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1General Principles of Cardiac Magnetic 
Resonance Imaging

Mark Alan Fogel

1.1	� Introduction

A basic understanding of the underlying principles of cardio-
vascular magnetic resonance imaging (CMR) and methods 
used to form images is important if one is to successfully 
image in clinical practice or research and interpret the data 
correctly. This section will provide a brief overview of the 
fundamentals and some techniques in CMR imaging. For 
more information, the reader is referred to the references in 
this chapter or the larger textbooks on fundamentals of mag-
netic resonance imaging as well as other chapters in this 
book [1].

1.2	� Physics and CMR Hardware

The crux of CMR is nuclear magnetic resonance where a 
signal is emitted by a sample of tissue after radiofrequency 
energy is applied to it. Note that this signal is emitted by tis-
sue molecules in contrast to X-ray imaging where the tissue 
or contrast agents attenuate externally applied radiation. At 
the atomic level, it has been well known that spins and charge 
distributions of protons and neutrons generate magnetic 
fields. Only certain nuclei can selectively absorb and subse-
quently release energy since it requires an odd number of 
protons or neutrons to exhibit a magnetic moment associated 
with its net spin. The hydrogen atom is the one utilized in 
CMR imaging since it consists of a single proton with no 
neutrons (which gives it a net spin of ½), its large magnetic 

moment and its abundance in the body (water and fat). 
Although each magnetic moment of individual hydrogen 
protons themselves is small, because of the abundance of 
that atom in the body, the additive effect of the many mag-
netic moment vectors makes it detectable in CMR.

Generally, the net magnetization of a tissue in the body is 
zero as there is a random orientation of the individual pro-
tons or “spins”; stochastically, the odds greatly favor a zero 
magnetization. However, when the body is placed in a strong 
magnetic field (Fig. 1.1) such as 1.5 or 3 T MRI systems (for 
comparison, the Earth’s magnetic field is approximately 
0.05 mT at the surface), the spins align themselves with the 
applied field either parallel or anti-parallel to the field. In 
addition, the atoms undergo a phenomenon known as preces-
sion (such as the motion of a spinning top as it loses its 
speed) whose axis is based around the direction of the mag-
netic field (Fig. 1.1a); this precession, described as cycles per 
second, is described by the most famous equation in CMR 
and MRI—the Larmor equation, ω = γB0, where ω is the fre-
quency of precession of protons in an external magnetic 
field, γ is a constant called gyromagnetic ratio, and B0 is the 
external magnetic field (the magnetic field generated by the 
MRI system). There is a different gyromagnetic ratio for 
each atom; for hydrogen, it is 42.58 MHz/T which generates 
a frequency of approximately 64 MHz at 1.5 T (Larmor fre-
quency for a 1.5  T magnet is 1.5 (T)  ×  42.56 
(MHz/T)  =  63.8  MHz). When a radiofrequency pulse is 
applied which just happens to match the Larmor precessional 
frequency, some of the protons will flip to a high energy 
state. For protons at field strengths used for CMR, radiofre-
quencies in range of “very high frequency” or VHF can be 
used which is non-ionizing, contributing to the inherent 
safety of MRI when compared to X-rays.

To get from here to how a signal is generated from tissue, 
two more concepts must be introduced. As mentioned, the 
hydrogen spins are either in the low or high energy spin 
states with only slightly more spins in the low energy state. 
The number of excess spins is directly proportional to the 
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Fig. 1.1  (a) Protons spin and process like a top wobbling (left). If the 
proton is at the (0, 0, 0) coordinate of an x, y, z coordinate system 
(right), its axis is represented by the blue vector M and wobbles around 
the z axis which is in line with B0 at a frequency ω. (b) After energy is 
inputted into the system, the axis flips (in this particular instance, 90°) 
and then slowly returns to its original position. (c) In (1) the protons are 

flipped 90 with subsequent “dephasing” of the spins in (2) which can be 
increased by a gradient (i.e., faster protons and slower protons will 
separate). In (3), energy can be inputted into the system to flip the pro-
tons to an exact mirror image so that the faster spins are not behind the 
slower spins. Finally, the faster spinning protons catch up to the slower 
spins to create a large detectable signal (in (4))

total number of spins in the sample and the energy difference 
between states (Boltzmann equilibrium probability). The 
formula used to determine this difference is N−/N+ = e−E/kT 
where N− is the number of spins in high energy state, N+ is 
number of spins in the lower energy state, k is Boltzmann’s 
constant (1.3805  ×  10−23  J/K), T is the temperature (in 
Kelvin), and E is the energy difference between the spin 
states. The second concept is that the energy of a proton (E) 
is directly proportional to its Larmor frequency υ (in Hz), 
such that E  =  hυ, where h is Plank’s constant 
(h = 6.626 × 10−34 J s). By substituting into the Larmor equa-
tion, this yields the relationship between E and the magnetic 
field B0, E = hγB0. When energy is inputted into the system 

and it matches the energy difference between the lower and 
higher energy spin states, atoms from the lower energy states 
get flipped up to the higher energy states. As these atoms 
then return to the lower energy state, they release energy and 
this signal, the resonance phenomenon, can be detected 
(Fig. 1.1b). This is how the MRI signal is generated.

It follows that only those excess spins in the low energy 
state can be excited to the high energy state and generate the 
MRI signal. It is amazing that there are only approximately 
nine more spins in the low energy state compared to the high 
energy state for each two million spins at 1.5 T! However, 
one must also realize that since each mL of water contains 
nearly 1023 hydrogen atoms, the Boltzmann distribution 
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discussed above predicts over 1017 spins contributing to the 
MRI signal in each mL of water! It is interesting to note that 
the higher the magnetic field strength, the greater the number 
of excess spins in low versus high energy state; it follows 
that as the field strength increases, so does the magnitude of 
the MRI signal. Hence, there is a push by manufacturers to 
create larger and larger magnetic fields from the 1.5 T fields 
most commonly used today. Indeed, many 3 T systems have 
been deployed and 7 T systems have been discussed for clin-
ical use. It should also be noted, as well, that there is research 
in the opposite direction into lower field systems such as 
0.55 T. With modern technology such as advanced gradient 
systems, pulse sequences, computers, and software, high-
quality CMR can be performed at that field strength close to 
the quality of higher field strength systems [2, 3].

When the radiofrequency energy is applied that matches 
the Larmor frequency, some of the protons in the low energy 
state jump up to the high energy level as noted above. This 
radiofrequency pulse (RF) has a magnetic field itself, B1, 
which is perpendicular to the direction of B0. It is of mT 
order of magnitude and tilts the longitudinal magnetization 
(Mz) a certain amount depending upon the duration of the RF 
pulse and the strength of B1 field. If an RF pulse is applied to 
tilt the net magnetization from the longitudinal plane (Z 
plane) totally to the transverse (XY) plane (called a 90° RF), 
the transverse component of the net magnetization is the one 
that will generate an induced voltage in a receiver antenna 
(the MR signal). The way this occurs is through what is 
termed “relaxation” where the protons return from their 
excited state to a low energy state (Fig. 1.1b). The duration 
of the induced voltage is a function of the time it takes to 
undergo relaxation and is described by relaxation time con-
stants termed T1 and T2 which describe the changes in longi-
tudinal magnetization (Mz) and transverse magnetization 
(Mxy) respectively.

1.2.1	� T1 Relaxation

When the protons are flipped to transverse plane, the Mz 
component of magnetization decreases to near zero 
(Fig. 1.1b, c); the time for return of this magnetization Mz 
after the RF pulse is turned off is measured by the time con-
stant T1 which is defined as the time necessary to recover 
63% of the equilibrium magnetization M0 after the 90° RF 
pulse (Fig. 1.2): Mz(t) = M0(1 − exp(−t/T1)). Physically, the 
return of longitudinal magnetization is a function of how fast 
the spins release their energy to the tissue which is termed 
the “lattice” hence T1 being called spin-lattice relaxation. As 
one might guess, this process depends in part on the physical 
properties of the tissue where the frequency of precession of 
the spins needs to overlap the frequencies of the molecules in 
the lattice. In addition, the process is also dependent on the 

main magnetic field strength; at higher fields, the frequencies 
of spins precession increase with less overlap of frequencies 
in the lattice, resulting in a longer T1. Water, however, has a 
frequency range that is large.

1.2.2	� T2 Relaxation

When the protons are flipped to transverse plane, the Mxy 
component of magnetization becomes maximized as all the 
protons precess with the same phase, called phase coherence 
(Fig. 1.1b, c). The spins of each proton in the general vicinity 
of each other interact with each other, however, and in time, 
this coherence is lost resulting in a decrease in the net mag-
netization (Fig.  1.1c) and induced voltage in the receiver 
antenna. This is appropriately called spin-spin relaxation or 
transverse relaxation and is measured by the T2 time con-
stant. The transverse magnetization (Mxy) will decay expo-
nentially from Mz by the following formula (Fig.  1.2): 
Mxy(t)  =  Mz(0)exp(−t/T2). The time constant is defined as 
decaying to 37% of its initial value. This relaxation is highly 
dependent on the makeup of the tissue; small molecules in a 
generally unstructured tissue have long T2 values because 
fast and rapidly moving spins average out the intrinsic mag-
netic field inhomogeneities while large molecules in densely 
packed tissue have shorter T2 values. Unfortunately, there are 
other factors responsible for decay of magnetization in the 
transverse plane; imperfections of the main magnetic field, 
susceptibility differences between nearby tissues can and do 
contribute to the loss of phase coherence (Fig. 1.1c). This is 
measured by the time constant T2*. In general, T1 is always 
greater than T2 which is always greater than T2*.

1.2.3	� Image Formation

Now that the basic physical properties are defined, the dis-
cussion can turn to creating images. To create images, a 
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Fig. 1.2  T1 relaxation or recovery (left) is the return of magnetization 
Mz, to the equilibrium magnetization M0; the time constant is defined as 
recovering to 63%. T2 relaxation or decay (right) is the decay in the 
transverse plane
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magnetic field gradient must be formed. Within the main 
magnetic field, B0, all protons precess at the same frequency 
(Fig. 1.1a). The Larmor equation tells us that this precession 
is a function of this field strength; by changing the magnetic 
field ever so slightly by position and time, the precession of 
the protons can be changed ever so slightly by position and 
time. Using this information, localization of the MR signal 
from the precise part of the body can be accomplished and 
images can be generated. This precision controlled alteration 
of the magnetic field is created by gradient coils, which gen-
erate linear variations in the main magnetic field strength in 
three orthogonal planes (Figs. 1.1c and 1.3a). By using these 
coils simultaneously, a linear magnetic field gradient can be 
generated in any direction. This gradient changes the preces-
sion frequency of the protons at precise locations in a linear 
fashion.

To select a certain plane (slice) in the body (Fig. 1.3b), an 
RF pulse is applied and it follows that if the RF pulse center 
frequency is shifted to match a specific location along the 
gradient, it will selectively excite the protons at that region. 
A slice of arbitrary thickness, orientation, and location 
along the direction of the “slice select gradient” can there-
fore be selectively excited to generate the signal used to 
form the MR image and the signal detected by the MRI 
receiver coil will come from the excited slice only 

(Fig. 1.3b). The amplitude of the signal is directly propor-
tional to its thickness, practically limiting the thickness at 
approximately 2 mm.

After selecting the slice, the image itself needs to be cre-
ated in two dimensions in the xy plane (practically speaking 
in 2 orthogonal planes of the bore of the magnet—right/left 
and up/down when looking into the bore). This creates the 
pixels (2-dimensional picture elements); in 3-dimensional 
imaging, this is called voxels (3-dimensional volume ele-
ments). As with choosing the slice, linear field gradients and 
the Larmor relationship between field strength and preces-
sional frequency are used to encode spatial location infor-
mation into the MRI signal. After a slice-selective RF pulse, 
a linear magnetic field gradient is switched on in one of the 
in-plane directions of the image, perpendicular to the “slice 
select gradient”; this gradient changes the precessional fre-
quency in a linear distribution along the gradient direction 
allowing the identification of every location along the gradi-
ent by the frequency of the signal (Fig. 1.3). This is called 
frequency encoding. The MR signal is detected and put 
through an analog-to-digital converter; remembering that 
we have encoded the slice and one direction in the plane of 
the image at this point, the signal is thus the amalgamation 
of all of these frequencies. Therefore, the signal varies with 
position, also called its “spatial frequency”; this is called 
“k-space.” If one looks at the distribution of the signal, it 
creates a sinusoidal distribution of phase across the direc-
tion of the gradient; this describes a single spatial frequency 
kx (important in phase encoding in the next step). A special 
mathematical technique called the “Fourier transformation” 
is used to separate out the individual frequency components 
in the detected signal, decoding the signal into individual 
signals coming from locations along the frequency encod-
ing gradient. The Fourier transformation can be used to 
translate the signal from “k-space” to the image and vice 
versa (Fig. 1.3).

Finally, the third spatial dimension (second in-plane 
dimension) must also be encoded (if frequency encoding is 
the “x,” the “y” in the “xy” plane must also be created); the 
technique used is called “phase encoding” (Fig. 1.4) and is 
also based on the Larmor equation. Phase encoding is accom-
plished with the application of a number of gradient pulses 
of differing amplitudes which encode a specific spatial fre-
quency, ky (Fig. 1.5). This phase encoded gradient pulse is 
changed to encode a different spatial frequency component 
prior to each frequency encoding gradient. In this manner, by 
successive phase encoding pulses, and “y” part of the image 
is built up and a matrix is formed; this matrix is referred to as 
k-space, and the numerous gradient pulses “fill” the k-space 
until the image is complete. The 2-dimensional Fourier 
transform is utilized to convert the spatial frequencies cre-
ated by the phase encoding steps into an image (Fig. 1.3). 
Phase encoding can also be used in the slice direction to 
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Fig. 1.3  By altering the magnetic field in three orthogonal planes, gra-
dients can isolate a plane in space (a). This is accomplished by flipping 
the protons only in the plane desired (b)
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Fig. 1.4  The image is created by a combination of frequency encoding 
in one direction (in this case, in the x plane or the horizontal portion of 
the image) and phase encoding in the other dimension (in this case, in 
the y plane or the vertical portion of the image). For frequency encod-
ing, a gradient is applied to change the magnetic field in that direction 
(right triangle). Different frequencies correspond to different positions 
(different colors and waves on the diagram) which produce a detected 
radiofrequency (RF) signal which is a combination of all the frequen-
cies of the various positions (rightmost signal). When put through the 
Fourier transform, signals can be separated into their different positions 
(lower graph). The vertical portion of the image is created by changing 
phases of the radiofrequency pulses (phase encoding, see text). The car-
diac magnetic resonance image is of a “4-chamber” view of a patient 
with single ventricle after Fontan
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Fig. 1.5  A typical pulse sequence diagram includes (a) when the radio-
frequency (RF) pulse is applied (top line) and at times, how much of a 
flip angle (in this case, 180°), (b) when the slice selection gradient (Gz 
or slice) is turned on (second line), (c) when the phase encoding gradi-
ent (Gy) is turned on (third line), when the frequency encoding gradient 
(readout or Gx) is turned on (fourth line), and when the analog to digital 
converter is turned on (fifth line) and the signal is created (sixth line). 
This is an example of a magnetization prepared gradient echo pulse 
sequence

encode thinner slices than possible with the slice selection 
gradient technique, so-called 3D data acquisition.

1.2.4	� MRI Hardware

Once all the components of generating an MR signal are 
known, it is important to review the equipment needed. 
There is of course the main magnet (B0 or Bz field), the RF 
transmitter coil (B1 field), the gradient coils (Gx, Gy, Gz 
fields), and receiver coils which “listen” for the signal. In 
addition, there are second-order shim coils which are often 
used to achieve a more homogeneous B0 field. There are a 
number of computer systems including those which are 
used to control the MRI magnetic field-generating units and 
those used to reconstruct the acquired data. There is also a 
system which provides an interface for the user and the 
other systems.

1.2.5	� Pulse Sequences

This is the sequence of events which control all the various 
factors involved in the creation of an image. It is important to 
note that these times are on a microsecond scale and need to 
be controlled by computer for precise timing. Timing of all 
the gradients switching on and off, the phase encoding, the 
RF pulses, the analog to digital converting data sampling, 
and control of transmitter and receiver operation are all 
defined by the pulse sequence. As there are a limitless amount 
of pulse sequences, it is impossible to describe all of them; 
however, to understand them, a pulse sequence diagram is 
used which details the timing of each component; a represen-
tative pulse sequence diagram is shown in Fig. 1.5. To sim-
plify the concepts, it should be noted that there are five broad 
concepts with regard to pulse sequences which may be 
understood to aid in examining many of the pulse sequences 
in use. They are as follows:

	1.	 Magnetization preparation is a technique employed, 
usually at the beginning of the sequence, which changes 
the tissue characteristics prior to actually creating the 
image (Fig.  1.5). T2 preparation, for example, can be 
employed to suppress myocardial muscle and is used in 
visualizing coronary arteries (Fig.  1.6). The inversion 
recovery technique uses a 180° RF pulse to magnify dif-
ferences in different tissue characteristics of T1; the satu-
ration recovery technique uses a 90° RF pulse prior to 
image. The inversion recovery technique is used in 
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Fig. 1.6  (a) T2 prepared 
steady-state free precession to 
visualize coronary arteries. 
The image on the left 
demonstrates a right coronary 
artery (RCA) giving rise to a 
left circumflex coronary 
artery (LCx). The image on 
the right demonstrates a 
coronary artery aneurysm 
from Kawasaki’s disease from 
the RCA. (b) ECG-gated 
contrast-enhanced inversion 
recovery gradient echo 
imaging of the right (upper 
left) and left (upper right) 
coronary arteries with a 3D 
reconstruction (lower image)
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Baffle LV

RVFig. 1.7  Delayed 
enhancement imaging from a 
“4-chamber” (left) and long 
axis view (right) of a patient 
with hypoplastic left heart 
syndrome after Fontan. White 
arrows in red outline 
demonstrate some of the areas 
of myocardial scarring

delayed-enhancement (Fig. 1.7), T1 mapping as well as 
dark blood imaging [4] (Fig. 1.8) while saturation recov-
ery is used in T1 mapping as well as first-pass perfusion 
imaging (Fig. 1.9).

	2.	 Echo Formation: This is the “echo” referred to above and 
various types of echo formation is used in CMR.  An 
older technique of echo formation which still has appli-
cability today is called spin-echo, which is used most 
often in dark blood imaging for morphology and tissue 
characterization (e.g., myocardial edema) (Fig.  1.8). 
Another technique of echo formation, gradient-echo 
imaging (Fig. 1.10), is used in a whole host of applica-
tions such as:

	 (a)	 Cine imaging for cardiac function including myocar-
dial tagging (Figs. 1.11 and 1.12)

	 (b)	 Assessing valve morphology (Fig. 1.13), valve regur-
gitation as well as valve or vessel stenosis

	 (c)	 In delayed-enhancement (Figs.  1.7 and 1.10) and 
first-pass perfusion (Fig. 1.9) for myocardial scarring 
and myocardial perfusion respectively

	 (d)	 Phase contrast velocity mapping to determine blood 
flow (Fig. 1.14)

Gradient echo imaging comes in couple of forms: (a) 
unbalanced gradient echo imaging and (b) balanced 
gradient echo imaging also known as steady-state free 
precession imaging (SSFP) (Figs. 1.15, 1.16, and 1.17). 
SSFP is more commonly used than the unbalanced gradi-
ent echo form due to its high signal to noise, blood to 
myocardium contrast, and imaging efficiency [5]. Echo-
planar imaging is used as a method for perfusion imaging 
due to its high efficiency.

	3.	 Filling k-Space: As noted above, k-space is filled with 
each phase encoding step. Most sequences employ what 
is known as Cartesian k-space sampling, where there is a 
linear filling of k-space with each phase encoding step. 
There are, however, other methodologies which have 
come into existence and are used. A “radial” filling of 
k-space has some advantages over Cartesian sampling 
when it comes to efficiently filling the matrix and has 
been used in cine imaging [11]. A “spiral” filling of 
k-space trajectory has been utilized for coronary artery 
imaging, because it has some advantages in speed and 
most importantly, insensitivity to motion; unfortunately, 
it is highly sensitive to field inhomogeneities and, there-
fore, has not gained in popularity. A “radial” filling of 
k-space can be used as well, collecting k-space in a series 
of spokes, with the “golden angle” technique being the 
most efficient and robust way to do so [12].

	4.	 Segmentation: This refers to the number of lines of 
k-space filled per cardiac cycle [13]. If one line of k-space 
is filled per cardiac cycle, that pulse sequence is said to be 
“segmented”; if all the lines are filled in one cardiac 
cycle, that pulse sequence is said to be “single-shot” or 
“non-segmented.” There are of course gradations of seg-
mentation between the two and the degree of segmenta-
tion is referred to by the number of lines of k-space filled 
per heartbeat (e.g., 3, 5, 7 segments or views, etc.). Any 
level of segmentation can be used with any of the meth-
ods of magnetization preparation, echo formation, or the 
ways of filling k-space. It generally follows that if the 
more lines of k-space filled in a heartbeat, the less time it 
will take to form the image while the reverse is true with 
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b

Fig. 1.8  (a) Multiparametric 
mapping. Upper right and left 
images are T1 maps before 
and after gadolinium 
administration respectively 
where each pixel’s intensity 
represents T1 relaxation time. 
Using the hematocrit, an 
extracellular volume map can 
be created (lower left) where 
each pixel’s signal intensity 
represents the extracellular 
volume percentage. The lower 
right panel is a T2 map where 
each pixel’s intensity 
represents T2 relaxation time. 
(b) Dark blood imaging in a 
patient with a left ventricular 
hemangioma (tumor). The 
upper left panel is a dark 
blood T1-weighted image of 
the tumor demonstrating 
slight hyperenhancement; 
note the fat in the chest wall. 
The upper right panel is the 
same dark blood T1-weighted 
image with a “fat saturation” 
pulse applied prior to imaging 
(prepulse). Note how the fat 
in the chest wall is not present 
in this image because the 
prepulse destroyed all the 
spins of the fat; however, the 
tumor is still present, 
indicating there are no fatty 
elements in the tumor (it is 
not a lipoma). The lower left 
panel demonstrates 
hyperenhancement on 
T1-weighted imaging after 
gadolinium administration. 
The lower right image is a 
T2-weighted image with fat 
saturation demonstrating 
hyperenhancement indicating 
increased water content
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LV

tumor
Fig. 1.9  Perfusion imaging 
in the patient in Fig. 1.8 with 
a left ventricular hemangioma 
(tumor). Four frames during 
the first pass myocardial 
perfusion imaging 
demonstrate contrast in the 
right ventricular (RV) cavity 
(I), the left ventricular (LV) 
cavity (II) where the tumor 
can be seen, and phases III 
and IV where the contrast 
enters the LV myocardium. 
Note how the tumor becomes 
signal intense in III and IV; so 
much so that it is 
indistinguishable from the 
cavity (somewhat in III and 
indistinguishable in IV). The 
tumor can be visualized in II 
as the contrast is in the cavity 
but not in the myocardium 
where presumably the tumor 
receives its blood supply from

tumor

LV

LV

tumor

Fig. 1.10  Tissue 
characterization in the patient 
in Figs. 1.8 and 1.9 with a left 
ventricular hemangioma. The 
upper left panel is a steady-
state free precession image in 
short axis clearly showing the 
spherical tumor while the 
upper right panel is an axial 
gradient echo sequence also 
clearly showing the tumor. 
Note the tumor is isointense 
with cardiac muscle on 
steady-state free precession 
and the hypoenhancement on 
gradient echo imaging. The 
lower image is a delayed 
enhancement image of the 
tumor demonstrating 
hyperenhancement
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LV

Baffle “3-chamber” short axis

long axis

LV

ED

Mid-systole

Fig. 1.11  Myocardial 
tagging in the “3-chamber” 
(upper and lower left), short 
axis (upper right), and long 
axis views (lower left) of a 
patient with a single left 
ventricle after Fontan. This is 
an example of spatial 
modulation of magnetization 
(SPAMM) where a grid is laid 
down on the myocardium and 
deformation can be visualized 
[6–9]. Note the deformation 
from end-diastole (ED, upper 
left) to mid-systole (lower 
left) in the “3-chamber” view. 
It is the equivalent of speckle 
tracking in echocardiography 
except by CMR; the 
“speckles” are purposefully 
created in a certain geometry 
for strain and wall motion 
assessment

RV

4-chamber

LV

RV long axisFig. 1.12  Myocardial 
tagging in the “4-chamber” 
(left) and long axis of the 
right ventricle (right) in a 
patient with pulmonic stenosis 
after balloon dilation. Note 
how this differs from 
Fig. 1.11 with one set of 
parallel lines laid down on the 
myocardium—the so-called 
1-dimensional tagging [10]
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RCC
LCC

NCC

Fig. 1.13  Gradient echo 
imaging (left) and through 
plane phase-encoded velocity 
mapping (right) of the aortic 
valve. Note how the right 
(RCC), left (LCC), and 
non-coronary commissures 
are easily visualized on both 
images, demonstrating the 
trileaflet valve

the less lines of k-space per heartbeat (i.e., the number of 
segments inversely proportional to the time it takes to cre-
ate the image). It is also true, however, that the more lines 
of k-space acquired per heartbeat, the worse the temporal 
resolution will be (i.e., the number of segments inversely 
proportional to the number of time points that can be cre-
ated in the cardiac cycle). Tradeoffs are part of CMR and 
for most applications such as phase contrast velocity 
mapping and flow, image creation can be obtained in a 
breath-hold. It is important to realize that a regular car-
diac rhythm is needed to ensure that lines of k-space from 
each cardiac cycle is acquired during the same point in 
time of the cardiac and respiratory cycles. In patients with 
arrhythmias or an inability to breath-hold, single-shot or 
real-time methods are commonly used [14] although 
there are also arrhythmia rejection techniques whereby an 
R-R interval and target heart rate are set and only beats 
falling within that range are accepted to build the image. 
For those patients who cannot hold their breath, using 
segmented techniques with multiple “averages” or “exci-

tations” can be used to smooth out the respiratory motion 
at a minor cost to image fidelity (most times).

	5.	 Image Reconstruction: As mentioned above, the Fourier 
transformation is used to create an image from the lines 
of k-space which is acquired from the MR signal. A 
technique called “partial Fourier” or “partial k-space” 
has been used for many years which reduces scan time 
with a lower signal-to-noise than using a “full” Fourier 
transformation. Parallel imaging with names such as 
SENSE [15], SMASH, GRAPPA, and TSENSE [16] 
uses multiple coils and multiple channels and has 
become ubiquitous in many sequences; they sample 
only a fraction of the full k-space but yet allow for a full 
field-of-view and resolution images with significant 
time savings at the cost of signal-to-noise. Compressed 
sensing CMR is another method that undersamples 
k-space losing very little fidelity to speed up the image 
acquisition and to reconstruct images that are nearly 
indistinguishable from those that do not undersample 
k-space [17].

1  General Principles of Cardiac Magnetic Resonance Imaging
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RVOT

RV mid-systole mid-diastole

a

AAoFontan AAoFontan
b

Fig. 1.14  (a) In-plane 
phase-encoded velocity 
mapping in a patient with 
double outlet right ventricle 
after a right ventricle to 
pulmonary artery conduit. On 
the left is a magnitude image 
of the right ventricular (RV) 
outflow tract (RVOT). In the 
middle is a mid-systole frame 
of the in-plane phase-encoded 
velocity map in the exact 
orientation and position as the 
image on the left where flow 
cephalad is signal intense; on 
the right is a mid-systolic 
frame where flow caudad is 
signal poor (dark on the 
image) indicating severe 
conduit insufficiency. (b) 4D 
flow in systole (right) and 
diastole (left) of a single 
ventricle patient after Fontan. 
Note the fenestration flow 
(arrows) and the vortex 
formation in the dilated 
ascending aorta (AAo)
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ES

RV long axis

ED

LV

RV

Fig. 1.15  Steady-state free 
precession imaging in the 
4-chamber view (left) at 
end-diastole (ED, upper) and 
end-systole (ES, lower) in a 
patient with tetralogy of 
Fallot. The long axis of the 
right ventricle (RV) is on the 
right. LV left ventricle

RV

End-diastol nd-systole

LV

e EFig. 1.16  Steady-state free 
precession imaging in the 
short axis view at end-diastole 
(ED, left) and end-systole 
(ES, right) in the patient with 
tetralogy of Fallot in Fig. 1.15
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RV

MPA

MPA

LPAMPA

RV

RPA

Fig. 1.17  Various steady-
state free precession cines of 
the patient in Figs. 1.15 and 
1.16 with tetralogy of Fallot. 
The right ventricular outflow 
tract views are seen in the 
upper panels in off-axis 
sagittal (left) and coronal 
(right) views which are 
orthogonal to each other. The 
right (RPA) and left 
pulmonary arteries (LPA) are 
seen in long axis in the left 
lower and right lower panels 
respectively. MPA main 
pulmonary artery, RV right 
ventricle

1.3	� Prospective Triggering/Retrospective 
Gating

Because the heart needs to be at the same phase of the car-
diac cycle with any segmented technique, as noted above, a 
way is needed to determine this phase. This is nearly univer-
sally the R-wave of the ECG. A static or non-moving image 
uses the R wave to signal the beginning of systole as is the 
touchstone of the cycle; the CMR sequence then begins. This 
technique is called prospective triggering since the sequence 
is initiated by the R wave; lines of k-space are then acquired. 
Phases of the cardiac cycle are defined by a fixed time after 
the R-wave, so small perturbations of rhythm will put the 
heart at a slightly different point in the cardiac cycle; this 
generally does not affect the image too much. In addition, 
there is generally some “dead space” prior to the next R wave 
so very late diastole is usually not imaged or utilized. Cine or 
moving images are acquired by either this method or the 
method of retrospective gating. With retrospective gating, 
lines of k-space are acquired continuously regardless of the 
phase of the cardiac cycle while the ECG is simultaneously 
recorded; after image acquisition, the software “bins” the 
lines of k-space relative to the ECG and cardiac cycle. In this 
way, each cardiac phase is defined as a certain percentage of 
the cardiac cycle, allowing the actual duration of each phase 
to vary flexibly with variation in cardiac cycle. In addition, 

no “dead space” is left prior to the next phase which can be 
important in assessing flows or ventricular function.

The above paragraph makes a distinction between static 
and dynamic techniques. Static ones are generally used for 
cardiovascular anatomy or characterizing tissue. Dynamic 
techniques are used to assess function or flow in addition to 
anatomy. A run of single-shot images, acquired quickly, can 
be strung together as motion and this is termed “real-time” 
and is asynchronous with the cardiac cycle; this can be used 
in cine imaging, phase contrast velocity mapping, or 
dynamic 3D angiography. First-pass perfusion imaging can 
be thought of as a hybrid between static and dynamic imag-
ing, where each image depicts a different phase of the car-
diac cycle over time.

1.4	� ECG Signal

For many years, the upstroke of the R wave on the ECG sig-
nal was used to trigger the scanner and used as a marker for 
end-diastole; unfortunately, artifacts occurred because of the 
high magnetic field strength and radiofrequency pulses 
which precluded reliable detection of the true R wave. 
Bizarre T waves and spikes during the ST segment of the 
ECG would cause the triggering to falsely detect these waves 
as the R wave. This is especially true in congenital heart dis-
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ease where abnormal QRS axes and bundle branch blocks 
from surgery can make the distinction of the R wave even 
more problematic in the scanner. On most systems in use 
today, detection of the R wave as a trigger has been replaced 
by the use of vectorcardiography (VCG), which is less sus-
ceptible to distortion from the magnetic field and of flowing 
blood in the thoracic aorta which can act as a conductor. 
Although wired connection between the VCG and the imag-
ing systems has been utilized in the past, this has been nearly 
universally replaced by wireless transmission which allows 
for more flexibility in the scanner.

There are alternatives to the direct connection between 
the “MRI ECG” and the patient. The ECG signal from 
external monitoring systems such as the anesthesia equip-
ment can be used which can generate a signal contempora-
neous with the R-wave to the MR scanner. Alternatively, the 
ECG signal can be discarded for “peripheral pulse trigger-
ing” where a finger or ear pulse may also be used; obvi-
ously, this requires good peripheral circulation. If the patient 
is cold or has a coarctation, this will often be unsuccessful. 
It also should be noted that because there is a delay in trans-
mission of the pulse to the distal part of the body that is 
being monitored, the waveform will be delayed by 200–
300  ms when compared with the ECG; this needs to be 
taken into account during the analysis and interpretation 
phase of the examination. Peripheral pulse gating is espe-
cially useful in patients where a good detection of the R 
wave cannot be obtained otherwise. Another alternative is 
the use of non-triggered SSFP sequences where lines of 
k-space are continually being obtained by the imaging sys-
tem without regard to the ECG or respiration (see above and 
below). With the use of parallel imaging in the spatial or 
time domains, a temporal resolution as high as 30–40 ms 
can be acquired; even higher temporal resolution can be 
obtained by combining this with compressed sensing. This 
type of imaging can be used in patients with arrhythmias to 
obtain functional information when triggering the ECG is 
problematic (see below). Finally, recent advances in hard-
ware and software have enabled the use of “self-gating” 
sequences, where a coil is used to monitor the motion of the 
ventricle which is used as a signal for ventricular contrac-
tion and relaxation. This approach allows the heart itself to 
be monitored and act as its own signal for the imager; retro-
spective analysis of the lines of k-space can then be “binned” 
to construct moving images. There are now techniques that 
not only “self-gate” but also compensate for respiration 
where a 3D cine data set can be acquired at multiple respira-
tory phases without an ECG or navigator (see below) [18].

A special note is required on patients with arrhythmias. 
With frequent premature ventricular contractions, runs of 
supraventricular tachycardia or trigeminy for example, it is 
unclear what an ejection fraction, cardiac index, or end-
diastolic volume would mean given that these ventricular 

performance parameters can change from beat-to-beat. A 
qualitative assessment using real-time steady-state free 
precession is one way to get a handle on ventricular function. 
Nevertheless, there may be instances when some quantitative 
information may be needed; in these particular cases, 
“arrhythmia rejection” can be used (see above). With this 
approach, a range of heart rates or R-R intervals can be set, 
and the imaging system will only allow those lines of k-space 
which meet these requirements into the final image; the rest 
of the lines of k-space which fall outside these heart rates are 
ignored. This approach is inefficient, however, in this man-
ner, quantitative ventricular performance information can be 
obtained for a range of heart rates. For example, if the range 
is set between an RR of 700 and 800 ms, the resulting cardiac 
index can be said to be present for heart rates between 75 and 
86  beats/min. Finally, some real-time cine sequences have 
arrhythmia compensation built in [14].

1.5	� Respiration

Besides cardiac phases, respiration must be dealt with as it 
causes positional variation of the heart from movement of 
the lungs and diaphragm; if not taken into account, this will 
lead to motion artifacts. There are a number of ways in which 
this is dealt with in CMR:

	1.	 Breath-holding, where the patient’s breath is held during 
image acquisition. For many common applications such 
as cine and phase contrast velocity mapping, image 
acquisitions are fast enough to be performed in a reason-
ably short breath-hold. This can be done in adults or in 
children under anesthesia who are paralyzed, intubated, 
and mechanically ventilated. These pulse sequences are 
widely available and commonly used routinely.

	2.	 Signal averaging, also termed multiple excitations, where 
the signal from the complete image is “averaged” over 
many respiratory and cardiac cycles, “averaging out” the 
respiratory motion and making the image sharper than 
without this technique but less sharp than breath-holding. 
This can be used in small children unable to voluntarily 
breath-hold or adults who cannot cooperate. It has the 
advantage of being more “physiologic” and representa-
tive of the true state of the patient’s physiology as the 
patient is continually breathing the information is aver-
aged over many respiratory cycles.

	3.	 Respiratory gating, where the motion of the diaphragm or 
the chest wall is tracked by either a navigator pulse (which 
tracks diaphragmatic motion, the equivalent of an 
“M-mode” of the diaphragm on echocardiography), 
respiratory bellows which are placed around the chest 
wall, or a signal from the respirator if the patient is under 
anesthesia. Lines of k-space are continuously acquired 
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during the cardiac cycle and only those lines of k-space 
which fall within certain positional parameters of the dia-
phragm or chest wall are incorporated into the image; the 
others are discarded. Although this is a very inefficient 
method of imaging, it is very effective and used in imag-
ing coronary arteries, for example, where high resolution 
is needed. Whole heart angiography is also unsuitable for 
anything but respiratory gating.

	4.	 Single-shot imaging, where all the lines of k-space are 
acquired within a single heartbeat. Advances in hardware 
and parallel imaging have dramatically improved the 
speed and quality of these single-shot and real-time tech-
niques and are now often used for scanning patients 
unable to breath-hold.

	5.	 The newer “self-gated” techniques, referenced above, 
that also compensate for respiration where a 3D cine data 
set can be acquired at multiple respiratory phases without 
an ECG or navigator [18].

1.6	� Contrast Agents

These agents offer another important source of distinguish-
ing tissues from each other besides the intrinsic properties of 
T1, T2, and T2* for example. The most commonly used imag-
ing agents, the paramagnetic chelates of gadolinium (Gd3+), 
generally work by predominantly shortening T1 and to a cer-
tain extent T2; they generally enhance the signal on T1-
weighted images. Gadolinium, which has a very large 
magnetic moment, has unpaired orbital electron spins and 
shortens T1 by allowing free protons to become bound creat-
ing a hydration layer, which helps energy release from 
excited spins and accelerates the return to equilibrium mag-
netization. For other contrast agents which predominantly 
shorten T2, the reverse is true; shortened T2 leads to decreased 
signal on T2-weighted images. The effects of these agents 
can be described by the following formulae:
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 are the relaxation times prior to and T1 and 
T2 are the relaxation times after contrast agent administra-
tion, C is the concentration of the agent, and r1 and r2 are the 
longitudinal and transverse “relaxivities” of the individual 
agent (which are field strength dependent). CMR applica-
tions which utilize these agents include delayed enhance-
ment, first pass perfusion, coronary angiography in certain 
sequences, and characterization of tumors and masses.

Another contrast agent that has become increasingly used 
is ferumoxytol, which is an iron-based contrast agent that is 
administered slowly over 15 min. This contrast agent has the 
distinct advantage of having a long half-life in the blood so 
that high-resolution segmented imaging may occur. This 
contrast agent is generally used in conjunction with high-
resolution static inversion recovery gradient echo imaging to 
visualize coronary arteries, to perform whole heart 3D imag-
ing, or to enhance 4D flow imaging signal [19] (see below). 
In addition, ferumoxytol has been used to acquire 4D whole 
heart cine imaging to obtain a 3D beating heart [20], combin-
ing anatomy, cine imaging, and 4D flow [19] and for the self-
gated technique mentioned above that acquires cine at 
multiple respiratory cycles [18] (see above).

The safety profile of these agents is beyond the scope of 
this chapter. However, it should be noted that there has been 
a recently published multicenter trial of ferumoxytol demon-
strating a safety profile equivalent to other imaging agents 
and in certain regards, better [21].

1.7	� Remaining Motionless in the CMR 
Scanner: Anesthesia and Sedation

The degree of cooperation necessary for successful perfor-
mance of CMR is generally greater than that of any other 
type of MRI examination; scans require no significant move-
ment, repeated breath-holds at the same point of the respira-
tory cycle over a period of 45 min to an hour, and can be 
lengthy. Couple this with the strange environment of the 
scanning room and the loud banging noises, it is no wonder 
that both adults and children alike find this very intimidating. 
Therefore, the use of medication may be required; either 
conscious sedation or general anesthesia is generally admin-
istered so that children who are too young to cooperate or 
adults with congenital heart disease who may not want to 
cooperate for one reason or another (e.g., claustrophobia) 
can still undergo successful CMR. With conscious sedation, 
patients continue to breathe throughout the scan and imaging 
has to be substantially altered because of this whereas in a 
paralyzed, intubated, and mechanically ventilated patient 
under general anesthesia, the effect of “breath-holding” can 
be created by having the anesthesiologist temporarily sus-
pend ventilation. This is not to say that anytime a patient 
undergoes general anesthesia in the CMR environment that 
suspending respiration should be performed but rather that 
this technique is available to the CMR imager. It should be 
noted that imaging using sedation or general anesthesia with 
free breathing is much more physiologic than imaging with 
positive pressure mechanical ventilation and breath-holding 
(see above) and, therefore, may be more advantageous than 
the minor increase in image fidelity with breath-holding. For 
example, a single ventricle patient after Fontan depends 
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upon both cardiac and respiratory effects to allow for pulmo-
nary blood flow; suspending respiration may alter the physi-
ology artificially and therefore, although accurate for 
suspended respiration, the physiology is not reflective of the 
patient’s true state. In addition, because systemic venous 
return changes during the respiratory cycle, imaging during 
suspended respiration will obtain data only in that state while 
if the patient is imaged during free breathing, the loading 
conditions across the respiratory cycle is “averaged” into the 
image and is more reflective of the patient’s true physiologic 
state.

There is no definitive cut-off age for the age range where 
medication is needed to remain motionless for a successful 
CMR study; however, in general, most children greater than 
or equal to 10–12 years old can cooperate. Of course, this is 
just a rule of thumb as there can be 7-year-olds who are very 
mature and can follow directions while there are some 
15-year-olds who will simply not cooperate and will require 
pharmacology. Limited scans with reduced times may be 
possible with younger patients who would normally require 
conscious sedation or general anesthesia and this may be 
considered; it is all in the judgment and purview of the fam-
ily, physicians, and other healthcare providers caring for the 
patient. Preparation of the child prior to the scan is impor-
tant; the involvement of child life experts, a supportive par-
ent or other regular caregiver in the scanner room can reduce 
anxiety and be the difference between a scan under medica-
tion, without medication, or a successful versus an unsuc-
cessful scan.

As the CMR environment can be a challenging one for the 
anesthesiologist or the pediatrician/nurse sedation specialist, 
monitoring is extremely important since the patient’s body 
will be mostly within the scanner itself; direct visualization 
during the study is not possible without removing the patient 
from the bore of the magnet and removing the coil. Many 
centers utilize a direct video feed with cameras designed to 
work within the CMR environment and placed in critical 
positions. For example, a camera pointed down the bore of 
the magnet is essential along with cameras in other areas to 
get a good view of what is occurring in the scan room. In 
addition, extensive physiological monitoring of subjects 
using equipment specifically designed to be operated in the 
MR scan room is essential for the safe conduct of the study. 
Pulse oximetry, limb-lead ECG, blood pressure monitoring, 
inspiratory and expiratory gas analysis such as end-tidal car-
bon dioxide, and temperature monitoring (especially in 
young children) should all be available and used. The moni-
toring systems should be available wherever the 
anesthesiology/sedation teams are positioned; this is gener-
ally either in the control room or scan rooms. Many facilities 
position the anesthetic equipment and gas tanks directly out-
side the scan room, with the gas lines passing through “wave 
guides” in the wall of the scanner room installed for just this 

purpose. This arrangement has two advantages: (a) there is 
reduced risk of inadvertently introducing non-CMR compat-
ible equipment into the scan room and (b) communication 
between the anesthesiology/sedation team and imaging 
teams is much easier in this setup. It should be noted, how-
ever, that this comes at the cost of increased compliance in 
the anesthetic circuit. If the decision is made to keep moni-
toring and anesthetic equipment in the scan room, there is 
usually a minimum distance that this equipment must be kept 
from the magnet within which it may not operate correctly, 
may interfere with the images, and might even be attracted 
into the scanner bore. Careful establishment of this distance 
from the manufacturer is mandatory before the equipment is 
first introduced into the scan room. Even the use of physical 
restraints to prevent incursion of the equipment within such 
a distance, and thus avoid accidents, should be considered. 
Direct verbal communication between the 
anesthesiology/sedation teams and the imaging teams should 
be on-going at all times with visual contact preferably as 
well.

Neonates and very small infants less than 6 months of age 
may undergo CMR successfully while sleeping using a “feed 
and swaddle” technique [22, 23]. The patient usually is kept 
awake for a while prior to scanning (3–4 h); when the child 
enters the preparation area, the intravenous is inserted and 
the ECG leads are placed. At this point, the baby is very 
fussy; however, feeding the infant and subsequently swad-
dling with a warm blanket in a quiet and dimly-lit environ-
ment prior to the study will allow the patient to fall asleep; 
the patient is subsequently transported to the scanner room. 
Vacuum-shaped support bags can also be utilized to reduce 
patient motion; placing ear plugs, a hat over the head and 
ears as well as blankets around the head all aid in keeping the 
child comfortable and asleep. Imaging sequences that allow 
for free breathing must be used.

Whether to use deep sedation or anesthesia to perform 
CMR has been debated for many years. Consideration 
should be given to how long the CMR scan is likely to take, 
the patient’s age, the flexibility of CMR scanner time, and 
the availability of anesthesiology staffing and/or the avail-
ability of specialized sedation teams which include nurses 
and pediatricians. The practice is obviously a matter for 
individual, institutional, and patient preferences. Anesthesia 
is much more predictable when it comes to onset of action 
and duration/depth of impaired consciousness; this is advan-
tageous in scheduling CMR examinations and running the 
schedule smoothly. Deep sedation use has been associated 
with reduced image quality in some studies [24] but not in 
others [25], and in some institutions, is far more likely to 
fail than anesthesia [26], though failure rates can be reduced 
to close to zero [25] by careful use of expert personnel and 
strict sedation regimes [25, 27–30]. Imaging performed 
under anesthesia can be shorter “in theory” because of the 

1  General Principles of Cardiac Magnetic Resonance Imaging



18

ability to breath-hold; in practice, however, the scanning 
time difference is marginal at best and breath-holding, as 
mentioned above, is less physiologic. Anesthesia has been 
reported to be marginally safer than deep sedation in some 
studies [24, 31] and equal in others [25], but there is no 
doubt that it is more costly and invasive. There are numer-
ous pediatric centers with many years of experience at per-
forming CMR under deep sedation with excellent safety 
records [25, 27, 28, 30]. The end result is that both tech-
niques are likely to remain in practice for the foreseeable 
future.

1.8	� The Standard Pediatric/Congenital 
Heart Disease Examination

There are numerous protocols for a standard CMR examina-
tion of the heart, many equally as valid as the other. The one 
presented in this chapter is meant to be as complete and as 
efficient as possible; however, it should be recognized that 
this is not the only one. As each phase of the protocol is 
delineated, the technique utilized will be expanded upon in 
detail to give the basics of the different types of CMR.

1.8.1	� Axial Imaging (Fig. 1.18)

The initial part of the examination begins with a set of static 
steady-state free precession (bright blood) images in the 
axial (transverse plane) extending from the thoracic inlet to 
the diaphragm. Generally, 45–50 contiguous end-diastolic 
slices are obtained of three (for babies) to 5 mm in thickness; 
end-diastole is acquired by placing a “delay” after the R 
wave of the ECG. At this point in the cardiac cycle, the heart 
is relatively motionless, allowing for high-fidelity imaging. 
This set of data, which usually takes two and a half to four 
and a half minutes to acquire (depending upon the patient’s 
heart rate and size), is utilized as a general survey of the anat-
omy and may be used as a localizer for subsequent higher 
fidelity cine imaging, flow measurements, etc. These images 
are usually acquired with multiple averages (generally 3) 
during free breathing. In babies, to maintain signal to noise 
but nevertheless obtain thinner slices, overlapping slices can 
be used; the cost is prolonged acquisition time.

	1.	 From this survey, a number of features may be gleaned 
with regard to cardiovascular structure in congenital heart 
disease [32]: (1) the position of the heart in the chest and 
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Fig. 1.18  Selected initial axial images of a patient with heterotaxy and 
complete common atrioventricular canal. Note how much can be gleaned 
from the first set of static steady-state free precession images. Images 
progress from inferior to superior as the roman numerals increase from 
top to bottom and from left to right. In I, a transverse abdominal view 
shows a midline liver and spleen (sp) on the right. In II, note the com-
plete common atrioventricular canal, the dilated coronary sinus (CS), 

and dilated mildline azygous (Az). In III, note the widely patent left 
ventricular outflow tract. IV (top right) demonstrates the main pulmo-
nary artery as well as the right (RPA) and left pulmonary artery (LPA) 
being confluent. In V, note how the dilated AZ enters the right superior 
vena cava (RSVC) as well as the presence of a left superior vena cava 
(LSVC). Finally, in VI, note the left aortic arch along with the RSVC and 
LSVC without a bridging vein. TAo transverse aortic arch
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in which direction the apex is pointing, (2) normal car-
diac segments (atria/ventricles/great arteries), (3) the 
intersegmental connections (atrio-ventricular and 
ventriculo-arterial), (4) veno-atrial connections, (5) aortic 
arch anatomy such as coarctation of the aorta and sided-
ness of the aortic arch, (6) pulmonary arterial tree (such 
as pulmonary stenosis, pulmonary sling), (7) extracardiac 
anatomy and its relationship with the cardiovascular 
system such as the trachea and tracheobronchial tree, 
abdominal situs such as the position of the liver, spleen, 
and stomach, qualitative assessment of lung size (e.g., 
important in Scimitar syndrome). For lesions such as 
main and branch pulmonary artery stenosis and coarcta-
tion of the aorta, off-axis imaging planes are necessary to 
confirm and better display these findings; however, these 
lesions can often be inferred from the stack of axial 
images. Qualitative assessment of lung hypoplasia and 
unbalanced pulmonary blood flow can be roughly esti-
mated by the pulmonary vascular markings. If the study 
is ordered to determine if the patient has a vascular ring, 
the diagnosis is nearly always readily obtained using this 
stack of images using the feed and swaddle technique if 
an infant mentioned above [23]. Image acquisition time 
for the three-dimensional dataset can be accomplished in 
20–30 s depending on the patient’s heart rate.

	2.	 There are drawbacks to using the axial stack when using 
it for diagnostic purposes; it must be remembered that is 
solely a survey and to be used as localizers for higher 
resolution imaging. As examples, smaller anatomic struc-
tures such as the pulmonary veins may not be visualized 
well or seem to appear to be connected anomalously but 
really be connected normally because of partial volume 
effects. Follow-up with off-axis imaging is mandatory.

	3.	 In addition to the axial stack of SSFP images, a set of 
HASTE (Half-Fourier-Acquired Single-Shot Turbo Spin 
Echo) axial images (Fig. 1.19) can be very useful and are 
usually obtained while multiplanar reconstruction is 
being performed on the SSFP images (see below). 
HASTE is a dark blood, single-shot (image obtained in 
one heartbeat) technique which is low resolution and 
acquired during free breathing, generally obtained in 
1–2 min. If the RR interval of the patient is under 600 ms, 
the images are generally acquired every other heartbeat 
(doubling the acquisition time) to allow the protons to 
relax further. HASTE images are less susceptible to flow 
artifacts and metal artifacts. For example, turbulence in 
the systemic to pulmonary artery shunt (Blalock-Taussig 
shunt) or Sano shunt in a single ventricle patient after 
Stage I Norwood reconstruction will demonstrate signal 
loss in the shunt itself and the pulmonary arteries on 
SSFP imaging. Turbulent flow occurs in diastole as well 
as systole in this scenario and recalling that the static 
SSFP images are acquired in diastole, these structures are 

difficult if not impossible to see on the SSFP images. 
These structures are, however, readily visualized on the 
HASTE images. Multiple patients can present with braces 
on their teeth which is common in adolescents as well as 
stents in their great arteries or other blood vessels; these 
metallic objects can and generally do produce artifacts 
which appear on the SSFP imaging, but not on the 
HASTE images. Note, however, that because of the “cage 
effect” (see below in the dark blood section 1.8.3), direct 
measurement of the cavity of the stent is not possible. 
HASTE imaging can also be useful with visualizing 
regions of the coronaries and in characterizing masses; 
however, dedicated subsequent imaging of these struc-
tures is mandatory. The HASTE images give the imager a 
“first pass” at the problem and, similar to the stack of 
SSFP imaging, is simply a survey.

1.8.2	� Multiplanar Reconstruction

During the acquisition of the HASTE images, multiplanar 
reconstruction is performed on the axial SSFP (or HASTE) 
images. Multiplanar reconstruction is the act of taking the 
contiguous stack of images and reconstructing these images 
into other planes (e.g., axial images being resliced as coronal 
images or in a double oblique angle to obtain the “candy 
cane” view of the aorta). Nearly all scanners today come 
with software which allows this to be readily performed. The 
purpose of this obviously is to obtain orientation and slice 
positions for dedicated images of the anatomy in question, 
functional imaging, tissue characterization, and blood flow. 
Further anatomy can be obtained with cine, the various types 
of dark blood imaging, or 3-dimensional contrast-enhanced 
images (see below). For the 3-dimensional contrast-enhanced 
slab, these axial images act to ensure that the anatomy in 
question is covered by the slab. Ventricular function and 
blood flow are obtained using cine and phase contrast mag-
netic resonance (PCMR) (see below). Off-axis imaging 
planes can be used, for example, to profile the ventricular 
outflow tracts, the atrio-ventricular valves, major systemic 
and pulmonary arteries and veins and all their connections to 
the heart.

1.8.3	� Dark Blood Imaging (Figs. 1.8 and 1.20)

High-resolution dark blood imaging (as compared to the 
low-resolution HASTE images) is static in nature and is used 
sparingly because it is time consuming; 1–2 images can be 
obtained in a breath-hold. There are numerous types of dark 
blood imaging such as T1 weighting, T2 weighting, spin echo 
imaging, turbo spin echo imaging, double or triple inversion 
recovery, etc. This technique is generally utilized for tissue 
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characterization and to define anatomy when turbulence or 
artifacts get in the way of bright blood techniques. The blood 
from the heart cavities and blood vessels is black while soft 
tissue is signal intense. Most dark blood imaging in children 
utilizes either T1- or T2-weighted imaging with the double 
inversion approach. The details of how each type of dark 
blood imaging is created are beyond the scope of this chap-
ter; however, a simple example is instructive. The double 
inversion T1-weighted dark blood technique is utilized to 
maximally suppress signal from blood and begins with a 
nonselective inversion pulse which can be thought of as flip-
ping all the protons 180° throughout the body, destroying all 
the signal from these spins. This is subsequently followed by 
a selective inversion pulse which flips the protons once again 
180° but in a selected region of the body (such as the imag-
ing plane needed); a standard T1-weighted spin echo sequence 
is then run. In this way, all the blood entering the imaging 
plane is signal poor with the spins destroyed in the nonselec-
tive inversion pulse and detailed endocardial or endovascular 
surfaces can be visualized. Dark blood imaging can be used, 
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HASTE  Images

Fig. 1.19  Two initial axial HASTE images of the patient in Fig. 1.18 
with heterotaxy and complete common atrioventricular canal. The 
upper and lower panels are equivalent to panel II and IV in Fig. 1.18; 
compare these images with those of Fig. 1.18

RV

MPA PDA

DAo
DAo

TAo

MPA PDA

DAo

TAo

PDA

TAo

SCA

C

Fig. 1.20  Dark blood, 3-dimensional gadolinium and “fly-through” 
imaging of a neonate with hypoplastic left heart syndrome who has not 
undergone surgery. The left upper image is an off-axis sagittal view 
demonstrating the right ventricular outflow tract giving rise to the main 
pulmonary artery (MPA), patent ductus arteriosus (PDA) connecting to 
the descending aorta (DAo). The upper middle is similar to the upper 
left except a few millimeters over to the right demonstrating the hypo-

plastic transverse aortic arch (TAo), the coarctation (C), and the DAo. 
The right upper and right lower images are 3-dimensional reconstruc-
tions from a time-resolved gadolinium sequence which demonstrates 
the MPA, PDA, hypoplastic TAo and DAo from a sagittal (top) and 
posterior (bottom) view. The lower left is a “fly-through” image of the 
3-dimensional reconstruction looking up from the DAo towards the os 
of the PDA, hypoplastic TAo and subclavian artery (SCA)

M. A. Fogel



21

as mentioned above, to characterize different types of tissue 
as these will generate different signals. As an example, fat 
will be intensely bright on T1-weighted imaging while myo-
cardium will be much less so. In addition, special pulses can 
be used to change the signal intensity and determine if indeed 
this tissue is what is suggested; taking for example fat as was 
just mentioned, a “fat saturation” pulse may be coupled with 
dark blood imaging and will turn the very bright signal of fat 
without this fat saturation pulse into a very dark signal with 
the fat saturation pulse, confirming that the bright signal is 
indeed fat. This may be useful for lipomas—visualizing this 
mass on T1-weighted images with and without a fat satura-
tion can confirm the diagnosis. Triple inversion recovery 
may be used to delineate edema in the tissue from, for exam-
ple, a myocardial infarction or myocarditis.

Typically, in our imaging protocols, if needed, this is per-
formed after the SSFP and HASTE imaging but should not 
be used after gadolinium administration except for specific 
applications such as myocarditis or tumor characterization. 
If used after gadolinium administration, the blood pool will 
demonstrate signal which is counterproductive to the intent 
of dark blood imaging in the first place. Use for dark blood 
imaging besides myocarditis is to visualize the pericardium, 
image the tracheobronchial tree (useful in a vascular ring 
study), and tumor characterization (with and without gado-
linium). As mentioned above, it is useful to image patients 
when coils, stents, braces, spinal rods, and other foreign 
material cause artifacts on bright blood imaging. Precise 
measurements cannot be performed within a stent, however, 
because of the “cage effect.” The image artifact caused by 
the stent prevents the physician from seeing the critical area 
in and around the stent. This is caused by the fact that a 
metallic stent behaves as a “Faraday Cage” due to its geom-
etry and material, and the stent additionally creates a mag-
netic susceptibility artifact due to the material of manufacture 
of the stent.

A more modern approach is the use of a 3D dark blood 
acquisitions such as SPACE (Sampling Perfection with 
Application-optimized Contrasts using different flip angle 
Evolution) which is not only gated to the cardiac cycle but also 
employs a navigator pulse to obtain high-resolution (1–1.2 mm 
isotropic) imaging. It is generally performed in systole, aiding 
to null the signal from blood. It has found utility in patients 
who have hardware in place such as stents or devices or where 
turbulence makes SSFP imaging problematic.

1.8.4	� Cine (Figs. 1.10, 1.13, 1.15, 1.16, 
and 1.17)

Myocardial motion and blood flow can be visualized with 
cine imaging to determine function and physiology. It is one 
of the two workhorses of CMR in this regard (the other being 

phase contrast velocity mapping which will be discussed 
next). The two major types of cine imaging are unbalanced 
gradient echo imaging and SSFP as mentioned above. The 
unbalanced gradient echo technique is older but still has a 
number of uses in state-of-the-art CMR. For example, unbal-
anced gradient echo imaging is useful to determine valve 
morphology using a high flip angle (Fig. 1.13); in this way, 
flowing blood into the imaging plane is bright and outlines 
the leaflets of the valve very well. It is also useful when arti-
facts plague SSFP as a low echo time (TE) and high band-
width gradient echo image is less susceptible to these 
artifacts. High TE gradient echo imaging will enhance turbu-
lence (where SSFP is less susceptible to turbulence) and may 
be useful in identifying these areas of flow disturbances. It is 
also the cine workhorse when ferumoxytol is administered as 
the contrast agent, using a high bandwidth.

High-resolution SSFP cine imaging (Figs. 1.15, 1.16, and 
1.17) can demonstrate exquisite images of the myocardium, 
valves, blood pool, and vessels. In assessing myocardial 
function, it is the technique of choice and the gold standard. 
These cine images provide excellent spatial and temporal 
resolution for the assessment of global and regional myocar-
dial wall motion. These cine sequences should be retrospec-
tively gated so that wall motion data is available for the entire 
cardiac cycle. As mentioned, with prospective triggering, the 
phases prior to the R wave is generally truncated as noted 
above in the physics section. With retrospective gating, the 
number of calculated phases should be figured so that there 
is only one or less interpolated phase between each measured 
phase; an interpolated phase is one that shares data between 
the two measured phases. This is easily performed by dou-
bling the patient’s RR interval and then dividing by the heart-
beat “TR” (line TR  ×  number of segments) to get the 
maximum number of phases or dividing by the number of 
phases desired to obtain the maximum TR needed.

Temporal resolution should be set to provide, in general, 
20–30 phases across the cardiac cycle, depending upon the 
heart rate. Obviously, in a patient with a heart rate of 
150 beats/min (R-R of 400 ms), 20 frames/heartbeat is more 
than adequate (20 ms temporal resolution) while if the heart 
rate is 50 beats/min (R-R of 1200 ms), 20 frames/heartbeat is 
not sufficient (60 ms temporal resolution). This is because 
systole does not vary too much as a function of heart rate; it 
is diastole that lengthens or shortens. A 60 ms temporal reso-
lution for a heart rate of 50 beats/min will not capture enough 
frames in systole to adequately assess the ventricle.

When an entire ventricular volume dataset is acquired, 
ventricular volume and mass at end-diastole and end-systole 
are measured yielding end-diastolic and end-systolic vol-
umes, stroke volume, ejection fraction, cardiac output, and 
mass [33–37]. To perform an entire ventricular volume set, 
generally a 4-chamber view is first obtained by cine (orienta-
tion and slice position determined by multiplanar reconstruc-
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tion as noted above); the 4-chamber view is defined as the 
view that intersects the middle of both atrioventricular valves 
at the atrioventricular valve plane and the apex of the heart. 
Subsequently, a series of short axis views are obtained which 
are perpendicular to the 4-chamber view and span from atrio-
ventricular valve to apex. It should be noted that this requires 
obtaining short axis slices one slice past the atrioventricular 
valve level and one slice past the apex to ensure the entire 
volume is obtained; this can be clearly positioned off the 
4-chamber view at end-diastole. Measurement of ventricular 
volumes involves contouring the endocardial border of each 
slice of a given phase (e.g., end-diastole or end-systole) from 
base to apex and planimeterizing this area. The product of 
the sum of the areas on each slice encompassing the ventricle 
and the slice thickness yields the ventricular volume at that 
phase. This procedure, if performed at end-diastole and end-
systole, will yield two values and the difference between 
these values is the stroke volume; and the ratio of the stroke 
volume to the end-diastolic volume multiplied by 100 yields 
the ejection fraction. The cardiac output is obtained by mul-
tiplying the ventricular stroke volume and the average heart 
rate during the cine acquisition (note that if there is atrioven-
tricular valve insufficiency, a ventricular septal defect or 
there is double outlet ventricle, this will not equate to aortic 
outflow). Ventricular mass is similarly measured, generally 
at end-diastole, by contouring the epicardial border on each 
slice which contains ventricle and planimeterizing the area 
which contains both the ventricular volume and mass. This 
value is subtracted from the ventricular volume measure-
ment at each slice and yields the ventricular mass multiplied 
by the density of the myocardium. Most scanners come with 
and numerous independent companies sell software which 
semiautomates this process; ventricular volumes and mass 
can generally be obtained in a few minutes of post-processing. 
More tedious is contouring ventricular volumes through 
every phase of the cardiac cycle; however, this will yield a 
ventricular volume–time curve which may be useful in some 
situations. Because CMR can acquire multiple contiguous, 
parallel tomographic slices, there is no need for geometric 
assumptions, making the technique an excellent tool for pre-
cise measurement of ventricular volumes and mass in con-
genital heart disease. Indeed, cine CMR is considered the 
“gold standard” for ventricular volume and mass in both 
adult cardiology, pediatric CMR, and congenital heart dis-
ease. Ventricular size and shape can vary considerably in 
various forms of congenital heart disease (e.g., single ven-
tricles, corrected transposition of the great arteries, etc.). 
Ventricular cine is also utilized not only for global but for 
regional wall motion abnormalities as well.

Besides ventricular size, mass, and wall motion, cine 
imaging is excellent for identifying vessel sizes as well as 
stenosis or hypoplasia including great arteries, along a ven-
tricular outflow tract or in a baffle or conduit. On the flip 

side, cine can also be used to qualitatively assess regurgita-
tion of valves of which there should be minimal in the nor-
mal heart. All this is determined not only by the shape of the 
vessel but by loss of signal due to acceleration of flow 
through a stenotic vessel/valve or a regurgitant valve; a clas-
sic example is the flow void through coarctation of the aorta. 
In addition, shunts can be identified by cine as turbulence 
visualized across atrial or ventricular septae will indicate 
interatrial and interventricular communication. A way in 
which shunting can be accentuated visually is with the use of 
a presaturation tag. When the protons in a plane of tissue are 
flipped 180° to destroy their spins prior to imaging (similar 
to a selective inversion pulse in a plane of tissue intersecting 
the imaging plane), a presaturation tag is said to be laid 
down. This presaturation tag labels the tissue it intersects 
with decreased signal intensity (black on the image). If the 
presaturation tag is laid down on the left atrium prior to a 
gradient echo sequence in a patient with an atrial septal 
defect, blood flowing from left to right will be dark on the 
bright blood cine and visualized to cross from left to right 
atria. Similarly, if there is right to left flow, bright signal from 
the right atrium would be seen to cross to the darkness of the 
left atrium.

By stringing a series of continuous single-shot images 
together in one plane (“single plane, multiphase” imaging), 
motion can be captured and this is termed “real-time cine 
CMR” (see above). Essentially, the SSFP technique is used 
to acquire all the lines of k-space needed to create an image 
continuously in the same plane. “Interactive real-time cine 
CMR” adds the ability to be able to manipulate the real-time 
imaging plane interactively, similar to echocardiographic 
(“sweeps”); this provides a fast way to assess cardiovascular 
anatomy, function, and flow. These images can be used for 
localization for higher resolution regular cine CMR and have 
been utilized in the past to actually acquire fetal cardiac 
motion. It is also used in the event there is too much arrhyth-
mia so that at least a qualitative assessment of the heart can 
be made. Temporal resolution can be as low as 35 ms using 
parallel imaging.

CMR techniques in general and cine in particular build 
the image of multiple heartbeats. If multiple averages (exci-
tations) are used, this can be in the hundreds. The disadvan-
tage to this is the time it takes to acquire the data unlike 
“real-time” CMR cine imaging just mentioned or echocar-
diography where the cardiac motion is instantaneously 
obtained. The distinct advantage to this approach, however, 
is because the image is built over many heartbeats; it repre-
sents the “average” of all those heartbeats over the acquisi-
tion time. This truly is an advantage as it would be assumed 
that this “average,” embedded in the image, is more reflec-
tive of the patient’s true physiologic state than the instanta-
neous images of echocardiography. To perform the 
equivalent, the echocardiographer would have to view hun-

M. A. Fogel



23

dreds of heartbeats and “average” it in the imager’s mind 
with all the subjectivity that entails. Picture measuring hun-
dreds of M-mode dimensions of the ventricle (end-diastolic 
and end-systolic diameters) and then averaging them all 
together to get a shortening fraction: that is what is obtained 
with cine CMR in one image when measuring ventricular 
function parameters!

1.8.5	� Phase Contrast (Encoded) Magnetic 
Resonance (PCMR) (Figs. 1.13, 1.14, 
1.21, 1.22, and 1.23) [38–46]

This CMR technique, also known as “velocity mapping,” is 
used to measure flow and velocity in any blood vessel with 
few limitations (for example, generally 4–6 pixels must fit 
across the blood vessel in cross-section for it to be accu-
rate). Broadly speaking, there are two types of PCMR—
through plane which encodes velocity into and out of the 
imaging plane and in plane which encodes velocity in the 
imaging plane (as in Doppler echocardiography). For exam-
ple, through plane PCMR can measure cardiac output, the 

aortic, and the pulmonary valves by measuring the veloci-
ties across the valves in cross-section, multiplying by the 
pixel size summed across the entire vessel, integrated over 
the entire cardiac cycle, and multiplied again by the heart 
rate. In the absence of intracardiac shunts, the flows across 
the aortic and pulmonary valves should be equal—an inter-
nal check to the measurement. In another example, relative 
flows to each lung may be measured by utilizing through-
plane velocity maps across the cross-section of the right and 
left pulmonary arteries, obviating the need for nuclear medi-
cine scans. By placing a through-plane velocity map across 
the main pulmonary artery, an internal check on the branch 
pulmonary artery flows is obtained as the sum of the blood 
flow to the branch pulmonary arteries must equal the blood 
flow in the main pulmonary artery. In addition, it is also 
common to utilize PCMR as a check on cine measurements 
(e.g., cardiac index of the aorta should be equal to the car-
diac index of the left ventricle in the absence of mitral insuf-
ficiency or intracardiac shunts). It is clear that this is a 
strength of CMR—the ability to perform these checks for 
internal validation of the quantitative data, unlike other 
imaging modalities.
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Fig. 1.21  Various types of imaging in an infant with corrected transpo-
sition of the great arteries after a pulmonary artery band (PAB). The 
upper left and middle panels are two views of a 3-dimensional gado-
linium image of the right-sided circulation showing the left ventricle, 
main pulmonary artery (MPA), PAB, and the right (RPA) and left pul-
monary arteries (LPA) from anterior (left) and anterior tipped up to 
transverse view (middle). Note how the right atrial appendage (RAA) is 
easily seen. The right upper and left lower images are 3-dimensional 
gadolinium reconstructions of both circulations demonstrating the ante-

rior aorta and branch pulmonary arteries form the anterior (upper right) 
and posterior (lower left) views. The lower panel second from the left 
and second from the right are magnitude and in-plane phase images 
from phase-encoded velocity mapping demonstrating the left ventricu-
lar outflow tract and showing the jet through the PAB (signal intense is 
caudad) with a VENC of 400 cm/s. The right lower image is an orthogo-
nal view through the left ventricular outflow tract demonstrating the 
turbulence distal to the PAB
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Aortic Regurgitation 

Cardiac output = 3.8 l/min/m2

Forward flow = 108 cc

Reverse flow = 38 cc

Regurgitant fraction = 35%

Heart rate = 87 BPM

Peak velocity = 3.7 m/s
AAo

LV

LV

AAo

Fig. 1.22  Data and images 
from a patient with a bicuspid 
aortic valve, aortic stenosis, 
and insufficiency. The graph 
of flow versus time is on the 
lower left and on the upper 
left is the relevant data. 
Gradient echo images of the 
left ventricular outflow tract 
in two orthogonal views 
demonstrating the aortic 
insufficiency jet during 
diastole (arrow). AAo 
ascending aorta, LV left 
ventricle

Aortic flow

Cardiac output = 4.6 l/min/m2

Pulmonary flow

Cardiac output =  10.7 l/min/m2

Qp/Qs = 2.3 ASD

RA
Pulmonary

Aorta

Fig. 1.23  Data and images 
from a 2-year-old with an 
atrial septal defect (ASD) of 
the inferior vena cava type 
and anomalous right 
pulmonary venous 
connections to the right 
atrium (RA). The off-axis 
sagittal magnitude image 
(upper right) demonstrates the 
ASD while the in-plane, 
colorized phase-encoded 
velocity map (lower right) in 
the same orientation as the 
magnitude image 
demonstrates left to right flow 
by the red color jet as in 
echocardiography (red is 
caudad and blue is cephalad 
flow). The aortic and 
pulmonary flow are both 
graphed simultaneously 
(lower left); data demonstrates 
as Qp/Qs 2.3
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It is key to understand what the “phase” means in the term 
“phase-encoded velocity mapping” for one to understand 
how this is used to measure flow. Phase was discussed in the 
physics section and will be explained in a slightly different 
way in this section, although it represents the same physical 
principle. When tissue is excited by radiofrequency energy, 
the subsequent signal that gets generated when the protons 
relax (for example, a sine wave) can be described by its fre-
quency (how many cycles per second), its amplitude (the 
strength of the signal), and its phase (where, in a given time, 
is the sine wave in its cycle). Two waves can have the same 
frequency and amplitude but be in different points in their 
cycle (i.e., they are identical waves but shifted in time); they 
are out of phase. Think of two identical sine waves placed 
one atop the other in a signal amplitude-time graph (signal 
amplitude on the Y axis and time on the X axis) and then shift 
one slightly to the right in time; these sine waves are identi-
cal but out of phase with each other. Another way to under-
stand this is that the same part of each of the two identical 
sine wave occurs at a different point of time (e.g., the peak of 
sine wave “A” occurs prior to the peak of sine wave “B”).

The principle underlying phase contrast CMR very sim-
ply is that moving tissue within a magnetic field that has a 
gradient applied to it changes phase. Put another way, when-
ever anything moves along the axis of an applied gradient, 
the phase of the spinning vectors in that object becomes 
altered relative to the stationary object. Remember the 
Larmor equation states the precessional frequency of the 
protons is directly proportional to the magnetic field; if that 
magnetic field is altered by position creating a gradient, the 
precessional frequency will change depending upon posi-
tion. Any tissue moving across the gradient will change pre-
cessional frequency and accumulate phase shift selectively 
“labeling” itself. Phase contrast velocity mapping utilizes a 
“bipolar” radiofrequency pulse which is equal in magnitude 
but opposite in direction (e.g., turns from positive to negative 
and then from negative to positive); this is done with two 
back-to-back pulses with a slight delay. The sequence has the 
following effect: Before any radiofrequency pulse is applied, 
protons are tilted as a function of where they are positioned 
in the magnetic gradient. When the first radiofrequency pulse 
is applied, both stationary and moving tissue protons are fur-
ther tilted; when the second equal and opposite radiofre-
quency pulse is applied immediately afterwards, protons of 
the stationary tissue return the tilt of their protons back to 
their original position and accumulate a net phase of zero 
(their tilt goes back to their original position since they expe-
rienced an equal and opposite radiofrequency pulse and 
haven’t moved position—they are experiencing the same 
magnetic field before and after these pulses). Protons of the 
moving tissue, however, do not revert to their original tilt 
since they have moved and are experiencing a different mag-
netic field because of the magnetic gradient in position. 

These protons are said to have accumulated a “phase shift.” 
To summarize, this will yield a zero phase change for sta-
tionary objects when both pulses are applied whereas there 
will be a net accumulation of phase in moving tissue. By 
subtracting, pixel by pixel,  the phases of one pulse from the 
other, background phase changes of stationary objects are 
canceled out and the phase shift of the moving tissue is 
amplified. Then, usually, the “phase difference” method is 
used to map the phase shift angles into signal intensities. 
Flow is calculated by the formula:

	 ∆ phase
g

= × × ×g v T A 	

where g = gyromagnetic ratio, v = velocity, T = duration of 
the gradient pulse and Ag is the area of each lobe of the gradi-
ent pulse.

By tailoring the strength of the radiofrequency pulse to 
the anticipated velocities, accurate measurement can be 
obtained; this is called a VENC (velocity encoding) and is 
the equivalent of the Nyquist limit in echocardiography. 
Using the VENC and the signal intensity, the velocity of 
moving tissue in each pixel can then be encoded. This can 
occur with either blood (hence blood phase-encoded veloc-
ity mapping) or with myocardial tissue (also called myocar-
dial velocimetry and is the equivalent to Doppler tissue 
imaging).

As mentioned, spatially, there are two ways to encode 
velocity in the image: (a) “through plane” where each pixel 
encodes velocity into and out of the plane of the image and 
(b) “in-plane,” where velocities are encoded in the plane of 
the image and not into and out of the plane similar to Doppler 
echocardiography. Unlike Doppler echocardiography, how-
ever, velocities are encoded in either the Y- or X-direction of 
the image. This is advantageous as each pixel can encode 
velocity in three orthogonal planes. Motion in one direction 
is mapped onto the anatomic image as increased signal inten-
sity or bright and motion in the other direction appears signal 
poor and dark; stationary tissue appears gray. Air, such as in 
the lungs or around the patient, is encoded in a mosaic black 
and white. Color can be added to make it similar to Doppler 
echocardiography.

Flow measurements by this methodology utilize the 
cross-sectional area of the vessel perpendicular to the trans-
axial direction of flow. All software can identify the regions 
of interest simultaneously on the anatomic or “magnitude” 
images as well as the “phase” images (which can sometimes 
be difficult to read). The product of the velocity and the area 
of an individual pixel give flow through that pixel; summing 
this across the vessel cross-sectional region will yield the 
flow at a given phase of the cardiac cycle. Integrating this 
across the entire cardiac cycle (i.e., each phase plotted as a 
time-flow curve), the flow during one heartbeat is calculated. 
The product of the heart rate and this flow in one heartbeat 
will yield the cardiac output.
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Through plane phase-encoded velocity mapping can also 
be used to assess the peak velocity for gradient calculations 
as might be used for coarctation of the aorta or ventricular 
pressure estimates as with a tricuspid regurgitant jet. If the 
plane is perpendicular to flow in the region of maximum 
velocity, the greatest velocity in any pixel in the region of 
interest in the cardiac cycle is used in the simplified Bernoulli 
equation. It should be noted that planes not perpendicular to 
flow or one at a level where the maximum velocity is not 
present will underestimate this number; generally, this is 
used in conjunction with in-plane velocity mapping (see 
below) to measure maximum velocities. This is similar to 
Doppler echocardiography where, if the plane is angled 
obliquely to the jet of interest or the sector is not in the area 
of maximum velocity, an underestimate of the maximum 
velocity will occur.

Encoding velocity parallel to flow (“in-plane” velocity 
encoding) is predominantly used to measure peak velocities 
which is similar to what Doppler echocardiography mea-
sures. The advantage of this type of phase encoding over the 
through plane technique in measuring maximum velocities is 
that velocities can be measured along a jet of interest in the 
direction the jet is pointing (similar to continuous wave 
Doppler), through plane mapping is placed at a certain level 
of the jet and the velocity measured which is similar to the 
range-gating technique of pulse wave Doppler echocardiog-
raphy. With in-plane velocity mapping, the jet is aligned by 
rotating the entire field of view to make one side exactly per-
pendicular to the jet. The peak flow velocities can then be 
translated into pressure gradients via the simplified Bernoulli 
equation. The phase maps on present-day scanners can give 
a temporal resolution of about 15–20 ms with non-breath-
hold techniques.

Phase-encoded velocity mapping has limitations. 
Reliability of both through plane and in-plane velocity map-
ping is a function of a few factors such as slice thickness 
(“partial volume” effects may induce inaccuracies in veloc-
ity calculations) and the angle of the jet (the jet needs to be 
aligned perpendicular to the direction of phase encoding, 
similar in some sense, to Doppler flow measurements). In 
addition, if the VENC is not chosen close but not below the 
maximum velocity anticipated, errors may occur. If the 
VENC chosen is too low, velocities in the vessel will exceed 
the ability of the CMR scanner to encode them which is akin 
to aliasing and exceeding the Nyquist limit in Doppler echo-
cardiography. If the VENC chosen is too high, the lower 
velocities will not be measured as accurately as well as sig-
nal to noise decreasing; this is analogous to the difference 
when measuring a 4  oz of fluid in a 6  oz measuring cup 
(appropriate setting of the VENC) versus a gallon measuring 
cup (in appropriate setting of the VENC). Maxwell terms, 
eddy currents, and whether or not background subtraction is 
used will also play a role in velocity mapping accuracy.

Finally, by combining through plane and in-plane veloc-
ity mapping into the same sequence, CMR can acquire a 
3-dimensional slab of velocities termed 4-dimensional or 
“4D flow” meaning three dimensions of space plus time [47, 
48]. Using modern-day gradients and advanced software 
such as compressed sensing, the entire heart and great ves-
sels can be acquired in anywhere from 3 to 8 min. There are 
multiple vendors with excellent software that can qualita-
tively visualize and quantitatively assess these datasets 
(Fig. 1.14).

There are multiple advantages to 4-D flow including 
being able to “go back” to any blood vessel in the thorax 
after the patient exam has ended to measure flow; 2D PCMR 
is aimed at one vessel at a time and once the patient leaves 
the scanner, there is no one to measure flow in another ves-
sels. In addition, all vessels are measured at the same average 
heart rate as opposed to 2D flow where it is generally differ-
ent, making 4D flow more consistent. Further, flow profiles 
in blood vessels and the heart and their interactions in 4D are 
easily visualized by this methodology. There are even imple-
mentation of these sequences where cine imaging and flow 
can be acquired at the same time, obviating the need for cine 
imaging and anatomic imaging (generally with the addition 
of a contrast agent however) [49]. Finally, metrics such as 
pulse wave velocity, pressure drop, and energy loss can be 
calculated whereas with 2-D PCMR, it may be difficult to 
impossible to do so (see below).

There are drawbacks to 4D flow as well. For some imple-
mentation of these sequences, administering a contrast agent 
such as gadolinium or ferumoxytol (see MRA section below) 
is useful for better signal to noise.

PCMR by 2D has many applications in congenital heart 
disease and in broad categories, they are (a) flow quantifica-
tion, (b) flow visualization, (c) velocity measurements, and 
(d) myocardial velocimetry.

1.8.5.1	� Flow Quantification

	1.	 Cardiac Output (Figs. 1.22 and 1.23): Measuring cardiac 
output is an essential factor in assessing cardiovascular 
performance; this is especially true in patients who have 
undergone surgical procedures or who have undergone 
catheter intervention. Lesions such as single ventricles, 
corrected transposition, tetralogy of Fallot, etc. all benefit 
from measuring an elementary parameter such as cardiac 
output. This can also be used as an internal check to the 
ventricular stroke volume measurements.

	2.	 Regurgitant Lesions (Fig. 1.22): As flow can be quanti-
fied as forward and reverse flow, the regurgitant volumes 
and fractions can be measured and calculated; lesions 
such as tetralogy of Fallot after repair with a transannular 
patch [50] or in patients with a bicuspid aortic valve and 
severe aortic insufficiency all require measurement of 
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leaky semilunar valves. These measurements are readily 
obtained by placing phase-encoded velocity map at the 
sinotubular junction (for the aortic valve) and just above 
the pulmonary valve and measuring the forward and 
reverse area under the flow-time curve. The regurgitant 
fraction is simply the area under the reverse flow (regur-
gitant volume) divided by the area under the forward flow 
(forward volume) multiplied by 100. An internal check is 
the measure flow in the cavae which should be the net 
cardiac output measured by velocity mapping in across 
the leaky semilunar valve. To obtain how much leakage 
there is across an atrioventricular valve, a combination of 
techniques are used; cine CMR is used to measure the 
stroke volume of the ventricle and phase-encoded veloc-
ity mapping to measure the amount of forward flow 
through the semilunar valve. The difference between the 
two (with no intracardiac shunts) is the regurgitant vol-
ume of the atrioventricular valve. Alternatively, the for-
ward flow across the atrioventricular valve during diastole 
and the net flow across the semilunar valve in systole can 
be used (assuming no shunting).

	3.	 Shunts (Fig. 1.23): Many lesions in congenital heart dis-
ease have shunting between the circulations present; this 
shunt flow can be easily calculated by placing velocity 
maps across the aortic valve and main pulmonary artery 
and measuring flow (e.g., Qp/Qs) [51]; if there is a aorto-
pulmonary window, branch pulmonary artery flow is gen-
erally used instead. Measuring flow in both branch 
pulmonary arteries can add an internal check on the 
amount of pulmonary blood flow for intracardiac shunts 
and the sum of the flow in the cavae can be used as a 
check on the amount of systemic blood flow.

	4.	 Flow Distribution to Each Lung: [52] Altered flow distri-
bution to left and right lungs can be common in many 
lesions in congenital heart disease such as in single ven-
tricle lesions after Fontan, tetralogy of Fallot, or in trans-
position of the great arteries after arterial switch 
procedure; all may have branch pulmonary stenosis. 
Relative flow to each lung is assessed by placing a phase-
encoded velocity map at each branch pulmonary artery 
although care must be taken to place the map in the 
branch pulmonary artery proximal to the takeoff of the 
first branches to ensure this blood flow is included. Flow 
measured in the main pulmonary artery must equal the 
sum of the flows to each lung in the absence of collaterals 
and is used as an internal check.

	5.	 Collateral Flow: [53] Patients with single ventricles after 
bidirectional Glenn or Fontan operation develop aorto-
pulmonary collaterals presumably in response to 
decreased pulmonary blood flow and cyanosis [54]. In 
addition, patients with relatively long-standing coarcta-
tion of the aorta can develop aortic collaterals which 
bypass the obstructed segment. In the former, the amount 

of collateral flow can be quantified in two ways: (1) by 
measuring flow via velocity mapping across the ventricu-
lar outflow tract and subtracting measured caval return 
and (2) measuring flow in the pulmonary veins and sub-
tracting measured flow in the branch pulmonary arteries. 
In coarctation, the amount of collateral flow can be deter-
mined by placing a phase-encoded velocity map across 
the aorta just distal to the coarctation site and across the 
aorta at the level of the diaphragm. Normally, flow at each 
level will be very similar or the flow at the level of the 
diaphragm slightly lower (because of flow to the intercos-
tal arteries); however, in the presence of coarctation with 
collaterals, flow just distal to the coarctation site in the 
aorta will be lower than flow in the aorta at the level of the 
diaphragm since collateral flow will present in the latter 
and not in the former.

1.8.5.2	� Velocity Measurements

	1.	 Pressure Gradients: Stenoses of a blood vessel such as a 
great artery (e.g., coarctation of the aorta, left pulmonary 
artery stenosis, or a pulmonary artery band, Fig. 1.21) or 
of a valve (aortic stenosis in a bicuspid aortic valve) can 
occur in numerous congenital heart lesions. It is impor-
tant for many reasons to determine pressure gradients in 
these lesions; as noted above, the determination of gradi-
ents by CMR is similar to Doppler echocardiography, 
using the simplified Bernoulli equation. A maximum 
velocity is measured, typically in the vena contracta, and 
the gradient is simply the product of 4 and the velocity (in 
meter/second) squared. Measurement of maximum 
velocities may be performed in two ways: (a) “in-plane” 
velocity mapping directed parallel to the obstruction to 
flow and (b) “through plane” velocity mapping perpen-
dicular to flow. Both have their strengths and weaknesses 
(see above discussion).

1.8.5.3	� Flow Visualization

	1.	 Septal Defects Using In-Plane Velocity Mapping: Septal 
defects at both the atrial and ventricular level can be visu-
alized with i2D n-plane velocity mapping. The imaging 
plane needs to be oriented in the direction of the flow 
across the defect to successfully visualize it; blood flow-
ing one way would be dark and flow the other way would 
be bright. In addition, color can be superimposed on the 
image to simulate color Doppler echocardiography.

	2.	 Flow Directionality in Blood Vessels Using Through 
Plane Velocity Mapping: A good example of this is isola-
tion or disruption of the subclavian arteries; this may be 
caused by surgery (e.g., a subclavian flap angioplasty to 
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repair coarctation of the aorta) or may be congenital. 
When this occurs, the subclavian artery usually is sup-
plied with blood in a retrograde fashion via the vertebral 
artery; sometimes, with some paraspinal plexuses or 
other collaterals supply the subclavian artery. Clinically, 
a “subclavian steal” can occur and CMR velocity map-
ping techniques can be used to identify retrograde flow in 
the vertebral arteries. Normally, if an axial through plane 
velocity map is placed in the neck, both carotid and ver-
tebral arteries will be labeled as either bright or black on 
the images as they are all flowing in the same direction. 
With isolation of a subclavian artery, flow in the ipsilateral 
vertebral artery is retrograde while flow in the other three 
head vessels (carotid and vertebral arteries) will be ante-
grade. A velocity map in this scenario will encode the 
vertebral artery ipsilateral to the isolated subclavian 
artery in one direction (e.g., dark) and the other three 
head vessels will be encoded in the opposite direction 
(e.g., bright), proving the physiology.

	3.	 Valve Morphology (Fig.  1.13): Phase contrast velocity 
mapping is also useful for identifying valve morphology; 
as through plane phase contrast velocity mapping “tags” 
flowing blood, this can be used to outline the leaflets tips 
making a cast of the valve morphology while it opens and 
closes; the flowing blood is bright or dark and highlights 
the valve leaflet tips which are gray. Bicuspid, unicuspid, 
and quadricuspid valves are easily seen. Of particular 
note, bicuspid aortic valve is very common clinically; it 
can easily be identified by phase contrast mapping and 
the degree of valvular stenosis and regurgitation assessed 
[55, 56].

1.8.5.4	� Myocardial Velocimetry
This application of phase contrast velocity mapping is the 
CMR equivalent to Doppler tissue imaging in echocardiog-
raphy; velocities of the myocardial tissue can be recorded. 
The phase contrast velocity mapping sequence is config-
ured such that the VENC is set fairly low (15–30  cm/s); 
modifications in the sequence must be made to keep the TE 
as low as possible. Doppler tissue imaging can only record 
myocardial velocities in one direction; that is parallel to the 
Doppler beam. Myocardial velocimetry, however, is a much 
more comprehensive measurement of myocardial velocities 
in that, similar to other phase contrast velocity mapping 
applications, each pixel can encode velocities in three 
orthogonal planes; a 3-dimensional velocity map of the 
myocardium can be measured. Both myocardial velocime-
try in CMR and Doppler tissue imaging in echocardiogra-
phy suffer from the same drawback in that both techniques 
do not truly measure the velocity of a specific piece of 
myocardium; they identify a point in space and the velocity 
of myocardium moving into and out of that point is mea-

sured. Only CMR myocardial tagging and Doppler spectral 
tracking truly measure the velocity of a piece of myocar-
dium noninvasively. An excellent review comparing the 
merits of myocardial velocimetry to myocardial tagging 
was published in 1996.

4D flow imaging has found utility in multiple applications 
in congenital heart disease [57]. All the above-mentioned 
metrics with 2D flow can also be calculated and visualized 
by 4D flow, especially visualizing shunts or regurgitant frac-
tion. In addition, however, pulse wave velocity, which has a 
bearing on aortic stiffness and ventricular performance, can 
be obtained easily by multiple 4D flow methodologies [58]. 
Pressure flow fields and pressure drops across the entire 
aorta can also be calculated and can come in very useful in 
lesions such as coarctation of the aorta [59]. In addition, wall 
shear stress can be derived from 4D flow images in the aorta 
in patients, for example, with a bicuspid aortic valve [60]. 
Finally, as a last example, new metrics such as energy loss 
can be measured and assessed in congenital heart disease, 
such as in the single ventricle [61] (Fig. 1.14).

1.8.5.5	� Magnetic Resonance Angiography (MRA) 
(Figs. 1.20, 1.21, 1.24, and 1.25)

Magnetic resonance angiography, most based on intravenous 
gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA), 
can determine detailed anatomy such as major pulmonary 
and systemic arteries and veins and to glean physiology is a 
key part of the examination. As discussed above, gadolinium 
is a paramagnetic element which is administered in a che-
lated form and is an extracellular agent that changes the mag-
netic property of the tissue or vessel it is in. It markedly 
decreases T1 relaxation and which allows its application to 
distinguish the target structure (e.g., the aorta) from back-
ground (e.g., lung, other mediastinal contents). It is consid-
ered a highly safe substance with adverse events occurring in 
one in 200,000–400,000. Usually a “double dose” of contrast 
is given (for most agents, this is 0.4 cm3/kg; please check the 
labeling of your individual agent).

In the past, much attention has been given to the incidence 
of nephrogenic systemic fibrosis (NSF) in patients with 
chronic, severe renal failure, first described in 2000  in 15 
patients undergoing hemodialysis who presented with 
“scleromyxoedema-like” skin lesions. A detailed discussion 
of this entity is beyond the scope of this chapter; suffice it to 
say that after modifications of gadolinium use, NSF is nearly 
eradicated. Very few reports of children developing NSF 
exist and none under 6 years of age.

In addition, there have also been reports of linear gado-
linium contrast agents accumulating in small amounts in the 
brain of individuals exposed to more than four doses of the 
agent. The recent FDA communication on this issue states 
that although more testing is needed, data supports the notion 
that no adverse effects are noted from this issue.
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Fig. 1.24  Three-dimensional time-resolved gadolinium imaging in a 
coronal view. The images are maximum intensity projections (MIPs) 
and temporally follow the roman numeral from left to right and from 
top to bottom. Each phase can be created into a 3-dimensional image. 
Spatial resolution is an isotropic 1 × 1 × 1 mm and temporal resolution 
is 2.2 s. In I, flow into the superior vena cava (SVC) is seen followed by 
flow into the right side of the heart (II). In III, flow is now seen in the 

pulmonary veins and the beginnings of the aorta (Ao). In IV, flow has 
left the right side of the heart and is now mostly in the pulmonary veins, 
the left side of the heart, and the aorta. In V, flow is seen returning to the 
heart from the systemic veins. Note the interrupted right subclavian 
artery in III and IV (arrows). LPA left pulmonary artery, RPA right pul-
monary artery, RPVs right pulmonary veins

LPA RPARPA LPA
RPA LPA

MPARVRV

Fig. 1.25  Three-dimensional 
right heart reconstructions of 
the patient in Fig. 1.24. The 
right ventricle (RV), main 
(MPA), right (RPA), and left 
pulmonary artery (LPA) are 
clearly seen from an anterior 
(left), posterior (middle), and 
transverse (right) view. The 
RV was removed from the 
transverse view (right) to 
facilitate visualizing the 
branch pulmonary arteries

This can be performed anytime during the examination; 
however, it is performed after cine imaging. It can be per-
formed before or after PCMR; however, if performed before 
PCMR, the contrast agent boosts the signal of the PCMR 
flow sequence, giving better signal to noise and more robust 

data. Since approximately 10 min is needed between gado-
linium administration and imaging for delayed enhancement 
and even more for T1 mapping (see below), the time after 
gadolinium administration but before viability imaging is 
used to perform either phase contrast velocity mapping or 
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3-dimensional static inversion recovery gradient echo imag-
ing (see below). There are two types of contrast-enhanced 
techniques commonly used to evaluate 3-dimensional 
anatomy:

	1.	 Static 3-dimensional imaging can be utilized to create a 
3-dimension image of the cardiovascular system which 
can be rotated and cut in any plane desired. The 
3-dimensional slab (see Physics section) can be acquired 
in any orientation and can be viewed in its raw data for-
mat, as a maximum intensity projection, a shaded sur-
face display, or as a volume rendered object. As it is a 
3-dimensional acquisition with one frequency encoding 
and two phase encoding directions, the thickness of the 
slices can be much thinner than other techniques—on the 
order of ¾ to 1 mm. As the resolution is higher than other 
techniques in CMR, this type of imaging is used to visu-
alize smaller vessels (e.g., aortic-pulmonary collaterals 
in pulmonary atresia/intact ventricular septum, aortic 
collaterals in coarctation, etc.). Multiple 3-dimensional 
data sets are generally obtained which (a) can separate 
out the systemic and pulmonary circulations and (b) 
increases the chances of successfully imaging what is 
needed.

Older techniques relied on knowing exactly when 
the contrast agent reaches the target vessel to begin the 
3-dimensional sequence. This was performed in either 
two ways: (a) Bolus tracking, where the target structure 
(e.g., the pulmonary arteries in the case of tetralogy of 
Fallot) is imaged with “real-time” sequence during gad-
olinium injection—once the contrast agent is seen to 
arrive at the target structure, the 3-dimensional sequence 
is then obtained. (b) Timing bolus, where a small 
amount of contrast agent is injected and timed to deter-
mine when it will arrive at the target vessel. Injecting 
the full dose of gadolinium followed by the 3-dimen-
sional sequence with a delay placed based on the small 
amount of contrast agent initially given is then per-
formed knowing the gadolinium will arrive at the target 
vessel based on the initial timing bolus. Modifications 
need to be made, depending upon the 3-dimensional 
sequence, if it is “center weighted k-space” or “front-
loaded k-space.”

The current state of the art is performing a static 3D 
sequence (inversion recovery gradient echo imaging with 
ECG gating utlizing the navigator technique and respira-
tory motion adaptation) either immediately after time-
resolved imaging (see below) or with the “slow-drip” of 
gadolinium technique (which finishes administering gad-
olinium in the first 1/3 of the sequence)  [62]. The naviga-
tor technique uses a coil to monitor the diaphragm and 
allows the algorithm to accept all the data within a certain 
range of where the diaphragm is (2–4  mm), adjust as 

needed, and discard the rest. In this way respiratory 
motion is compensated for. This 3D technique is gener-
ally done isotropic and can be performed with resolutions 
as low at 0.6 mm using ferumoxytol (see below). Newer 
techniques under study now allow for creating 3D images 
without the need for a navigator and the sequence moni-
tors the motion of the heart itself, not rejecting any imag-
ing data at all [63].

	2.	 Time-resolved (dynamic) 3-dimensional gadolinium imag-
ing (Fig. 1.24) is similar to the static version mentioned 
above; however, multiple 3-dimensional data sets are 
obtained in an extremely short period of time (subsecond). 
These 3-dimensional data sets are acquired continuously 
and the bolus of gadolinium is followed through the cardio-
vascular system. This can be performed successfully with 
parallel imaging (multiple coils used), strong gradients and 
slew rates, and advanced software and sequences. Each 
phase of the acquisition can be made into a high-resolution 
(1 mm or less isotropic voxels) 3-dimensional image. This 
approach can be used to image physiology (view shunt 
flow or small connections) as well as determining lung per-
fusion (e.g., regions of lung with higher flows will be much 
brighter than regions of lung with low flow or no flow such 
as with pulmonary embolism).

In either technique, it is recommended, as best as pos-
sible, to acquire isotropic voxels (voxels with the same 
dimensions in all three directions). When acquiring the 
data in this manner, the 3-dimensional image can be 
manipulated and resliced in any plane and the resulting 
image would appear as if it was acquired in that orienta-
tion. In neonates and infants where smaller spatial resolu-
tion is needed, isotropic voxels are also very important 
but signal to noise takes on a very important role; as long 
as the voxel sizes are small, the field of view can remain 
high (i.e., by keeping the matrix high) and signal to noise 
will be preserved.

The advent of a new iron-based contrast agent, feru-
moxytol, had changed the game in pediatrics. It has a 
long half-life of approximately 14 h which means that 
high-resolution imaging can be done in a longer period 
of time without loss of signal (as opposed to a first pass 
technique like cardiac catheterization angiography or 
ultrasound contrast agents). In a large-scale multicenter 
safety trial, it has been found safe in children as well as 
adults [21]. Using the free breathing 3D inversion 
recovery gradient echo sequence, resolutions of 0.8 mm 
can be easily reached in less than 5–7  min in young 
patients, visualizing coronaries in neonates and creat-
ing 4D cine images [20]. With the ability to maintain 
signal, both respiratory and cardiac phases can be 
imaged, yielding 4D cine imaging at different phases of 
the respiratory cycle without the need for a navigator 
for the diaphragm [18].
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1.8.5.6	� Viability (Delayed Enhancement) 
(Figs. 1.7 and 1.10) [64]

It is generally believed that infarcted myocardium is less of 
an issue in congenital heart disease than it is in adults and 
there is some truth to this—but just some. Many lesions in 
pediatric cardiology, either in the native state or postopera-
tively, are at risk for myocardial necrosis. The list of diseases 
that may manifest discrete myocardial scarring can be 
divided into three large categories and examples given below.

	1.	 Native coronary lesions such as anomalous left coronary 
artery from the pulmonary artery or from the opposite 
sinus or coronary fistula or sinusoids in lesions such as 
pulmonary atresia with intact ventricular septum.

	2.	 Surgical coronary manipulation/postsurgical lesions 
such as transposition of the great arteries after arterial 
switch operation or after a Ross operation where coronar-
ies are manipulated or patients with single ventricle or 
repaired tetralogy of Fallot.

	3.	 Acquired pediatric heart disease such as Kawasaki’s 
disease, myocarditis, or dilated cardiomyopathy.

	4.	 Native myocardial lesions such as hypertrophic cardio-
myopathy, Duchenne’s muscular dystrophy, and in tumor 
characterization (e.g., fibroma).

CMR viability imaging, also known as delayed enhance-
ment, has shown to be effective in the detection of myocar-
dial scarring and can be applied to the infant through adult 
with congenital heart disease [65–67]. With viability imag-
ing, intravenous gadolinium chelate, which can freely dis-
tribute in extracellular water but cannot cross intact cellular 
membranes, is delivered to the myocardium and accumulates 
in areas of fibrosis due to increased volume of distribution 
and slower washout kinetics [68]. This imaging technique 
distinguishes areas of myocardial scarring with high signal 
intensity in comparison to viable myocardium.

As examples, many studies have used delayed enhance-
ment to correlate myocardial scarring with heart function 
and clinical outcome in different diseases. Babu-Narayan 
et al. correlated delayed enhancement in transposition of the 
great arteries patients after surgical repair with age, length of 
time after surgery, higher right ventricle end-systolic volume 
index, and lower RV ejection fraction [69]. Babu-Narayan 
et al. also showed correlation of scarring with increased QRS 
duration, QT dispersion, and JT dispersion from ECG exams 
as well as a significantly higher occurrence of arrhythmia/
syncope. Myocardial scarring has also been investigated in 
tetralogy of Fallot patients after repair [70, 71]. RV delayed 
enhancement was shown to correlate with decreased exercise 
tolerance, increased RV indexed end-systolic volume, 
decreased RV ejection fraction, and more documented clini-
cal arrhythmia. Left ventricular delayed enhancement corre-
lated with more arrhythmia, shorter exercise duration, 

increased LV indexed end-diastolic and end-systolic volume, 
and decreased LV ejection fraction. Regions of myocardial 
delayed enhancement have also been known to occur in 
patients with hypertrophic cardiomyopathy [72, 73] and the 
extent of delayed enhancement has been associated with 
clinical markers of sudden death risk and progression to 
heart failure [74].

Regions of irreversible myocardial injury will exhibit 
high signal intensity on T1-weighted images when adminis-
tered gadolinium which significantly shortens the longitudi-
nal relaxation time. Although the mechanism by which this 
occurs is open to debate, it is thought that ruptured cell mem-
branes of myocytes allow the gadolinium to be avidly taken 
up by the scarred myocardium into the intracellular regions; 
this results in increased tissue concentration of the contrast 
agent and, hence, an increased signal intensity. In addition, 
with scar tissue, there is increased interstitial space between 
collagen fibers, allowing for gadolinium to inculcate itself in 
these regions and become more concentrated. This is opposed 
to normally perfused myocardium where the gadolinium is 
subsequently “washed” out by coronary blood flow. The sig-
nal intensity-time curves separate, with the infarcted myo-
cardium gadolinium curve becoming signal intense much 
before perfused myocardium and remaining highly signal 
intense after 5–20 min whereas normal myocardium becomes 
much less so. CMR pulse sequences, first described in the 
literature in the mid-1980s, have taken advantage of this high 
concentration and slow washout of contrast agent when 
attempting to image infarcted myocardium. With segmented 
inversion recovery fast gradient echo sequences and other 
techniques such as steady-state free precession, signal inten-
sity differences between normal and infarcted myocardium 
can be as high as 500%. The technique has been shown to 
accurately delineate the presence, extent, and location of 
acute and chronic myocardial infarction.

After preliminary scout images and cine sequences are 
obtained, 0.1–0.2  mmol/kg of intravenous gadolinium is 
administered. The myocardium is then imaged approxi-
mately 5–20 min after this injection; as neonates and chil-
dren wash out the contrast agent quicker, they are usually 
imaged on the “sooner side” or if imaged later, have a longer 
inversion time (TI) (see below). The sequence makes use of 
a nonselective 180° inversion pulse which spoils all the spins 
in the myocardium (black on the image) and gives it T1 
weighting. The magnetization of tissue goes from +1 to −1 
by this process. As both the myocardial and scar tissue begin 
to recover their spins (enabling the myocardial and scar tis-
sue to “give off” signal), because scar tissue shortens the T1, 
it recovers signal much quicker than normal myocardium. A 
time delay is placed after the 180° inversion pulse (TI) to 
image the ventricle at just the point where the normal myo-
cardium is about to regain signal again (and because the scar 
tissue recovers spins much quicker, can give off signal). That 
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is to say that the TI is chosen between the nonselective 180° 
pulse and the center of k-space of the sequence so that the 
magnetization of normal myocardium is near the zero line 
(i.e., normal myocardium is dark on the image). This allows 
for maximizing the difference in signal intensity between 
scared and normal myocardium; the ventricle is imaged in 
mid-late diastole. TI time can be manually changed as the 
acquisition time continues. Collections of lines of k-space 
generally occur every other heartbeat.

There are a number of recent advances that have further 
refined the ability of CMR delayed enhancement to detect 
myocardial fibrosis. Some manufacturers have implemented 
3-dimensional volumes slabs to allow for thinner slices. 
Steady-state free precession imaging can be used as opposed 
to gradient echo imaging to decrease the time needed for 
image acquisition. In addition, “single-shot” techniques are 
available (as opposed to segmented versions) to obtain an 
entire slice in one heartbeat, further allowing for increased 
coverage of the myocardium in one breath-hold. Motion-
corrected viability imaging with high signal intensity as well 
as wideband viability imaging allows for improved fidelity 
of the images as well as compensating for motion and metal-
lic artifact respectively.

Further advances have relied on refining the correct TI 
time which, as can be surmised, is a critical component to the 
whole procedure; as mentioned, it is chosen to optimally 
“null” the myocardium (i.e., the time at which normal myo-
cardium crosses the “zero” point of signal intensity) where 
the difference in signal intensity between normal and infarcted 
tissue is maximized. With a TI time that is too short, the nor-
mal myocardium will be below the zero point which will 
cause two issues (a) differences between signal intensities of 
infracted and normal myocardium will not be maximized and 
(b) as the image intensity is a function of the magnitude of the 
magnetization vector, normal myocardium may become 
hyperenhanced and scar tissue may become nulled if the TI is 
shortened enough. On the other hand, if the TI time is too 
long, the normal myocardium will be shades of gray with the 
scar tissue having high signal as well; as one can see, the 
contrast between the two tissues will be reduced. Finally, as 
mentioned already, as gadolinium concentration decreases 
from the myocardium as time progresses, the TI will have to 
be adjusted upwards the longer the time after injection.

To make better choices of TI times, two advances have 
improved the process: (1) “TI scouts” have been developed 
which obtain images at various increments of TI. The imager 
can choose the TI based on this scout as to image which 
appears optimal. (2) A phase-sensitive inversion recovery 
approach can be used which provides consistent contrast 
between normal and scarred tissue over a wide range of TIs. 
This “auto viability” technique maintains signal polarity; the 
inversion recovery preparation pulse and phase reference 
acquisition are interleaved requiring 2 heartbeats.

There are a few pitfalls with viability imaging. In patients 
who cannot hold their breath or with arrhythmias, using cer-
tain viability sequences, image quality can be degraded 
although with single-shot viability imaging and motion-
corrected versions, this is less of an issue. In addition, ghost-
ing artifacts can occur from tissue which have long T1 values, 
such as pericardial effusion.

1.8.5.7	� Multiparametric Mapping (Fig. 1.8)
One of the strengths of CMR is the ability to characterize 
tissue such as discrete fibrosis or tumor characterization. T1, 
T2, and T2 star mapping has emerged as extensions of this 
capability which allows for spatially assessing the relaxation 
times of each one of these spin properties to assess for dif-
fuse fibrosis (extracellular volume), myocardial edema, or 
iron deposition respectively. A disproportionate accumula-
tion of collagen in the heart is an important factor in the eti-
ologies of heart failure, diastolic dysfunction, and sudden 
cardiac death or as a result of valve lesions such as aortic 
stenosis and this generalized increase in collagen can be 
measured by the T1 relaxation time. Similarly, assessment of 
myocardial edema in regions near infarcts or in inflamma-
tory states such as myocarditis would be useful to identify 
and this can be measured by T2 mapping. By the analysis of 
T2* in patients who may have iron overload (thalassemia, 
sickle cell disease, etc.), the amount of myocardial iron pres-
ent can be measured.

There are multiple papers which describe these tech-
niques in great detail which is beyond the scope of this chap-
ter and the reader is referred to them [75–77]. The general 
concept behind, for example, T1 mapping, is acquiring many 
images with different T1 weightings, and the signal intensi-
ties in each are fit to the equation for T1 relaxation. To be 
more specific, the magnetization of the tissues/spins are 
either inverted or nulled with a radiofrequency pulse, and the 
T1-weighted images acquired at different T1 times or times 
after the inversion or saturation. By doing this over multiple 
heartbeats and allowing for the tissue to relax, in between a 
series of tissue excitations, a T1 relaxation curve can be cre-
ated. When this is performed prior to gadolinium administra-
tion (native T1 relaxation time) and after gadolinium (post 
contrast T1 relaxation), with a blood hematocrit, the extracel-
lular volume may be calculated as a percent by:
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An estimate of the hematocrit from the images, also 
termed “synthetic hematocrit,” has been touted to be a good 
substitute for a blood drawn hematocrit [78] but this is con-
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troversial [79]. Similar techniques are used for T2 and T2 star 
but without the use of gadolinium. In the CMR protocol, T1 
mapping is performed prior to gadolinium administration 
and then approximately 15 min afterwards or generally a few 
minutes after viability imaging.

T1 mapping has found utility in multiple areas of pediatric 
congenital and acquired heart disease. For example, in tetral-
ogy of Fallot, expansion of the extracellular space in both the 
right and left ventricles is present [80, 81] and expansion of 
left ventricular extracellular space in adult tetralogy of Fallot 
patients has been linked to adverse events [82].

Similarly, T2 mapping for edema has found utility in the 
adult world in acute ischemia and in both the pediatric and 
adult world as one of the criteria for myocarditis [83]. 
Generally, values over 55–60  ms at 1.5  T are considered 
abnormal.

T2* for Myocardial Iron Assessment  In brief, the sequence 
obtains multiple images of the same short axis slice at vari-
ous echo times utilizing a gradient echo sequence. With lon-
ger TEs, the myocardium and liver become increasingly 
dark. Because iron is ferromagnetic, the magnetic properties 
of the myocardium and liver change with increasing iron 
concentration, decreasing the measured T2* (which makes 
the myocardium even darker) relative to normal myocar-
dium. Values <20  ms are considered at risk for decreased 
ventricular function. Chelation therapy is generally modified 
in these patients using this information.

The combination of these techniques of multiparametric 
mapping can be utilized in a whole host of other diseases. 
Literature on amyloidosis, Fabray’s disease, and non-
ischemic cardiomyopathy has all been published.

1.9	� Other Sections of the CMR Protocol

There are a number of other techniques in CMR that are not 
infrequently used but do not fit into the generalized protocol. 
They should be inserted at appropriate points in the 
protocol.

1.9.1	� Coronary Artery Imaging (Fig. 1.6) [84, 85]

For CMR to be implemented successfully to image the coro-
nary arteries, two main technical challenges need to be over-
come; that of cardiac motion and respiratory motion. The 
magnitude of both motions greatly exceeds coronary artery 
diameters and in the absence of motion suppression algo-
rithms, would cause blurring and possibly missing the coro-
nary arteries all together. There are multiple other challenges 
as well but these two present the most complex ones. Various 

techniques have been used in the past to overcome these 
motion-related problems and a history of how modern coro-
nary imaging is performed by CMR is beyond the scope of 
this chapter; suffice it to note that it has been a long road to 
the present-day high-quality, high-resolution imaging of the 
coronary arteries.

To compensate for coronary motion, high-quality ECG or 
vector gating is required; peripheral pulse gating would not 
be adequate. In addition, if arrhythmias were present and 
“arrhythmia rejection” algorithms not used, image degrada-
tion will be present. In either case, cardiac motion is com-
pensated for by imaging during the “quiescent phase” of the 
cardiac cycle which is generally mid to late diastole or if the 
patient has a high heart rate (generally >100 beats/min), end-
systole. End-systole is advantageous as well in that this is the 
phase where the coronaries are most filled with blood. To 
determine the “quiescent phase” of the cardiac cycle, it has 
been our practice to perform a 4-chamber view and left ven-
tricular outflow tract high temporal resolution cine (30–60 
phases depending upon the heart rate), focusing on the atrio-
ventricular groove and aortic annular motion respectively. 
When both of these regions are motionless should be consid-
ered the beginning of the “quiescent phase.” In addition, the 
length of the “quiescent phase” is measured in both views as 
well and is timed only as both structures remain motionless; 
this is helpful in determining how long the “shot time” for 
each heartbeat is (i.e., the amount of time it takes to acquire 
the lines of k-space).

To compensate for respiratory motion, a number of 
approaches have been used in the past including breath-
holding, chest wall bellows, etc.; however, in the current era, 
the state of the art is utilizing navigator pulses. A navigator is 
used to track motion of a structure and, in this particular 
instance, is used to determine respiratory motion. Most navi-
gators in use today for coronary imaging track the right dome 
of the diaphragm; however, the left hemidiaphragm and the 
anterior chest wall have also been used. Lines of k-space 
accepted into image reconstruction are only those that occur 
when the diaphragm is within certain defined boundaries (i.e., 
within 2 mm of the end-expiratory position of the diaphragm). 
Efficiency is the amount of lines of k-space accepted divided 
by the total lines of k-space. The overwhelming effect of res-
piration on cardiac motion is in the supero-inferior dimension 
and at end-expiration, the ratio between cardiac and diaphrag-
matic displacement ranges from 0.6 to 0.7 and this “tracking 
factor” is used to shift slice position coordinates. Newer 
sequences in development currently track the actual motion 
of the heart and as such, data from every heartbeat is acquired 
yielding an efficiency of 100% [18].

Finally, two other major pre-pulses are used to suppress 
the signal from surrounding tissue. As fat has a relatively 
short T1, a frequency selective fat prepulse can be used to 
saturate the signal from fat surrounding the coronaries. 
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Because the coronaries also course near the epimyocardium, 
cardiac muscle needs to be suppressed as well. Unfortunately, 
blood and myocardium have similar T1 relaxation properties; 
however, their T2 relaxation differs significantly. T2 prepara-
tion pulses are used to enhance the contrast between the 
blood of the coronaries and the myocardium (it also sup-
presses deoxygenated venous blood); magnetization transfer 
contrast is used to image coronary veins.

Uses in congenital heart disease fall into three basic catego-
ries: (a) anomalous coronary artery imaging such as anoma-
lous left coronary artery from the pulmonary artery or 
anomalous coronary arteries from the opposite sinus, (b) 
patient who have had coronary manipulation surgically such 
as transposition of the great arteries after arterial switch or the 
Ross procedure, and (c) acquired coronary artery disease such 
as Kawasaki’s disease or with familial hypercholesterolemia.

1.9.2	� Perfusion Imaging (Fig. 1.9)

Perfusion imaging of the myocardium with CMR using con-
trast has the advantage of no radiation, increased spatial reso-
lution (compared to nuclear techniques), and provides 
functional information. Essentially, the concept of myocar-
dial perfusion imaging is simply the relative changes in myo-
cardial signal intensity are assessed during a bolus 
administration of gadolinium contrast agent under both phar-
macological stress (typically either regadenoson, adenosine, 
or much less commonly in pediatrics, dipyridamole) and 
physical stress such as exercise on an MRI-compatible supine 
ergometer and at rest. The contrast agent causes increased 
myocardial signal intensity in proportion to the amount of 
contrast agent passing through each region of myocardium 
which is, in turn, proportional to the amount of coronary 
blood flow. Normally perfused myocardium will have a more 
rapid and intense signal increase under pharmacologic stress 
as compared with rest, while areas supplied by coronary 
arteries with flow-limiting stenosis will have slower and less 
intense rise in signal intensity under stress conditions.

Myocardial perfusion imaging is generally performed as 
a T1-weighted, segmented gradient-echo or steady-state free 
precession implementation. T1 weighting is improved by a 
preparatory radiofrequency pulse at the beginning of the 
sequence; inversion recovery preparation has been utilized 
and provides the greatest contrast between normal and 
abnormal myocardium; however, because it is sensitive to 
arrhythmias, a saturation recovery preparatory pulse is now 
generally utilized that renders the magnetization insensitive 
to arrhythmias, and allowing quantitative assessment of 
results. In general, a stack of 3–6 short axis slices and, if pos-
sible, 4-chamber and long axis views of the ventricle 
(depending upon the disease and parameters chosen) are 
acquired under pharmacologic stress and then, approxi-
mately 15–20 min later, repeated at rest which is finally fol-

lowed by delayed enhancement (see above) 10  min 
afterwards. Images are obtained for every beat or every other 
beat, depending on the sequence.

Analysis of the images depend upon the relative changes in 
signal intensity (either qualitative or semiquantitative) to 
assess for ischemia. Qualitatively, the assessment is performed 
as a cine and visual analysis is performed of the relative signal 
intensity in regions of myocardium; a reduced rate of increase 
in signal intensity or an absolute decrease in signal intensity 
relative to normal myocardium is abnormal. This can be either 
because of (a) hypoperfusion, (b) infarction, or (c) artifact. To 
determine the difference between these, stress and rest perfu-
sion images are combined with delayed enhancement imag-
ing. If the region of abnormal signal intensity corresponds to 
infarcted regions of the ventricle, then the reason for abnormal 
signal intensity is obvious. If it does not, then hypoperfusion 
and ischemia are the reason if the stress images show the 
defect and the rest images do not. It is most likely an artifact if 
both rest and stress images show the defect (but not always) 
and there is a typical artifact pattern (susceptibility artifact, 
Gibbs ringing, or excessive motion of the heart). The visual 
analysis is simple, relatively fast, and has comparable sensitiv-
ity and specificity to nuclear techniques. Semiquantitative and 
quantitative approaches are more time-consuming which 
make it less suitable for routine use; however, it is used in 
some centers and in some studies, which improved the accu-
racy over visual analysis. Quantitative assessment is complex 
using an input arterial function; however, automated quantita-
tive perfusion imaging is being tested at some centers [86].

Perfusion CMR has been investigated since 1990; however, 
because of software and hardware advances, it has gained the 
greatest clinical use since ~2000. Since that time, there have 
been numerous single-center studies demonstrating its clinical 
utility and accuracy. There is limited data in the literature; 
unfortunately, in patients with congenital heart disease, how-
ever, alternatives such as nuclear imaging and cardiac cathe-
terization expose children to radiation; using CMR myocardial 
perfusion imaging for some of these applications has obvious 
potential benefits. Potential applications in congenital heart 
disease include patients who have had coronary artery manip-
ulation (e.g., transposition of the great arteries after arterial 
switch procedure or patients after the Ross procedure), anom-
alous coronary arteries, assessment of cardiac tumors, and 
Kawasaki’s disease. Perfusion imaging is safe in pediatrics 
and this data was recently published in the past few years [87].

1.9.3	� Myocardial Strain

Relatively recently, in the echocardiographic world, strain 
has become a hot topic; however, it should be noted the CMR 
was the first noninvasive imaging modality to assess strain. 
As early as 1988, Zerhouni et al. demonstrated how to use 
“myocardial tagging” to assess strain in the heart [88]. Other 
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methodologies have since developed such as “displacement 
encoding with stimulated echoes (DENSE)” [89], strain 
encoded CMR or “SENC” [90], and myocardial velocimetry 
using phase contrast techniques (see below) [91]. These are 
dedicated sequences for strain. Relatively recently, feature 
and tissue tracking can be applied to regular cine imaging to 
extract global, longitudinal, and radial strains [92–95]. 
Regional strain has been found to inversely correlate with 
measures of ventricular fibrosis [96]. Regional strain can be 
utilized to assess for dyssynchrony as well.

A couple of protocols for specific disease states are worth 
mentioning that use the techniques noted above.

1.9.4	� Tumor/Mass Characterization (Figs. 1.8, 
1.9, and 1.10)

Characterization of tumors and masses on CMR is very use-
ful as a high likelihood of what the mass is can be obtained. 
Many cardiac tumors and masses can be differentiated from 
each other by their tissue characteristics as well as their loca-
tion, symptoms, and the patient’s age. For example, a lipoma 
will be signal intense on T1-weighted images and become 
signal poor after fat saturation. A hemangioma will become 
signal intense during perfusion imaging and may be indistin-
guishable from the ventricular cavity on the image which is 
one of its characteristics. Tumor characterization by CMR 
includes T1- and T2-weighted images, images with fat satura-
tion, gradient echo imaging, perfusion (e.g., for hemangio-
mas), delayed enhancement imaging, T1-weighted images 
after gadolinium administration, and myocardial tagging. If 
time permits, functional imaging can be used to assess for 
effects of the tumor such as obstruction to flow and decreased 
cardiac output. A multicenter pediatric registry of tumors in 
children and their characteristics was published in 2011 [97].

1.9.5	� Arrhythmogenic Right Ventricular 
Dysplasia

With fatty or fibrofatty replacement of myocardium, mostly of 
the right ventricle, arrhythmias can generally result (e.g., left 
bundle branch block tachycardia). In its severest form, the 
right ventricle can become dilated and function poorly with 
dyskinetic wall regions. In addition, there can be right ven-
tricular conduction delay on ECG, inverted T waves, and 
Epsilon waves. As imaging is only one of multiple criteria in 
the 2010 Task Force manuscript, it cannot be utilized in and of 
itself to make a diagnosis but must be combined with other 
criteria [98]. There are criteria for arrhythmogenic right ven-
tricular dysplasia in adults and have been utilized successfully; 
however, when applied to the pediatric population, there is a 
question of how useful it truly is [99]. The CMR findings in 
adults with arrhythmogenic right ventricular dysplasia vary 

from study to study but in general, there is (1) fatty substitu-
tion of the myocardium, (2) ectasia of the RVOT, (3) dyski-
netic bulges or dyskinesia of RV wall motion, (4) a dilated RV, 
(5) a dilated RA, and (6) fixed RV wall thinning with decreased 
RV wall thickening. The protocol includes simply cine for 
ventricular function to assess wall motion and ventricular vol-
umes, phase-encoded velocity mapping of the aortic and pul-
monary valves, and delayed enhancement which was shown to 
be helpful in a couple of studies; solely right ventricular vol-
ume and regional wall abnormalities are in the 2010 Task 
Force criteria. T1-weighted imaging is not utilized anymore for 
evidence of fatty substitution of the myocardium by CMR; it 
is not one of the criteria and must be done by biopsy.

1.9.6	 Other Techniques

Because of space limitations, techniques which will not be 
discussed in this chapter but the reader should be aware of are:

•	 XMR—the combination of CMR and cardiac 
catheterization

•	 Interventional CMR—performing intervention in the 
CMR suite

•	 Exercise CMR—utilizing a “CMR-friendly” exercise 
bicycle or other technique to obtain ventricular function 
and flow parameters during exercise

•	 Fetal CMR—utilizing CMR for evaluation of the heart in 
utero

•	 BOLD and other T2 techniques for oxygen saturation
•	 Details of CMR at 3 T as applied to pediatrics and con-

genital heart disease
•	 Although it was mentioned above details of four-

dimensional velocity mapping (Fig. 1.26)

Fig. 1.26  Four-dimensional flow in the candy cane view of the normal 
aorta by utilizing a stack of 3-dimensional phase-encoded velocity 
maps. Color code of the velocity is in the lower left of the image
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