the coming years.

REFERENCES
1. Alfidi RJ, Haaga JR, El-Yousef SJ, Bryan PJ, Fletcher BD, LiPuma

JP, Morrison SC, Kaufman B, Richey JB, et al. Preliminary Exper-
imental Results in Humans and Animals with a Superconducting,
Whole-Body, Nuclear Magnetic Resonance Scanner. Radiology
1982;143:175–181.

2. Axel L. Blood Flow Effects in Magnetic Resonance Imaging. AJR
1984;143:1157–1166.

3. Simonetti OP, Finn JP, White RD, Laub G, Henry DA. Black-Blood
T2-weighted Inversion Recovery MR Imaging of the Heart. Radi-
ology 1996;199:49–57.

4. Laub G, Simonetti OP, Nitz W. Single-Shot Imaging of the Heart
with HASTE (abstr). In: Proceedings of the SMRM. 1995;246.

5. Stehling MK, Holzknecht NG, Laub G, Bohm D, von Smekal A,
Reiser M. Single-shot T1- and T2-weighted magnetic resonance
imaging of the heart with black blood: preliminary experience.
MAGMA 1996;4:231–40.

6. Sodickson DK, Manning WJ. Simultaneous acquisition of spatial
harmonics (SMASH)-fast imaging with radiofrequency coil arrays.
Magn Reson Med 1997;38:591–603.

7. Pruessmann KP, Weiger M, Scheidegger MB, Boesiger P. SENSE:
sensitivity encoding for fast MRI. Magn Reson Med 1999;42:952–
962.

8. Griswold MA, Jakob PM, Heidemann RM, Nittka M, Jellus V, Wang
J, Kiefer B, Haase A. Generalized autocalibrating partially parallel
acquisitions (GRAPPA). Magn Reson Med 2002;47:1202–10.

9. Atkinson D, Edelman R. Cineangiography of the heart in a single
breath-hold with a segmented TurboFLASH sequence. Radiology
1991;178:357–360.

10. Oppelt A, Graumann R, Fischer H, Hertl W, Schajor W. FISP: a
new fast MRI sequence. Electromedica 1986;3:15–18.

11. Bundy J, Simonetti O, Laub G, Finn J. Segmented trueFISP cine
imaging of the heart (abstr). In: Proceedings of the 7th Annual
Meeting of ISMRM. Philadelphia, PA, 1999;1282.

12. Carr J, Simonetti O, Bundy J, Li D, Pereles S, Finn J. Cine MR
angiography of the heart with segmented true fast imaging with
steady-state precession. Radiology 2001;219:828–834.

13. Moran PR. A flow velocity zeugmatographic interlace for NMR
imaging in humans, Magn Reson Imaging 1982;1:197–203.

14. van Dijk P. Direct cardiac NMR imaging of heart wall and blood
flow velocity, J Comput Assist Tomogr 1984;8:429–436.

15. Axel L, Morton D. MR flow imaging by velocity-compensated/
uncompensated difference images, J Comput Assist Tomogr
1987;11:31–34.

16. Beerbaum P, Korperich H, Gieseke J, Barth P, Peuster M, Meyer
H. Rapid left-to-right shunt quantification in children by phase-
contrast magnetic resonance imaging combined with sensitivity
encoding (SENSE), Circulation 2003;108:1355–61.

17. Hoogeven R, Leone B, van der Brink J. Real-time quantitative flow
using EPI and SENSE. Proc Int Soc Mag Reson Med. 2001;9:114.

18. Korperich H, Gieseke J, Barth P, Hoogeveen R, Esdorn H,
Peterschroder A, Meyer H, Beerbaum P. Flow volume and shunt
quantification in pediatric congenital heart disease by real-time
magnetic resonance velocity mapping: a validation study. Circula-
tion 2003;108:1355–61.

19. Sorensen TS, Korperich H, Greil GF, Eichhorn J, Barth P, Meyer
H, Pedersen EM, Beerbaum P. Operator-independent isotropic
three-dimensional magnetic resonance imaging for morphol-
ogy in congenital heart disease: a validation study. Circulation
2002;105:908–11.

20. Deimling M, Heid O. Magnetization prepared trueFISP imaging.
Proceedings of the SMRM. San Francisco. 1994;495.

21. Glover GH, Pelc NJ. A rapid-gated cine MRI technique. Magn Re-
son Annu 1988;299–333.

22. Fischer SE, Wickline SA, Lorenz CH. Novel real-time R-wave de-
tection algorithm based on the vectorcardiogram for accurate gated
magnetic resonance acquisitions. Magn Reson Med 1999;42:
361–370.

23. Ehman R, Felmlee J. Adaptive technique for high-definition MR
imaging of moving structures. Radiology 1989;173:255–263.

24. Greil GF, Stuber M, Botnar RM, Kissinger KV, Geva T, Newburger
JW, Manning WJ, Powell AJ. Coronary magnetic resonance an-
giography in adolescents and young adults with Kawasaki disease.
Circulation 2004;109:1987–93.

25. Su JT, Chung T, Muthupillai R, Pignatelli RH, Kung GC, Diaz LK,
Vick GW 3rd, Kovalchin JP. Usefulness of real-time navigator mag-
netic resonance imaging for evaluating coronary artery origins in
pediatric patients. Am J Cardiol 2005;95:679–82.

26. Atkinson D, Edelman R. Cineangiography of the heart in a single
breath-hold with a segmented TurboFLASH sequence. Radiology
1991;178:357–360.

27. Riederer SJ, Tasciyan T, Farzaneh F, Lee IN, Wright RC, Herfkens
RJ. MR fluoroscopy: technical feasibility. Magn Reson Med
1988;8:1–15.

28. Fogel MA, Wilson RD, Flake A, Johnson M, Cohen D, McNeal G,
Tian ZY, Rychik J. Preliminary investigations into a new method
of functional assessment of fetal heart using a novel applica-
tion of ‘real-time’ cardiac magnetic resonance. Fetal Diagn Ther
2005;20:475–80.

29. Laub G. Breath-hold cine MR imaging with a shared and reordered
gradient echo technique (abstr). In: Book of abstracts: Society of
Magnetic Resonance in Medicine. 1993;478.

30. Foo TK, Bernstein MA, Aisen AM, Hernandez RJ, Collick BD,
Bernstein T. Improved ejection fraction and flow velocity estimates
with use of view sharing and uniform repetition time excitation with
fast cardiac techniques. Radiology 1995;195:471–478.

31. Slavin GS, Bluemke DA. Spatial and Temporal Resolution in Car-
diovascular MR Imaging: Review and Recommendations. Radiol-
ogy 2005;234:330–338.

32. Korosec FR, Frayne R, Grist TM, Mistretta CA. Time-resolved
contrast-enhanced 3D MR angiography. Magn Reson Med
1996;36:345–51.

33. Fink C, Ley S, Kroeker R, Requardt M, Kauczor HU, Bock
M. Time-resolved contrast-enhanced three-dimensional magnetic
resonance angiography of the chest: combination of parallel imag-
ing with view sharing (TREAT). Invest Radiol 2005;40:40–8.

34. Muthipillai R, Vick GW, Flamm SD, Chung T. Time-resolved
contrast-enhanced magnetic resonance angiography in pediatric
patients using sensitivity encoding. J Magn Reson Imaging
2003;17:559–64.

35. Brittain JH, Hu BS, Wright GA, Meyer CH, Macovski A, Nishimura
DG. Coronary angiography with magnetization-prepared T2 con-
trast, Magn Reson Med 1995;33:689–696.

36. Edelman R, Chien D, Kim D. Fast selective black blood MR imag-
ing, Radiology 1991;181:655–660.

592 Orlando P. Simonetti and Stephen Cook



37. Abdel-Aty H, Boye P, Zagrosek A, Wassmuth R, Kumar A,
Messroghli D, Bock P, Dietz R, Friedrich MG, Schulz-Menger J.
Diagnostic performance of cardiovascular magnetic resonance in
patients with suspected acute myocarditis: comparison of different
approaches. J Am Coll Cardiol 2005;45:1815–1822.

38. Arai AE, Epstein FH, Bove KE, Wolff SD. Visualization of the Aortic
Valve Leaflets using Black Blood MRI. J Magn Reson Imaging
1999;10:771–777.

39. Masui T, Katayama M, Kobayashi S, Ito T, Seguchi M, Koide M,
Nozaki A, Sakahara H. Gadolinium-enhanced MR angiography in
the evaluation of congenital cardiovascular disease pre- and post-
operative states in infants and children. J Magn Reson Imaging
2000;12:1034–42.

40. Arpasi PJ, Bis KG, Shetty AN, White RD, Simonetti OP. MR an-
giography of the thoracic aorta with an electrocardiographically
triggered breath-hold contrast-enhanced sequence. Radiograph-
ics 2000;20:107–20.

41. Finn JP, Baskaran V, Carr JC, McCarthy RM, Pereles FS,
Kroeker R, Laub GA. Thorax: Low-dose contrast-enhanced three-
dimensional MR angiography with subsecond temporal resolution–
Initial results. Radiology 2002;224:896–904.

42. Fogel MA. Assessment of cardiac function by magnetic resonance
imaging. Pediatr Cardiol 2000;21:59–69.

43. Fogel MA, Weinberg PM, Chin AJ, Fellows KE, Hoffman EA. Late
ventricular geometry and performance changes of functional single
ventricle throughout staged Fontan reconstruction assessed by
cardiac magnetic resonance imaging. JACC 1999;28:212–221.

44. Pattynama PM, Lamb HJ, Vander Velde EA, Van Der Geest RJ, Van
der Wall EE, De Roos A. Reproducibility of MRI-derived measure-
ments of right ventricular volumes and myocardial mass. Magnetic
Resonance Imaging 1995;13:53–63.

45. Hori Y, Yamada N, Higashi M, Nirai N, Nakatani S. Rapid evaluation
of right and left ventricular function and mass using real-time true-
FISP cine MR imaging without breath-hold: comparison with seg-
mented true-FISP cine MR imaging with breath-hold. J Cardiovasc
Magn Reson. 2003;5:439–450.

46. Brenner LD, Caputo GR, Mostbeck G, Steinman D, Dulce M,
Cheitlin MD, O’Sullivan M, Higgins CB. Quantification of left to
right atrial shunts with velocity encoded cine nuclear magnetic res-
onance imaging. JACC 1992;20:1246–1250.

47. Holmquist C, Oskarsson G, Stahlberg F, Thilen U, Bjotkhem
G, Laurin S. Functional evaluation of extracardiac ventriculopul-
monary conduits and of the right ventricle with magnetic resonance
imaging and velocity mapping. Am J Cardiol 1991;83:926–932.

48. Mohiaddin RH, Kilner PJ, Rees S, Longmore DB. Magnetic reso-
nance volume flow and jet velocity mapping in aortic coarctation.
JACC 1993;22:1515–1521.

49. Steffens JC, Bourne MW, Sakuma H, O’Sullivan M, Higgins
CB. Quantification of collateral blood flow in coarctation of the
aorta by velocity encoded cine magnetic resonance imaging. Circ
1994;90:937–943.

50. Varaprasathan GA, Araoz PA, Higgins CB, Reddy GP. Quantifi-
cation of flow dynamics in congenital heart disease: Applications
of velocity–encoded cine MR imaging. RadioGraphics 2002;22:
895–906.

51. Fujita N, Chazouilleres AF, Hartiala JJ, O’Sullivan M, Heidenre-
ich P, Kaplan JD, Sakuma H, Foster E, Caputo GR, Higgins CB.
Quantification of mitral regurgitation by velocity-encoded cine nu-
clear magnetic resonance imaging. JACC 1994;23:951–958.

52. Nagel E, Klein C, Paetsch I, Hettwer S, Schnackenburg B,
Wegscheider K, Fleck E. Magnetic resonance perfusion measure-
ments for the noninvasive detection of coronary artery disease.
Circulation 2003;108:432–7.

53. Kim RJ, Wu E, Rafael A, Chen E, Parker MA, Simonetti O, Klocke
FJ, Bonow RO, Judd RM. The use of contrast-enhanced magnetic
resonance imaging to identify reversible myocardial dysfunction.
NEJM 2000;343:1445–1453

54. Haueser M, Bengel FM, Kuhn A, Sauer U, Zylla S, Braun SL,
Nekolla SG, Oberhoffer R, Lange R, Schwaiger M, Hess J. My-
ocardial blood flow and flow reserve late after coronary reimplan-
tation in patients after arterial switch and Ross operation. Circ
2001;103:1875–1880.

55. Atkinson DJ, Burstein D, Edelman RR. First-pass cardiac
perfusion: evaluation with ultrafast MR imaging. Radiology
1990;174:757–62.

56. Schreiber WG, Schmitt M, Kalden P, Horstick G, Gumbrich
T, Petersen S, Mohrs O, Kreitner KF, Voigtlander T, Thelen
M. Perfusion MR imaging of the heart with TrueFISP. Rofo
2001;173:205–10.

57. Ding S, Wolff SD, Epstein FH. Improved coverage in dynamic
contrast-enhanced cardiac MRI using interleaved gradient-echo
EPI. Magn Reson Med 1998;39:514–9.

58. Kellman P, Derbyshire JA, Agyeman KO, McVeigh ER, Arai
AE. Extended coverage first-pass perfusion imaging using slice-
interleaved TSENSE. Magn Reson Med 2004;51:200–4.

59. Plein S, Radjenovic A, Ridgway JP, Barmby D, Greenwood JP, Ball
SG, Sivananthan MU. Coronary artery disease: myocardial per-
fusion MR imaging with sensitivity encoding versus conventional
angiography. Radiology 2005;235:423–30.

60. Prakash A, Powell AJ, Krishnamurthy R, and Geva T. Magnetic
resonance imaging evaluation of myocardial perfusion and viability
in congenital and acquired pediatric heart disease. Am J Cardiol
2003;91:1523–5.

61. Schwitter J, Nanz D, Kneifel S, Bertschinger K, Buchi M, Knusel
PR, Marincek B, Luscher TF von Schulthess GK. Assessment of
myocardial perfusion in coronary artery disease by magnetic reso-
nance: a comparison with positron emission tomography and coro-
nary angiography. Circulation 2001;103:2230–2235.

62. Simonetti OP, Kim RJ, Fieno DS, Hillenbrand HB, Wu E, Bundy
JM, Finn JP, Judd RM. An improved MR imaging technique for
the visualization of myocardial infarction. Radiology 2001;218:
215–223,.

63. Rochitte CE, Ribiero FLR, Ikari NM, Bevenuti LA, Iwahashi ER,
Andrade SS, Parga JR, Avila LF, Marcial MLB, Ramires JAF, Lopes
AAB. Magnetic resonance myocardial delayed enhancement in in-
fants with anomalous origin of left main coronary artery from pul-
monary artery. J Cardiovasc Magn Reson 2005;7:74–75.

64. Babu-Narayan SV, Goktekin O, Moon JC, Broberg CS, Pantley
GA, Pennell DP, Gatzoulis MA, Kilner PJ. Late gadolinium en-
hancement cardiovascular magnetic resonance of the systemic
right ventricle in adults with previous atrial redirection surgery
for transposition of the great arteries. Circulation 2005;111:
2091–2098.

65. Taylor AM, Dymarkowski S, Hamaekers P, Razavi R, Gewillig
M, Mertens L, Bogaert J. MR coronary angiography and late-
enhancement myocardial MR in children who underwent arte-
rial switch surgery for transposition of great arteries. Radiology
2005;234:542–7.

66. Muthurangu V, Taylor A, Andriantsimiavona R, Hegde S, Miquel
ME, Tulloh R, Baker E, Hill DL, Razavi RS. Novel method of quan-
tifying pulmonary vascular resistance by use of simultaneous inva-
sive pressure monitoring and phase-contrast magnetic resonance
flow. Circulation 2004;110:826–34.

67. Rickers C, Seethamraju RT, Jerosch-Herold M, Wilke NM. Mag-
netic resonance imaging guided cardiovascular interventions in
congenital heart diseases. J Interv Cardiol 2003;16:143–7.

Technical Pediatric CMR 593


