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Abstract Due to advances in cardiac surgery, survival of
patients with congenital heart disease has increased consider-
ably during the past decades. Many of these patients require
repeated cardiovascular magnetic resonance imaging to assess
cardiac anatomy and function. In the past decade, technolog-
ical advances have enabled faster and more robust cardiovas-
cular magnetic resonance with improved image quality and
spatial as well as temporal resolution. This review aims to
provide an overview of advances in cardiovascular magnetic
resonance hardware and acquisition techniques relevant to
both pediatric and adult patients with congenital heart disease
and discusses the techniques used to assess function, anatomy,
flow and tissue characterization.
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Introduction

Congenital heart defects are the most frequently encountered
congenital disorders. [1] The incidence of congenital heart de-
fects reported in literature varies between 4 and 50 cases per
1,000 live births depending on the definition used [2]. Natural
survival to adulthood for moderate to severe congenital heart
defects – i.e. conduits, transposition of the great arteries,
Tetralogy of Fallot or univentricular hearts – is less than 50%.
Due to advances in cardiac surgery, survival has increased
considerably during the past decades and >96% of patients with
congenital heart defects – surviving their first year –will be alive
at 16 years of age [2, 3]. Despite these advances, residual lesions
requiring reoperation and complications like ventricular dys-
function and arrhythmia are prevalent in this population and
require follow-up over time. Another important group in pedi-
atric cardiology are patientswith ventricular dysfunction due to a
cardiomyopathy – classified as dilated, restrictive, hypertrophic,
arrythomogenic or unclassified cardiomyopathy – with a cumu-
lative incidence of about 1.24 per 100,000 children younger than
10 years of age [4, 5]. The increasing number of childhood
cancer survivors, estimated to be one in every 540 adults in the
United States, adds to this group due to anthracycline-induced
cardiotoxicity leading to left ventricular dysfunction and – in a
subgroup – to dilated or restrictive cardiomyopathy [6].

In patients with congenital heart defects and cardiomyop-
athies, cardiac imaging is important to diagnose the presence
and extent of cardiac and extracardiac pathology, to determine
the optimal treatment strategy and to provide the referring
physician with a detailed overview of pre-procedural intra-
and extracardiac anatomy. Although echocardiography
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remains the first-line imaging modality in pediatric patients,
cardiac magnetic resonance (MR) imaging has become the
most important subsequent imaging modality for follow-up of
children with cardiac disease. Themajor advantages of cardiac
magnetic resonance imaging over other imaging modalities
such as cardiac catherization and CTare that cardiac magnetic
resonance imaging is noninvasive, it avoids application of
ionizing radiation and can provide physiological, functional
and anatomical information, all within a single examination.

Challenges of cardiac magnetic resonance imaging
in patients with congenital heart disease

Obtaining high-quality cardiac MR imaging examinations
in children has inherent challenges. The anatomical struc-
tures that have to be visualized are smaller, heart rates are
higher and the ability to perform long and repeated
breath-holds is limited. This requires the cardiac MR
imaging acquisitions to be of both higher spatial and
temporal resolution than in adults, with short imaging
times and preferably without sequential breath-holds. As
spatial resolution, acquisition time and signal-to-noise
ratio are inherently dependent on each other, higher spa-
tial resolutions and shorter imaging times will lead to
decreased signal-to-noise ratio (Fig. 1). Fortunately, ad-
vances in cardiac MR imaging hardware, acquisition tech-
niques and image reconstruction have mitigated this trade-
off enabling high-quality imaging at short acquisition
times. This review aims to provide an overview of the
advances in cardiac MR imaging hardware and acquisi-
tion techniques that are important for imaging pediatric
and adult patients with congenital heart disease and dis-
cusses relevant advances in cardiac MR imaging tech-
niques used to assess function, anatomy, flow and tissue
characterization (Table 1).

Technical advances

Hardware

The most obvious change in MR hardware has been the
introduction of higher field strengths greater than 1.5 T.
Many facilities worldwide have installed 3-T field-strength
magnets for use in cardiovascular imaging as all major ven-
dors now offer large field-of-view capabilities with advanced
transmit and receive coil arrays. Imaging at 3 T has the
advantage of an intrinsically higher signal-to-noise ratio,
which ameliorates the trade-off between higher spatial resolu-
tion, faster acquisitions and high signal-to-noise ratio [7].
However, imaging at higher field strengths is also associated
with increased image artifacts due to inhomogeneties in the
main magnetic field (B0) and nonuniform radiofrequency
excitation (B1). Advanced radiofrequency shimming algo-
rithms as well as adiabatic excitations have been developed
to address these problems [8].

Parallel to the introduction of high field imaging, several
other developments in MR hardware have greatly impacted
cardiac magnetic resonance imaging in the past decades.
Improved gradient performance has enabled much shorter repe-
tition times (TR) and image acquisition duration [9, 10]. Further
improvements in gradient performance, however, are limited by
physiological and safety constraints such as radiofrequency-
induced heating and peripheral nerve stimulation [11, 12].

The introduction of multi-array, highly sensitive receiver
coils is another strategy that enables accelerated acquisition,
while maintaining adequate signal-to-noise ratio, by using
parallel imaging techniques. With parallel imaging, a reduced
dataset in the phase encoding directions of k-space is acquired
by using multiple coils elements simultaneously for signal

Fig. 1 MR imaging constraints. With MR imaging there is an inherent
trade-off in each imaging protocol between spatial and temporal resolu-
tion, acquisition time and signal-to-noise ratio. For example, increasing
spatial and temporal resolution will always lead to decreased signal-to-
noise ratio or longer acquisition times when all other sequence parameters
are kept equal. Improving one factor will therefore always negatively
influence the other unless additional adaptations are made

Table 1 Summary of new sequences in cardiac magnetic resonance
imaging

CMR indication New sequences

General techniques Respiratory navigator-gating

Real-time imaging

Function 3-D-balanced SSFP

Myocardial perfusion imaging

Anatomy Single-shot BB

Non-contrast-enhanced MRA

4-D (time-resolved) MRA

Flow 4-D phase-contrast imaging

3-D late gadolinium enhancement (PSIR)

BB-STIR (edema)

Tissue characterization T1 mapping

3D 3-dimensional, SSFP steady-state free precession, BB black blood, 4D
4- dimensional, MRA magnetic resonance angiography, PSIR phase-sen-
sitive inversion recovery, STIR short-T1 inversion recovery
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reception [13, 14]. Sensitivity encoding (SENSE) and gener-
alized autocalibrating partially parallel acquisition are the
parallel imaging techniques most frequently used. These tech-
niques are, however, fundamentally different. Generalized
autocalibrating partially parallel acquisition acquires reduced
data in the frequency domain – before Fourier transformation
– and sensitivity encoding in the imaging domain – i.e. after
Fourier transformation. The factor by which acquisition dura-
tion is reduced is roughly equal to the parallel imaging factor,
depending on which parallel imaging algorithm is used.
Because undersampling is inherent in parallel imaging strate-
gies it is important to obtain a sensitivity profile of each coil
element in reference to a sensitivity map of the body coil, to
avoid reconstruction artifacts. In the generalized autocalibrating
partially parallel acquisition algorithm, this calibration step is
integrated into the acquisition by acquiring several additional k-
space lines, whereas in the sensitivity encoding algorithm the
calibration is performed in a separate reference acquisition.

A final advance in MR hardware has been the introduction
of small microchips that enable conversion of the analog
signal picked up by the receiver coil to a digital signal in the
receiver coil itself. The major advantage of this technology is
the preservation of signal-to-noise, which is otherwise re-
duced by having to travel through receiver cables [15].

Undersampled acquisition

At present, image acceleration due to advances in hardware is
limited to approximately a factor of about 10, but advances in
pulse sequence design have enabled further gains in imaging
speed [16]. Undersampling is the most frequently applied
strategy; the basic principle is that k-space is undersampled
using different sampling strategies or data sharing – also
called view-sharing – exploiting spatial redundancy, temporal
redundancy or both. By acquiring only part of the k-space the
acquisition is accelerated. Variable-density techniques are
commonly used for undersampling k space. The most often
used strategy is sampling the center more frequently than the
peripheral k-space. As only part of k-space is filled, missing
data have to be reconstructed using specific, optimized algo-
rithms to obtain accurate and artifact-free images. Some of the
most frequently used strategies include keyhole-4-D TRAK,
BRISK, CURE, TRICKS, TWIST and others (Table 2). For a
detailed description of these techniques, we refer to the excel-
lent overview by Tsao and Kozerke [16].

A recently introduced method for k-space undersampling
known as compressed sensing deserves specific mention. In
compressed sensing, k-space is sampled in a near-random
fashion, which results in aliasing artifacts presenting as noise
rather than discrete “image-like” foldover artifacts. In com-
pressed sensing, iterative reconstruction techniques and vari-
ous a priori constraints are used to suppress the noise due to
aliasing, thus enabling faster and/or higher-resolution MR

imaging [17]. In various studies, investigators have demon-
strated the synergistic benefits of parallel imaging in combi-
nation with compressed sensing in children [18, 19].

Motion compensation

Of particular interest in pediatric patients are techniques to
compensate for patient motion. With regard to cardiac imag-
ing, three types of motion can be distinguished: 1) cardiac
motion, 2) respiratory motion and 3) bulk motion (e.g., due to
the inability of the subject to lie still in one position).

For cardiac imaging, motion-free periods suitable for ana-
tomical imaging are end systole (rest period of approximately
50ms) or mid-diastole (variable rest period, mainly dependent
on heart rate). Advanced MR imaging platforms have the
ability to target both of these rest periods selectively for
imaging. Note that acquisition duration can be calibrated
carefully to the exact rest period duration by varying the
number of k-space lines acquired (in increments of 1 TR or
several ms). Thus, in contrast to CT imaging where the heart
rate often needs to be adapted to the rotation time of the CT
scanner by using beta blockers, MR imaging specifically
allows for tailoring the acquisition to the patients’ heart rate.

The easiest way to compensate for respiratory motion is
breath-holding performed by the patient. In cases where this is
not possible, monitoring diaphragmatic motion with dedicated
sequences offers a reliable alternative strategy, albeit at the
expense of scanning efficiency [20]. Recently, several groups
have proposed the idea of self-navigation, an approach where-
by information about respiratory motion-induced displace-
ment of the heart is obtained by oversampling the center of
k-space relative to the peripheral part [21–23]. The main
advantage of self-navigation schemes is the much better scan
efficiency (up to 100% vs. approximately half this value for
conventional respiratory navigator gating). The same princi-
ples employed for cardiac and respiratory motion compensa-
tion can be applied to correct for bulk motion as well. For
detailed information about these techniques, the reader is
referred to the excellent review of motion compensation strat-
egies in MRI by van Heeswijk et al. [24].

Anatomy

Black-blood imaging

High-contrast black-blood images are very well suited for
morphological assessment of cardiac structures. In many insti-
tutions, black-blood imaging with a standard (double inversion
recovery) spin-echo pulse sequence is part of the routine imag-
ing protocols. However, conventional black-blood imaging
uses single-slice breath-holds, which is time-consuming and
less favorable in children. To overcome this, various single-shot
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techniques, either turbo or fast spin-echo using halfscan
(undersampling) with sensitivity encoding or stimulated echo
acquisition mode, have been developed and validated against
conventional single breath-hold black-blood techniques [25,
26]. The single-shot black-blood techniques have imaging
times as short as 180 ms, enabling respiratory navigator gating
or single breath-hold multislice black-blood acquisitions, while
maintaining high spatial resolutions (Fig. 2) [25].

Contrast-enhanced MR angiography

Three-dimensional contrast-enhanced MR angiography
(MRA) can be considered the state-of-the-art technique for
noninvasive assessment of the vasculature. The first report on
feasibility of contrast-enhancedMRA in infant-like conditions
was by Hernandez et al. [27] in 2001, who simulated infant
imaging conditions in small baboons. Multiphase 3-D dyna-
mic MRA was performed using a spoiled gradient recalled-
echo sequence during quiet breathing, achieving excellent
image quality for the great vessels [27]. However, the imaging

times were still long (average of 23 s per phase) and the
respiratory movement caused blurring of the images. Shorter
acquisition times were achieved using the above discussed
view-sharing techniques in combination with various interpo-
lation techniques (i.e. keyhole-4-D TRAK, TWIST and
TRICKS), which are very well suited for contrast-enhanced
imaging. This permitted higher resolutions and time resolved –
but high spatial resolution – 4-D MRA (Table 1), with almost
equal signal-to-noise ratio, contrast-to-noise ratio and vessel
sharpness for the great vessels as conventional single-phase 3-
D MRA (Figs. 3 and 4) [28]. The main advantages over
conventional 3-D MRA are that time-resolved MRA resolves
the problem of contrast timing and adds diagnostic information
such as visualization of intra- and extracardiac shunts in ap-
proximately 60% of the patients [28–30]. However, some
smaller vascular structures might be depicted more clearly with
conventional 3-D single-phase MRA [30]. Therefore, both
techniques are often used in clinical practice to supplement
each other. As breath-hold times limit the spatial resolution that
can be obtained for MRA, and motion – either cardiac or

Table 2 Cardiac magnetic resonance imaging acquisition techniques: vendor cardiovascular MR acronyms

Technique Philips Siemens GE Toshiba Hitachi

(Turbo/Fast) spin echo TSE TSE FSE FSE FSE

Single-shot T/FSE Single-shot TSE HASTE Single-shot FSE FASE Single-shot FSE

Balanced SSFP Balanced FFE True FISP FIESTA True SSFP Balanced SARG

Spoiled gradient echo T1-FFE FLASH SPGR FastFE RF spoiled SARGE

Ultrafast gradient echo TFE TurboFLASH Fast GRE/SPGR Fast FE RGE

(Turbo) gradient spin echo GRASE Turbo GSE,TGSE - Hybrid EPI -

Dynamic MRAwith k-space manipulation Keyhole (4D-TRAK) TWIST TRICKS-XV Freeze Frame TRAQ

Parallel imaging:

Frequency domain GRAPPA

Image domain SENSE mSENSE ASSET SPEEDER RAPID

Multichannel RF coil sensitivity
normalization

CLEAR Prescan Normalize PURE NATURAL

Undersampling techniques:

Radial regime Multi-vane BLADE PROPELLER JET RADAR

Half Fourier Half scan Half Fourier ½ NEX AFI Half scan

Central k-space filling CENTRA Elliptical Scanning Elliptic Centric DRKS PEAKS

Respiratory movement:

Respiratory gating Trigger Respiratory gated Respiratory Comp Respiratory gated MAR

Phase encode recording to reduce motion PEAR PACE RSPE PERRM

TSE turbo spin echo, FSE fast spin echo, HASTE half Fourier acquisition single shot turbo spin echo, FASE acquisition double echo, FFE fast field echo,
TrueFISP true fast imaging echo with steady state precession, FIESTA fast imaging employing steady state acquisition sequence, SSFP steady state free
precession, SARGE spoiled steady state acquisition rewindedgradient echo, FLASH fast low angle shot, SPGR spoiled gradient echo recalled,GRE gradient
recalled echo, FE fast echo, SARGE spoiled steady state acquisition rewinded gradient echo, RGE rewinded gradient echo, GRASE gradient and spin echo,
TGSE turbo gradient spin echo, EPI echo planar imaging, 4D-TRAK 4-dimensional time-resolved angiography using keyhole, TWIST time-resolved
angiography with stochastic trajectories, TRICKS time-resolved imaging of constrast kinetics, RF radio frequency, (m)SENSE (modified) sensitivity
encoding, CLEAR constant level appearance, GRAPPA generalized autocalibrating partial parallel acquisition, ASSET array spatial sensitivity encoding
technique, PURE phased array uniformity enhancement, RAPID rapid acquisition through parallel imaging design, CENTRA contrast enhanced timing
robust angiography, PROPELLER periodically rotated overlapping parallel lines with enhanced reconstruction, NEX number of excitations, DRKS
differential rate k-space sampling, RADAR radial acquisition regime, PEAKS peak arterial enhancing K-space sequence, PEAR phase encoded artifact
reduction, PACE prospective acquisition correction, RSPE respiratory-sorted phase encoding, PERRM phase encode reordering to reduce motion
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respiratory – causes blurring of the MRA images, cardiac and
respiratory-gated MRAwas developed as described above. In
patients with congenital heart disease, ECG- and respiratory-
gated high-resolution MRA resulted in significantly improved
delineation of (intra) cardiac anatomical structures and image
quality, and vessel sharpness was equal to first-pass MRA [18,
30, 31]. However, to achieve high contrast-to-noise ratio dur-
ing these relatively long acquisitions, two out of three studies
used a blood pool contrast agent and the third study – Dabir
et al. [31] – used a higher field strength [18, 31, 32].

Non-contrast-enhanced MRA

Volume-targeted or 3-D whole-heart non-contrast-enhanced
(NCE) MRA techniques are well-suited to evaluate coronary
anatomy and obstruction [33, 34] or to evaluate the thoracic
vasculature in infants and pediatric patients (Figs. 4 and 5).
Free-breathing 3-D radial steady-state free precession (SSFP)
using respiratory movement correction is currently themethod
of choice to perform NCE-MRA [22, 33, 35]. To achieve
maximum image contrast, a T2-preperation pulse and
frequency-selective fat-suppression pulse are used. Recently,
Bornert et al. [36] evaluated dual-echo Dixon fat suppression,
which further improved image quality by delivering higher
image contrast and diminishing ghosting and motion blurring.
For optimal image quality, precise cardiac and respiratory
gating (±2 mm) tailored to the individual patient is important.
This can be hindered by heart rate variability, which decreases
image quality and is especially a problem in children [37].
Generally, the imaging window is set to mid-diastolic resting
period of the heart, in children – with high heart rates – this

period is very short, resulting inmotion blurring of the images.
To avoid this, individual adaptations of the image window
should be considered, in children and infants the end systolic
resting period might provide better image quality than the
mid-diastolic resting period (Fig. 5).

Function

B-SSFP cine imaging

Assessment of cardiac function using balanced SSFP (b-SSFP)
cine imaging is one of the cornerstones of cardiovascular MR.
Conventionally, single breath-hold multislice b-SSFP cine im-
ages are acquired in short-axis or axial orientation to cover the
entire heart (online supplementary video), which is time-
consuming and cumbersome. Starting the arrival of different
acceleration techniques, single or dual breath-hold 4-D b-SSFP
cine sequences have been developed using either highly parallel
imaging, sensitivity encoding undersampling or compressed
sensing (Fig. 6) [38–40]. Unfortunately, 3-D b-SSFP suffers
from decreased blood-myocardial contrast and endocardial
blurring, leading to underestimation of left and right ventricular
volumes compared to conventional multislice techniques. To
solve this, the use of intravascular contrast agents for 4-D b-
SSFP was introduced, increasing image quality, blood-
myocardial contrast and accuracy of volumetric measurements
[39, 41]. In small children, the temporal and spatial resolution
that can be achieved using 4-D b-SSFP might not be sufficient.
To prevent multiple breath-holds in these patients, free-
breathing respiratory gatedmultislice cine b-SSFP – using short

Fig. 2 Black-blood imaging. Black-blood images at the level of the
pulmonary bifurcation of a 22-year-old man after arterial switch operation
for transposition of the great arteries. Multiple breath-hold (a) and single-
shot (b) black-blood images obtained at the level of the ascending aorta
both depict a stenosis of the left branch of the pulmonary artery. Multiple
breath-hold (a) used a multishot turbo spin-echo sequence with scan

parameters: TR/TE: 857/10 ms, flip angle 90°, matrix 212×132, acquired
voxel size 1.51×2.52mm, slice thickness 8mm, 18 slices and an acquisition
duration of 120 s. For the single-shot black-blood image, a single-shot turbo
spin-echo sequence was used with the following parameters: TE/TR: 857/
50 ms, flip angle 90°, matrix 228×176, acquired voxel size 1.4×1.81 mm,
slice thickness 8 mm, 12 slices and an acquisition duration of 11.4 s
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echo and repetition time with multiple signal averages – can be
used, which proved equally accurate as multislice acquisition
for volumetric measurements [42].

Myocardial perfusion cardiovascular magnetic resonance

In adult cardiology, ischemia detection for coronary artery
disease is one of the most important diagnostic questions.
Myocardial perfusion MR imaging, using first-pass contrast
enhancement of the myocardium during stress (with

adenosine) and rest, has an excellent sensitivity and specificity
to detect coronary artery stenosis (Fig. 7) [43–45]. Directly
following contrast, infusion images are acquired dynamically
using either gradient echo, SSFP with preperation (inversion
or saturation) or hybrid echo-planar imaging (EPI)-gradient
echo with preparation pulse. Undersampling and parallel
imaging have improved ventricular coverage and imaging
times; however, specificity at 1.5 T is still hampered by
low signal-to-noise ratio, contrast-to-noise ratio and dark-
rim artifacts [43, 46]. To improve myocardial perfusion

Fig. 3 Four-dimensional MRA of a 21-year-old women with chronic
thrombo-embolic pulmonary hypertension shows successive full volume
maximum intensity projections of a time-resolved gadolinium-enhanced
MRA acquisition using a non-ECG-triggered spoiled gradient-echo

sequence with SENSE (TR/TE 3.1/1.14 ms, flip angle 30°, matrix
268×267, acquired voxel size 1.49×1.49×4.6 slices, 60 slices, 12 dynam-
ics, 3.4 s/per dynamic). There is clearly less pulmonary vascular enhance-
ment in the right lung compared to the left lung (arrows)

10 Pediatr Radiol (2015) 45:5–19



cardiovascular MR, higher field strengths (3 T) might be
beneficial, as they improve signal-to-noise ratio and
contrast-to-noise ratio and decrease dark-rim artifacts, im-
proving diagnostic accuracy [44, 46]. Indications to per-
form myocardial perfusion investigations are less wide-
spread in the pediatric population; however, it is of sup-
plementary value in selected patient groups (i.e. aberrant
coronary arteries or after reimplantation of the coronary
arteries). The few studies performed in children demon-
strate that myocardial perfusion imaging is feasible in this
patient group and reported no serious adverse events related to
adenosine infusion [47, 48].

Flow

Flow-sensitive imaging techniques allow for quantification of
flow over time and are therefore useful in quantification of valve
insufficiencies or shunt fractions (Qp:Qs) [49, 50]. Most fre-
quently, a velocity-encoded, phase-contrast sequence is used,
which is based on the principle that the phase of flowing relative
to stationary spins along a magnetic gradient is proportionate to
flow velocity. Velocity encoding can determine through-plane
flow using phase-encoding or in-plane velocity, using frequency
encoding. In case of valvular stenosis, both techniques might be
used to obtain the best assessment possible. A major disadvan-
tage of 2-D flow measurements is the inability to take into
account the valve displacement during the cardiac cycle; direct
measurements will likely underestimate the true regurgitate
volumes of atrioventricular valves [51]. Furthermore, flow is

Fig. 5 Three-dimensional whole-heart non-contrast-enhanced (NCE)
MRA in a 6-month-old boy with Kawasaki disease and grossly
aneurysmatic coronary arteries. a Transverse source image at the level
of the aortic root and left main coronary artery shows dilated right, left
main, proximal left anterior descending and left circumflex coronary
arteries (arrows). b Double oblique multiplanar reformation in left
oblique sagittal orientation shows grossly dilated RCA. Note that the
proximal right coronary artery has a diameter nearly equal to the aortic
root (arrows; TR/TE 4.9/2.4 ms, flip angle 90°, TFE factor 16, matrix
280×176, acquired voxel size 1.25×1.25×1.50 mm and 75 slices). Be-
cause of the high heart rate the trigger delay was set to the endsystolic
resting period. The acquisition duration was set to 50ms per cardiac cycle

Fig. 4 Gadolinium-enhanced vs. non-contrast-enhanced MRA of a 16-
year-old boy after arterial switch operation with a moderately severe left
pulmonary artery stenosis. a Left anterior oblique maximum intensity
projection of a dynamic gadolinium-enhanced MRA using a non-ECG
triggered spoiled gradient-echo sequence (TR/TE 5.2/1.49 ms, flip angle
12°, matrix 192×171, acquired voxel size 0.94 × 0.94 × 2 mm, 60 slices,

2.8 s/per dynamic). b Corresponding non-contrast-enhanced respiratory
navigator-gated balanced steady-state free precession MRA (TR/TE 4.9/
2.4 ms, flip angle 90°, matrix 280×176, acquired voxel size
1.25×1.25×1.50 mm and 75 slices). Trigger delay was set to the end-
diastolic resting period in this patient and acquisition duration at 80 ms
per cardiac cycle
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measured in a single plane, underestimating eccentric regurgita-
tions. Newer 4-D velocity-encoded phase contrast acquisitions
allow for more accurate quantification of flow and regurgitant
volumes and are able to visualize 3-D flow patterns (Fig. 8) [52,
53]. Furthermore, 4-D velocity-encoded MR is a free-breathing
technique and, using compressed sensing and parallel imaging,

high spatial resolutions can be obtained (near isotropic 3 mm3)
[52, 53]. The high spatial resolutions even proved sufficient to
accurately quantify ventricular volumes in the same 4-D dataset
[19]. Furthermore, the desired slice orientation can be deter-
mined offline after acquisition. These advantages make 4-D
phase contrast acquisitions very valuable in pediatric patients

Fig. 6 Dual breath-hold whole-
heart cine. Conventional single
breath-hold per slice 2-D cine
images (a) and reconstructed dual
breath-hold 3-D whole-heart cine
images (b) in the short-axis
orientation, obtained in a 24-year-
old man with repaired Tetralogy
of Fallot. Three-dimensional
whole-heart cine images (b) can
be retrospectively reconstructed
in every desired imaging plane.
However, due to the isotropic
acquisition with much thinner
slices compared to conventional
cine imaging, there is lower in-
plane spatial resolution and lower
blood-to-myocardium contrast.
Conventional cine images were
acquired with a balanced steady-
state free precession sequence (a),
scan parameters: TE/TR 1.7/
3.4 ms, flip angle 60°, matrix
192×183, voxel size
1.25×1.25 mm, slice thickness
8 mm, 30 cardiac phases. For the
dual breath-hold whole-heart cine
images (b), a balanced steady-
state free precession sequence
was employed with the following
scan parameters: TE/TR 1.4/
2.8 ms, flip angle 50°, matrix
144x144x25, voxel size
2.43×2.43×2.5 mm, 30 cardiac
phases
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with congenital heart diseases, in whom complex anatomy can
make accurate slice orientation difficult. Disadvantages re-
main the relatively long acquisition times of 5–15 min and
the longer postprocessing time.

Tissue characterization

Late gadolinium enhancement

Imaging of focal fibrosis using late gadolinium enhancement
is incorporated into standard imaging protocols of both ische-
mic and nonischemic cardiomyopathies in many institutions.

Currently, 2-D late gadolinium enhancement with (phase-
sensitive) inversion-recovery (PSIR) gradient echo sequence
still is the reference standard to assess viability of myocardium
on cardiac MR imaging (Fig. 9) [54–56]. In pediatric patients,
2-D late gadolinium enhancement can be performed using
respiratory gated free-breathing, achieving equal imaging
quality as repeated breath-holds [57]. However, 3-D acquisi-
tion seems preferable as signal-to-noise ratio is improved for
late gadolinium enhancement imaging, facilitating increased
spatial resolution [58]. Without acceleration, 3-D imaging is
time-consuming and artifacts may occur due to changes in
inversion time and heart rate during the acquisition, both
negatively influencing myocardial nulling. Compressed

Fig. 8 Four-dimensional velocity-encoded imaging. Visualization of the
systolic flow patterns in the left ventricular outflow tract and ascending
aorta (a), and of neo-aortic valve regurgitation (b) in a 16-year-old boy
after arterial switch operation for transposition of the great arteries. A
color scale is used to visualize the flow velocities recorded using 4-D

velocity-encoded imaging. Images were acquired using a 3-D gradient
echo with Cartesian acquisition with the following scan parameters: TR/
TE 7.7/4.2 ms, flip angle 10°, matrix 108×60, acquired voxel size
3.43×3.65×3.50 mm, 18 slices using 30 phases and three directions of
flow encoding

Fig. 7 Myocardial perfusion in a 19-year-old woman with an anomalous
left circumflex coronary artery from the pulmonary artery, which was
reimplanted in the aortic root at 13 years of age. A routine follow-up
nuclear myocardial perfusion scan was inconclusive and an adenosine
stress myocardial perfusion cardiac magnetic resonance imaging was
performed. Stress perfusion images (a) show a subendocardial perfusion
defect in the mid-inferior wall, which is not seen in the matching rest
perfusion images (arrows) (b). The late gadolinium enhancement image
(c) shows limited subendocardial hyperenhancement in the same area

(arrow), suggesting a mid-inferior region with subendocardial ischemia
and a limited irreversible component. For myocardial perfusion imaging,
a single-shot balanced-fast field echo sequence with 100 ms saturate
prepulse was performed directly after administering contrast both at rest
and during adenosine stress. Images were taken in short axis (3 slices), 4-
chamber and 2-chamber orientation with the following scan parameters:
TR/TE 2.6/1.31 ms, flip angle 50°, matrix 128×141, voxel size
2.73×2.86 mm, slice thickness 10 mm (with a gap of 9.05 mm for
short-axis slices) and 60 dynamic phases
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sensing is one of the techniques proposed to facilitate 3-D late
gadolinium enhancement imaging with high isotropic spatial
resolution in short acquisition time (Fig. 10). The increased
resolution is not only of importance for the pediatric population
but was also shown to increase the success of radiofrequency
ablation procedures in patients with recurrent ventricular ar-
rhythmia. Adaptations to conventional compressed sensing
have been proposed, such as low-dimensional-structure self-
learning and thresholding, which reduces blurring artifacts and
can achieve high isotropic resolution [59]. To prevent imperfect
myocardial nulling due to changes in inversion time, PSIR can
be used [55] or acquisition times can be shortened by improv-
ing the efficiency of respiratory gating with for example con-
tinuously adaptive windowing strategy [60].

Myocardial edema

Imaging of acute myocardial edema using cardiac magnetic
resonance imaging was described as early as 1991 by Gagliardi
et al. [9], demonstrating altered signal intensity using T2-
weighted spin-echo sequences in the presence of myocarditis.
Short-tau-inversion recovery (STIR) black-blood technique
proved superior to T2-weighted spin-echo for musculoskeletal
and abdominal MR and was introduced for cardiac imaging
1996 by Simonetta et al. [61]. They demonstrated that STIR
can generate myocardial images which are highly sensitive to
changes in tissue relaxation times, with minimum flow and
motion artifacts (Fig. 11). Although introduced in the 1990s, it
was not until 2004 that STIR was validated in a larger group of
patients to establish its sensitivity to distinguish acute (myocar-
dial edema) from chronic (fibrosis) myocardial infarction, with
success [10]. The same research group tested the diagnostic
value of a comprehensive cardiac MR imaging protocol to
diagnose myocarditis, using presence of early relative

enhancement (gRE), presence of late gadolinium enhancement
and high signal intensity – relative to skeletal muscle – on T2-
weighted black-blood STIR, as diagnostic criteria [62]. The

Fig. 9 Conventional late gadolinium enhancement imaging in a 45-year-
old patient after repair for Tetralogy of Fallot with suspected cardiac
sarcoidosis. Late gadolinium enhancement imaging was performed in
short axis (a) and right ventricular outflow tract view (b) 15 min after
administration of 0.2 mmol/kg gadolinium contrast agent. Delayed
hyperenhancement can be seen at the sight of the homograft implantation

(arrows in a and b). This is a typical finding in patients after homograft
implantation and is not suspect for cardiac involvement of sarcoidosis. An
inversion-recovery gradient echo was performed using the following
imaging parameters: TR/TE 3.5/1.15 ms, flip angle25°, matrix
160×131, acquired voxel size 2x2.44x10 mm, 10 slices

Fig. 10 Near-isotropic free-breathing 3-D late gadolinium enhancement
sequence. Assessment of myocardial late gadolinium enhancement and
presence of thrombus in a 50-year-old uncooperative male stroke patient
with severe cardiac arrhythmia. Image acquisition was done during free-
breathing and 3 signals averaged to reduce motion artifacts. A 3-D
inversion-recovery gradient echo sequence was employed 15 min after
administration of 0.2 mmol/kg gadolinium contrast agent. Imaging pa-
rameters used were: TR/TE 3.5/1.2 ms, flip angle 25°, matrix 93×87,
acquired voxel size 3.43×3.65×5.00 mm, 32 slices. In the 4-chamber
orientation (a), a large thrombus is present in the left ventricular apex
(marked with T), surrounded by transmurally infarcted myocardium
(arrows). Because of the nearly isotropic spatial resolution reformations
in the left 2-chamber (b) and short-axis orientations could be made after
completion of the acquisition
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highest diagnostic accuracy was achieved if all three were
combined and ≥2 features were positive, which was later
adapted to the Lake Louise consensus criteria for suspected
myocarditis on cardiac MR imaging [63, 64]. However, black-
blood STIR has some important limitations such as signal drop-
out, slow-flow blood artifacts, image quality impairment in
tachycardia (or normal high heart rate in children) and lower
signal-to-noise ratio. To achieve optimal image contrast and
quality STIR sequence, parameters should be chosen carefully
with special regard for timing and design of the pulse sequence,
quality of the TSE readout pulses, bandwidth and slice thick-
ness. To improve the robustness and clinical applicability of
edema imaging on cardiacMR imaging, noncontrast sequences
have been developed over the past years. Aletras et al. [65]
propose Acquisition for Cardiac Unified T2 Edema
(ACUT2E), a combined TSE-SFFP approach to achieve
optimal CNR, signal-to-noise ratio and image quality to
depict acute myocardial infarction with a reduction of arti-
facts, although the absolute T2 values are systematically
overestimated with this method [65]. Furthermore, non-
contrast T1 mapping (also see below) was compared to
both conventional black-blood STIR and ACUT2E TSE-
SSFP and yielded a higher diagnostic accuracy to detect
acute myocardial infarction, even though more regions
were affected by artifacts. The higher diagnostic accuracy
is likely the result of eliminating the need to compare
myocardium to a remote reference region of interest, which
is mandatory for both black-blood STIR and ACUT2E [66].
Other advantages of T1 mapping include that it is robust to

tachycardia and breath-holds are considerably shorter, mak-
ing it advantageous for children.

T1 mapping

After the success of late gadolinium enhancement for imaging
of focal fibrosis, much attention was directed to noninvasive
quantification of diffuse myocardial fibrosis in the past de-
cade. This process is presumed to be accelerated in many
congenital and non-congenital cardiac diseases [67].
Multiple cardiac MR imaging methodologies have been de-
veloped to quantify diffuse myocardial fibrosis, using T1
mapping with or without contrast administration. First, a
new imaging sequence was developed by Messroghli and
colleagues to overcome the limitations of the conventional
look-locker approach, the modified look-locker inversion re-
covery (MOLLI), which was later modified into shortened-
MOLLI, both facilitating high-resolution T1 maps of the
human myocardium within a single breath-hold [68, 69].
The first clinically applicable cardiac MR imaging method
was validated against myocardial biopsy in 2010 by Flett and
colleagues [70], using equilibrium-contrast cardiac MR imag-
ing with a standard MOLLI acquired before and after contrast
equilibrium. The theory behind this method is that at contrast
equilibrium, the extracellular gadolinium concentration is
equal in blood and myocardium and the extracellular volume
fraction of the myocardium can be determined, which corre-
lates well to collagen volume fraction on biopsy. However,
although accurate and highly repeatable, time to contrast
equilibrium is relatively long and multiple breath-holds are
required making this a complex and time-consuming tech-
nique, especially if used in children [70]. Several solutions
were developed in the past years to shorten and simplify
acquisition. First, to simplify the contrast protocol a bolus-
only technique – assuming dynamic equilibrium – was de-
signed. Both contrast protocols – bolus vs. continuous infu-
sion – were compared to each other and to histological results
by White and colleagues [71]. The bolus-only proved equally
accurate in estimating extracellular volume fraction, provided
the total fraction was less than 0.4 [71]. Extent of diffuse
myocardial fibrosis, measured by bolus or equilibrium-
contrast T1 mapping, has since been linked to decreased
functional status and outcome in several pathologies, includ-
ing congenital heart disease and childhood cancer survivors
[72–74]. To further simplify the acquisition, a third contrast
protocol was investigated byMiller and colleagues [75], using
isolated postcontrast myocardial T1 measurement. In their
study, isolated post bolus-contrast T1 measurement and extra-
cellular volume fraction estimation using pre- and post-bolus-
contrast T1 mapping was compared to histology, they con-
clude that isolated postcontrast T1measurement is insufficient
to reliably estimate extracellular volume fraction [75]. Finally,
a protocol not requiring contrast administration, non-contrast

Fig. 11 Myocardial edema in myocarditis in a 22-year-old man with
suspected perimyocarditis. A T2-weighted short-T1 inversion (STIR)
recovery sequence in short-axis orientation reveals subtle diffusely in-
creased signal of the myocardium, which is most clearly seen when
myocardial signal intensity is compared to that of skeletal muscle in the
same image. The diffusely increased signal intensity indicates that there is
diffuse myocardial edema, which is in line with a diagnosis of myocar-
ditis. The following scan parameters were used: TR/TE: 2,182/100 ms,
flip angle 90°, matrix 236×175, acquired voxel size 1.36×1.83 mm, slice
thickness 8 mm, 15 slices
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T1 mapping, was used to image diffuse myocardial fibrosis. It
was compared to histology in patients with aortic stenosis and,
although it only moderately correlated to collagen content
measured on histology, T1 mapping was able to differentiate
healthy from diseased and was related to the severity of
aortic stenosis [76]. Following the rapid innovations in the
area of quantification of extracellular volume fraction and
T1 mapping, the cardiac MR imaging working group of the
European Society of Cardiology and the Society of
Cardiovascular Magnetic Resonance recently released a
consensus statement. In accordance with the above stated,
they observe that extracellular volume fraction measure-
ment appears to be more accurate than isolated postcontrast
T1 measurement (Fig. 12). Furthermore, they state that a
bolus-only approach with at least 15-min delay is sufficient
for most myocardial extracellular volume fraction
applications.[77]

Imaging of stents and intracardiac devices

In patients with congenital heart disease, interventional de-
vices and stents are increasingly used to decrease the need for
surgery and increase convenience of the patient. Khan et al.
[78] researched the disruption caused by the interventional
devices and the influence of type of pulse sequence and field
strength. Although signal void in the immediate vicinity of the
device was common, significant disruption of surrounding
tissue was only seen for the stainless steel Flipper detachable
embolization coil. Field strength and pulse sequence type did
not significantly influence image disruption or signal void
[78]. Nordmeyer et al. [79] investigated the diagnostic accu-
racy of CT angiography and different cardiac magnetic reso-
nance imaging sequences compared to conventional angiog-
raphy to assess patency and re-stenosis of nitinol, platinum-
iridium and stainless steel stents. Combining high flip angle

gradient recalled echo, SSFP and high flip angle MRA result-
ed in high diagnostic accuracy for nitinol and platinum-
iridium stents. For stainless steel stents the diagnostic accura-
cy compared to angiography was slightly lower due to large
penumbra of signal loss [79].

Hybrid cardiac catheterizations, combining radiographic
and MR imaging to accurately address clinical questions, are
being performed for both diagnostic and interventional pur-
poses. An obvious advantage of MR guiding is decreased
radiation exposure, which predisposes to development of
cancer, especially when radiation is imposed on smaller in-
fants [80]. Other advantages include improved visualiza-
tion of soft tissue and cardiac structures and the ability
to combine invasive pressure measurements with flow
quantification performed on cardiac MR imaging, ensur-
ing accurate assessment of the hemodynamics and pul-
monary vascular resistance [81]. The development of
catheters is ongoing, currently passive guidewires –
not actively conveying signals to the cardiac magnetic
resonance imaging scanner – are used for such guided cath-
eterizations, as active wires carry a risk of heating. Recently, a
compatible and safe guidewire for MR imaging was devel-
oped and the first studies in children are currently being
conducted [81].

Conclusion

Patients with congenital heart disease increasingly survive
into adulthood and are in need of repeated high-quality cardiac
MR imaging throughout life. The technical advances as
outlined above enable high-fidelity assessment of anatomical
as well as functional parameters and tissue characteriza-
tion in short imaging times and underscore the preferential
role of cardiac MR imaging as comprehensive cardiac imag-
ing technique of first choice.

Fig. 12 T1 mapping and extracellular volume measurement. Examples
illustrate extracellular volume maps in a patient with no abnormalities (a)
and a patient with dilated cardiomyopathy (b). Note the larger extracel-
lular volume fraction in the patient with dilated cardiomyopathy. Extra-
cellular volume maps were obtained by acquiring two separate T1 maps

with the modified look-locker 3–5 sequence: a single-shot balanced FFE
readout (TR/TE 3.2/1.17 ms, flip angle 35°, matrix 288×288, acquired
voxel 2×2×8 mm, 3 slices, SENSE=1.5). One map was obtained before
contrast injection, and the second was acquired 15 min after bolus
injection of 0.2 ml/kg contrast agent
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