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Cardiac magnetic resonance (CMR) is a relevant diagnostic tool for the evaluation of 
cardiac morphology, function, and mass. The assessment of myocardial tissue content 
through the measurement of longitudinal (T1) and transversal (T2) relaxation proper-
ties and the development of different technical advances are important clinical novelties 
of CMR. Recently, magnetic resonance spectroscopy has been explored for the assess-
ment of the metabolic state of tissue for cardiac function evaluation by using nuclei 
other than protons, such as 13C and 23Na, expanding our knowledge of the kinetics of 
metabolic processes. The design and development of dedicated radiofrequency coils 
and pulse sequences are fundamental to maximizing signal-to-noise ratio data while 
achieving faster cardiac examination. This review highlights the new technical develop-
ments in CMR sequences and coils.
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Cardiac magnetic resonance (CMR) is a relevant 
diagnostic tool for the evaluation of cardiac dis-
ease due to its noninvasive nature, the absence 

of ionizing radiation, the three-dimensional visualiza-
tion of the heart chambers, high image quality, and 
good temporal resolution. Moreover, this rapid clini-
cal expansion is also linked to the potential to assess, in 

a “one-stop shop” modality, several cardiac character-
istics, including regional and global systolic function, 
morphology, volume chambers, mass and wall thick-
ness, and tissue characterization. Among these diag-
nostic opportunities, tissue characterization has had a 
relevant impact on routine clinical practice, allowing 
clinicians to accurately diagnose infiltrative adipose 
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that may provide substantial reduc-
tions in image acquisition time. 

Figure  1 shows examples of dif-
ferent geometry coils. In particu-
lar, Figure 1A and Figure 1B show, 

respectively, a surface coil and a 
quadrature birdcage coil, both 
designed for cardiac metabolism 
assessment in pig models. Figure 1C 
shows a commercial  four-element 
array coil for cardiac studies. 

Coils have to be optimized for 
application in CMR. For example, 
the use of a cardiac surface coil 
provides a higher SNR but can be 
problematic; inferolateral regions 

may have a lower signal intensity 
due to the longer distance to the coil 
plane and thus should only be used 
if an efficient coil intensity correc-
tion algorithm is implemented.6

Since the development of phased-
array coils, magnetic resonance ven-
dors introduced multiple receiver 
channel systems to take advantage 
of the improved sensitivity and 
extended field of view provided by 
the multiple coil design.7 Currently, 
CMR systems use at least 8-chan-
nel devices and are often equipped 
to expand to 16 channels. Recently, 
the implementation of parallel imag-
ing techniques in combination with 
dedicated 32-channel coil arrays sig-
nificantly shortened data acquisition 
time in cardiovascular imaging.5 

Software in the Clinical 
Application
Established Techniques
Spin echo sequences are used 
for anatomic imaging and tissue 

coil is to produce a highly homoge-
neous alternating field in a wide field 
of view because the extension of the 
region under analysis is not known 
a priori. Therefore, transmit coils are 

usually large to optimize field homo-
geneity and include a significant vol-
ume of tissue. The function of the 
receiver coil is to maximize signal 
detection while minimizing noise; 
for this purpose, it is optimal to mini-
mize the coil dimensions.2 Many dif-
ferent coils have been designed3 and, 
according to their shapes, they can be 
categorized into volume coils and sur-
face coils. The first group can be used 

both for transmission and reception; 
birdcage coils are popular due to their 
ability to generate a highly homog-
enous RF magnetic field with a high 
signal-to-noise ratio (SNR).

Surface coils, composed of loop 
coils of various shapes, are usually 
much smaller than volume coils and, 
therefore, have a higher SNR because 
they receive noise only from nearby 
regions. However, they have a rela-
tively poor field homogeneity and are 
therefore mainly used as receive coils. 

The ideal setup should comprise 
the use of two different coils: a trans-
mit coil, made up of a homogeneous 
volume resonator for achieving an 
efficient excitation in a large vol-
ume, and a receive coil, character-
ized by a high local sensitivity. The 
use of phased-array coils4 provides 
a larger sensitivity region, similar to 
that obtained with volume coils, and 
a high SNR, usually associated with 
surface coils. Phased-array coils also 
allow for the implementation of par-
allel imaging,5 which is a technique 

tissue within the myocardium (as in 
patients with arrhythmogenic right 
ventricular cardiomyopathy), the 
presence of myocardial edema (as in 
patients with acute myocarditis), and 
the presence of severe myocardial 
damage (such as no-reflow in acute 
myocardial infarction). 

Although this is the current state  
of the art of CMR in the clinical  
arena, magnetic resonance 
spectroscopy (MRS) repre-
sents its near-future develop-
ment. This technique allows  
selective identification of molecules 
and molecular distribution map-
ping within various organs, and is 
a powerful tool to explore the tis-
sue components and myocardium 
metabolism. MRS uses the signal 
from a range of nuclei, including 
31P, 1H, 13C, and 23Na, to expand our 
knowledge of the kinetics of meta-
bolic processes and their role in 
myocardial disease. Nevertheless, 
a number of technologic prob-
lems still limit this technology and 
require innovative solutions. When 
a clinical scanner must be used, the 
design and the development of dedi-
cated radiofrequency (RF) coils and 
the use of novel pulse sequences1 
are required for the successful real-
ization of CMR experiments. This 
review highlights the new technical 
developments in CMR sequences 
and coils. The development of these 
elements is fundamental for obtain-
ing faster cardiac examination with 
the same image quality, for increas-
ing the diagnostic potential of this 
technique to detect diseases at ear-
lier and more reversible phases of 
evolution, and for better stratifica-
tion of the severity of disease (and 
thus prognosis of patients).

Hardware
The key components in magnetic 
resonance systems include a main 
magnet, a set of gradient coils, and RF 
coils. The purpose of the transmitter 

… birdcage coils are popular due to their ability to generate a highly 
homogenous RF magnetic field with a high signal-to-noise ratio.

Phased-array coils also allow for the implementation of parallel 
imaging, which is a technique that may provide substantial reduc-
tions in image acquisition time.
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characterization, whereas gradient 
echo sequences are used for acquir-
ing cine images to calculate volumes 
and to assess regional and global 
cardiac function in both right and 
left ventricles. These sequences are 
commonly used in daily clinical 
practice to detect fibrosis, edema, 
fat, hemorrhage, or infiltrative dis-
eases within the myocardium as a 
consequence of acute or chronic 
cardiac diseases. In particular, fast 
spin echo T1- or proton density-
weighted sequences (Figure  2) are 
used to detect fat infiltration within 
the myocardium. 

In the fast spin echo T2-weighted 
or inversion recovery (fat satura-
tion) sequences (Figure  3), water 
has higher signal intensity than 

myocardium, and is used to detect 
myocardial edema caused by 
inflammation or acute ischemia.8 

Furthermore, fat suppression is 
used to increase contrast between 
water and myocardial tissue. It con-
sists of applying an additional 180° 
pulse after an inversion time settled 
to match the null time of fat. This 
technique depends on the fat T1, 
which is shorter than that of most 
other tissues, and is performed by 
using a short T1 inversion recovery 
sequence.9 T1-weighted sequences 
are largely employed for obtain-
ing images with the late gado-
linium enhancement technique 
(Figure 4).10

In particular, the inversion-recov-
ery gradient-echo sequence pro-
vides high contrast between normal 
myocardium and scarring by null-
ing the signal from normal myo-
cardium. This sequence is largely 
used in the clinical setting to assess 
the presence of fibrosis within the 
myocardium, which is the final 
common way of differentiating 
between cardiac diseases, including 
the is chemic and nonischemic ones 
(such as idiopathic dilated or hyper-
trophic cardiomyopathy), and the 
infiltrative ones (such as amyloido-
sis and sarcoidosis).11 The myocar-
dial late gadolinium enhancement 
study, based on T1-weighted ultra-
fast gradient echo or steady-state 
gradient echo sequences, is per-
formed approximately 10 minutes 
after contrast agent injection and 

Figure 1. Images of different radiofrequency coils. (A) surface; (B) volume; (C) phased-array.

Figure 2. Fast spin echo proton density-weighted 
image. This image was acquired by using a 1.5T 
scanner (Signa Excite General Electric, Waukesha, 
WI). Informed consent was obtained for 
 experimentation with a human subject.

Figure 3. Inversion-recovery fast spin echo 
image. This image was acquired by using a 1.5T 
 scanner (Signa Excite General Electric, Waukesha, 
WI). Informed consent was obtained for 
 experimentation with a human subject.

Figure 4. Steady-state free-precession image.
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transmits a relative excess of gado-
linium in the pathologic tissues 
compared with healthy tissues. In 
addition to T1 and T2 imaging, 
T2* imaging permits noninvasive 
detection of myocardial iron depo-
sition.12 T2*-weighted sequences 
are sensitive to the degradation of 
hemoglobin products, and are used 
for hemorrhage detection.13 The 
T2* magnetic resonance imaging 
(MRI) technique is the gold stan-
dard for myocardial iron charac-
terization and has opened up the 
opportunity to investigate myocar-
dial iron overload in transfusion-
dependent adults in a noninvasive 
and reliable way.14 Cine imaging 
is performed in planes oriented to 
the shape of the heart, including 

two-chamber, four-chamber, and 
short-axis views. The functional 
information derived by cine CMR 
includes global left and right ven-
tricular volumes and mass, and the 
most basic cine technique employs 
a gradient echo sequence synchro-
nized to the patient ECG. Recently, 
steady-state free-precession (SSFP) 
has become the standard sequence 
for cardiac function imaging, due 
to its potential to provide high 
contrast between chamber blood 
(white) and myocardium (dark).15 
The basic principle of SSFP is based 
on the application of a fast train 
of pulses interleaved by periods of 
so-called “free precession,” char-
acterized by the absence of excita-
tion. Depending on the different 
gradient switching patterns applied 
within the free precession period 
or the pulse phase changes, differ-
ent steady states are established.16 
Although other pulse sequences 
permit the production of ‘‘movies’’ 
of the cardiac cycle, SSFP is charac-
terized by a high degree of spatial 

and temporal resolution, because 
an entire stack of short-axis images 
can be acquired within a single 
breath-hold (Figure 5).17

Myocardial perfusion imag-
ing can be performed by contrast-
enhanced first-pass imaging, which 
consists of using inversion- recovery 
gradient-echo imaging after 

 injection of a bolus of gadolinium-
diethylenetriamine penta- acetic 
acid for observing first contrast 
agent transit through the cardiac 
chambers and myocardium.18 This 
technique is largely used in the 

clinical setting for the assessment 
of myocardial ischemia through 
pharmacologic stress tests. 

Different and important cardiac 
functions can be studied with blood 
oxygen level-dependent (BOLD) 
CMR, which directly reflects myo-
cardial oxygenation status. It is 
based on the paramagnetic prop-
erties of deoxyhemoglobin as an 
endogenous contrast agent, with 
increased deoxyhemoglobin con-
tent leading to signal reduction 

on T2*- or T2-weighted images.19 
BOLD has been recently used for 
detecting stress-inducible myocar-
dial ischemic reactions in the pres-
ence of angiographically significant 
coronary artery disease.20

The implementation of parallel 
imaging techniques in combina-
tion with dedicated multi-element 

coil arrays significantly shortens 
data acquisition time in CMR. At 
the same time, MRI sequences have 
been optimized to exploit array 
coils for spatial encoding, as in sen-
sitivity encoding,21 simultaneous 
acquisition at spatial harmonies,22 
and generalized autocalibrating 
partially parallel acquisitions.23 
More recently, various other tech-
niques have been developed for 
reducing acquisition times, such as 
sensitivity profiles from an array of 
coils for encoding and reconstruc-
tion in parallel,24 parallel magnetic 
resonance imaging with adaptive 
radius in k-space,25 and iterative 
self-consistent parallel imaging 
reconstruction.26

Newly Described Techniques
Tissue characterization through 
assessing myocardial T1 and T2 
mapping and spectroscopy cur-
rently represent the two primary 
fields of CMR development. 
The measurement of T1 and T2  
mapping aims to detect early 
myocardial degenerative and 
infiltrative diseases, whereas spec-
troscopy aims to assess myocardial 
metabolism. In general, accurate 
T1 estimation is achieved from a 
three-parameter curve-fitting pro-
cedure when data from at least 6 
to 10 time points are available.27 
The multipoint approach, first 
described by Look and Locker,28 
samples the relaxation curve 

Cine imaging is performed in planes oriented to the shape of the 
heart, including two-chamber, four-chamber, and short-axis views.

BOLD has been recently used for detecting stress-inducible 
 myocardial ischemic reactions in the presence of angiographically 
 significant coronary artery disease.

Figure 5. Late gadolinium-enhanced image.

Vol. 17 No. 3/4 • 2016 • Reviews in Cardiovascular Medicine • 127

Radiofrequency Coils and Pulse Sequences for CMR Applications

4170004_RiCM0846.indd   127 16/01/17   11:36 am



multiple times after an initial prep-
aration pulse.29 More recently, the 
modified Look-Locker (LL) inver-
sion (MOLLI) recovery sequence 
has been applied to perform in vivo 
T1 measurements and T1 mapping 
of the myocardium with high spa-
tial resolution and within a single 
breath-hold (Figure 6).30 

The sequence, based on the con-
ventional LL imaging,28 consists of 
image acquisitions over different 
inversion time readouts follow-
ing a single preparation pulse and 
permits selective data acquisition 
and the data merging from mul-
tiple LL experiments into one data 
set. Because T1 mapping methods 
assume that the voxel consists of a 
single tissue species (myocardium 
or blood) and not by a mixture, 
the most important limitation for 
clinical application is related to the 
error due to partial volume con-
tamination from the blood, which 
can be significant for thin wall 
structures.31 From its development, 
the MOLLI sequence opened a new 
frontier of clinical applications for 
myocardial T1 mapping and many 
variants, based on inversion-recov-
ery, saturation-recovery, or hybrid 
approaches that are continually 
developed, to enable faster acqui-
sitions and minimize heart rate 
dependency, motion, and partial 
volume effects.32,33 In particular, 
the saturation-recovery single-shot 

acquisition sequence allows a high 
level of accuracy in T1 measure-
ments performed in phantoms.34 
This sequence stands out clinically, 

because it has the potential impact 
to highlight interstitial myocardial 
fibrosis at an early stage of disease, 
when it is still reversible.35

T2 mapping is performed by 
collecting multiple images with 
different T2 weighting, achieving 
multiple points along the T2 decay 
curve computed using exponen-
tial fit.36 Preliminary T2 mapping 
methods were based on dark-blood 
turbo spin-echo sequences and 
they were very sensitive to motion 
artifacts and ghosting,36 although 
recently, the use of bright-blood 
T2 prep-based pulse sequences 
has shown improved perfor-
mance.37 The clinical applications 
of T2 mapping detect edematous 
myocardial areas in a variety 
of cardiac pathologies, includ-
ing acute myocardial infarction, 
myocarditis, Takotsubo cardio-
myopathy, and heart transplant 
rejection.38,39 A larger clinical 
application of T2 mapping can be 
achieved for determining myo-
cardial viability in cases of acute 
myocardial edema and for pre-
dicting transplant rejection only 
when dedicated pulse sequences 
with optimal spatial and temporal 
resolutions are available.40 Table 1 
provides an overview of the signal 
intensity of myocardial contents 
with the different images acquired 
with CMR.

Magnetic Resonance 
Spectroscopy
Established Techniques
Human cardiac MRS methods 
are characterized by technical 

limitations resulting from the low 
technique sensitivity, which cur-
rently prevents pervasive clini-
cal use. 31P, 1H, 13C, and 23Na are 

the nuclei studied with MRS. 1H 
MRS has a higher sensitivity than 
31P MRS, so it has a more realistic 
potential than 31P MRS to become 
a clinical tool to noninvasively 
identify viable myocardium with 
intrinsic contrast. 1H MRS is used 
for the determination of myocar-
dial fat, carnitine, lactate, myoglo-
bin, and total creatine levels. 

The integration of spectroscopy 
of nuclei other than protons with 
imaging requires that the mag-
netic resonance system can operate 
at two different frequencies. The 
use of dual-tuned coils, instead of 
two separated coils, permits clini-
cians to simplify patient setup and 
to perform anatomic localization 
and metabolic data collection in 
sequence without disturbing and 
repositioning the patient. 

Newly Described Techniques
More recently, 13C and 23Na have 
achieved more technical relevance 
due to their potential to charac-
terize myocardial metabolism and 
viability. Because the natural signal 
generated by 13C nuclei is very low 
and difficult to detect with conven-
tional scanners, data acquisition is 
principally limited by the low nat-
ural abundance and the low level 
of nuclear polarization at thermal 
equilibrium. However, this obstacle 
has recently been overcome due 
to the development of a new tech-
nology to enhance the polariza-
tion of 13C by a factor of more than 
10,000.41 

Chemical shift imaging (CSI) 
allows for a higher spatial resolu-
tion and the generation of two- or 

Human cardiac MRS methods are characterized by technical limita-
tions resulting from the low technique sensitivity, which currently 
prevents pervasive clinical use.

Figure 6. T1 mapping of the myocardium. 
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three-dimensional maps of metab-
olite spectra of a given 13C-labeled 
substrate, in vivo.42 Some studies 
in rodents and pigs have shown 
that CSI is a reliable method to 
study cardiac metabolism in vivo, 
by demonstrating the use of hyper-
polarized 13C-labeled pyruvate 
for monitoring the metabolism 
of lactate, alanine, and bicarbon-
ate over seconds, in both normal 
and dysfunctional myocardium 
(Figure 7).43,44 

Regarding 23Na MRS, even 
though the nucleus spin quantum 
number is 3/2, thus providing a 
strong response to excitation, the 
sodium sensitivity is only 9.2% 

of the one achievable for proton. 
Moreover, sodium concentration 
within tissues is thousands of times 
lower than the proton concentra-
tion. As a result, the SNR of sodium 
is 3000 to 20,000 times lower than 
the SNR of proton.45 This disad-
vantage can be partially overcome 
by using larger voxel sizes, longer 
acquisition times, and faster pulse 
sequences—the latter can be used 
due to the shorter relaxation times 
of 23Na.46 Recent studies describe 
the combination of 23Na magnetic 
resonance with contrast-enhanced 
1H MRI for noninvasively charac-
terizing infarct healing in vivo in 
dogs and rats, underlying the pos-
sibility of achieving even temporal 
characterization of acute reper-
fused myocardial infarction.47

Conclusions
MRI and MRS are noninvasive 
diagnostic techniques based on the 
phenomenon of nuclear magnetic 
resonance. Although MRI uses the 
signal from protons to produce 
anatomic images, MRS uses this 
information to determine metabo-
lite concentration in the tissue 
examined. This article summarizes 
the new technical developments in 

pulse sequences and coils for CMR 
applications, of which the designs 
are critical for maximizing data 
quality and for achieving faster car-
diac examination. 

The authors report no real or apparent conflicts 
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MAin PoinTs

• Cardiac magnetic resonance (CMR) is a relevant diagnostic tool for the evaluation of cardiac disease due 
to its noninvasive nature, the absence of ionizing radiation, the three-dimensional visualization of the heart 
chambers, the high image quality, and its good temporal resolution.

• Since the development of phased-array coils, magnetic resonance vendors introduced multiple receiver channel 
systems to take advantage of the improved sensitivity and extended field of view provided by multiple coil 
design.

• Spin echo sequences are used for anatomic imaging and tissue characterization, whereas gradient echo 
sequences are used for acquiring cine images to calculate volumes and to assess regional and global cardiac 
function in both the right and left ventricles.

• The inversion-recovery gradient-echo sequence provides high contrast between normal myocardium and 
scarring by nulling the signal from normal myocardium. This sequence is largely used in the clinical setting to 
assess the presence of fibrosis within the myocardium.

• Tissue characterization through assessing myocardial T1 and T2 mapping and spectroscopy currently represent 
the two primary fields of CMR development. The measurement of T1 and T2 mapping aims to detect early 
myocardial degenerative and infiltrative diseases, whereas spectroscopy aims to assess myocardial metabolism.
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