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Abstract
Cardiovascular magnetic resonance imaging (CMR) has  
become an irreplaceable tool since it was introduced in 
clinical practice in the 1990s. Useful in every aspect of  
cardiac diseases, its role is particularly valuable in the study  
of non-ischemic cardiomyopathies (NICMs), due to the 
unique body of information it provides on these diseases. 
Referential data on morphology and function of the  
ventricles and, notably, on myocardial tissue characteriza-
tion mean that the technique is now ordered in every  
patient with NICM.

The performance of studies, however, has traditionally 
required a large number of breath-hold maneuvers from 
the patient. These, combined with an uncomfortable posi-
tion in the magnet, have resulted in the test being per-
ceived as rather unpleasant, particularly among cardiac  
patients.

Recent advances in the field of sequence acceleration 
and the development of motion-correction algorithms, 
however, have turned into reality the option of a whole 
cardiac exam without the need for patients to hold their 
breath during acquisitions.

As illustrated in the present article, a complete study 
of patients with NICM can be performed during free 

1   Window of the physiology signal during  
the planning of a study with short-axis cine 
images and a free-breathing RT sequence.  
For a mean heart rate of 69 bpm in this case, 
slab of 10 prospectively gated, contiguous 
slices will be executed in 18 seconds.  
As 25 phases of the heart cycle are extracted 
by INTP, the resulting temporal resolution  
is 35 seconds.

breathing, including cine sequences accelerated with  
Compressed Sensing reconstruction and adaptive trigger-
ing, and tissue characterization studies using late gadolini-
um enhancement and T1/T2 mapping sequences with  
motion correction. When available in an MR system, in this 
case a 3T MAGNETOM Vida scanner, this exam can be done 
within 30 minutes, and may provide the same valuable  
information as that obtained with conventionally equipped  
systems.

Introduction 
Since the integration of cardiovascular magnetic resonance 
imaging (CMR) into the field of diagnostic imaging in the 
late 1990s [1], the technique has become a true subspe-
cialty in itself [2]. Continuous technical developments have 
widened its scope and have led to its present consideration 
as a first-line diagnostic tool.

Some inconvenient aspects of the acquisition of  
exams, however, have been recognized: isolation of the  
patient within the magnet in an uncomfortable position, 
need for repeated breath-holding, and a relatively long 
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exam duration. Considering the relevant information  
provided by the technique, these drawbacks are considered  
a tolerable burden by operating personnel and well- 
informed patients alike. Despite this, when patients are 
asked about their acceptance of the examination, some  
say they would prefer to undergo a different kind of 
non-invasive diagnostic imaging exam. Moreover,  
in the case of patients with cardiac conditions, maintaining 
the supine position and holding their breath repeatedly  
can be particularly strenuous.

Manufacturers and investigators have therefore both 
made efforts to counteract these inconveniences by devis-
ing strategies for acquiring and processing sequences 
aimed at shortening the exam time and minimizing the 
number and duration of breath-hold periods required.  
As a general rule, however, speeding up the acquisition  
results in ill-defined images [3]. Therefore, advances in 
faster acquisition schemes can only be realized if the  
resolution of the reconstructed images is preserved [4].

The present state of the art in CMR has notably 
achieved this goal, and the purpose of this brief article  
is to illustrate how these improvements have been inte-
grated into clinical routine for the benefit of patients  
undergoing CMR, in this case on a 3T MAGNETOM Vida  
system. We have chosen to focus on the diagnostic workup  
of patients with suspected non-ischemic cardiomyopathy 
(NICM), as they represent a subset of patients for whom  
a CMR study is most frequently prescribed.

Planning of a conventional CMR study in 
patients with known or suspected NICM 
CMR is considered as a Class I indication in patients who 
present with signs, symptoms, and/or findings from other 
diagnostic techniques consistent with NICM [5]. This is  
because CMR may provide, in every case, a body of infor-
mation potentially useful for diagnosis, prognosis, and 
therapeutic decisions.

NICMs are a group of fairly distinct diseases that  
include hypertrophic, dilated, and restrictive cardiomyopa-
thies – either primary or secondary. The CMR study  
protocols to be applied in each of these cases are detailed 
in official guidelines [6] and essentially aim to cover two 
aspects: data on the structure and function of the heart 
chambers and, importantly, information on myocardial  
tissue characteristics.

Most conventional MR systems equipped for cardiovas-
cular applications are able to perform these studies nowa-
days. In addition to the pilot scans, the required sequences 
are as follows:
1.  A complete series of cine sequences in both long  

and short axis views, usually obtained by a segmented, 
retrospectively ECG-gated, balanced steady-state free 
precession (bSSFP) technique. 

2.  Late gadolinium enhancement (LGE) sequences in the 
same orientations as those of the cine slices, obtained 
10 minutes after the injection of a gadolinium-based 
contrast agent. 

2   Free-breathing Compressed Sensing Cardiac Cine RT sequence obtained with adaptive ECG triggering and interpolative reconstruction to  
25 phases of the cardiac cycle. Note the variable position of the diaphragm in the different slices (arrows) due to spontaneous breathing,  
and how the efficient tracking of the acquisition enables reliable border detection.

End-Diastole End-Systole
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3.  T1 and T2 mapping sequences. Each slice from these 
sequences must be acquired during breath-hold to 
achieve appropriate image quality, free of movement 
interference. 

A standard study comprising all these sequences might  
require the performance of at least 30 breath-hold  
maneuvers, with a total exam time of nearly 45 minutes. 

Advantages of a CMR exam performed with 
advanced technology to study NICM 
The study of morphology and function 
The acceleration of bSSFP cine sequences using parallel im-
aging techniques that allow for simultaneous (rather than 
sequential) gathering of data has contributed to a signifi-
cant improvement in the acquisition of functional studies 

3   (3A) End-diastolic and end-systolic frames, and calculated LV volumes using a Compressed Sensing Cardiac Cine sequence obtained with  
four breath-hold periods in a patient with dilated NICM. (3B) The corresponding study with a free-breathing RT INTP cine sequence. Both 
sequences render a cardiac cycle with 25 phases with a temporal resolution of 35 ms, the spatial resolution being slightly higher in the case  
of the CS sequence. Pixel sizes are 1.56 vs 1.92 mm2 for the RT sequence. Note the excellent agreement between volume calculations and, 
therefore, between values of ejection fraction: 24.2 and 24.7%, respectively.

3A
Compressed Sensing Cardiac Cine, Restrospective ECG Triggering, 4 Breath-Holds

N0 phases = 25; Pixel Size = 1.56 x 1.56; Temp. Resol. = 37 msec

End-Diastole End-Systole

LV Vol. = 293 ml LV Vol. = 222 ml

3B
RT Cine, Prospective ECG Triggering INTP, Free Breathing

N0 phases = 25; Pixel Size = 1.92 x 1.92; Temp. Resol. = 33 msec

End-Diastole End-Systole

LV Vol. = 219 mlLV Vol. = 291 ml
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of the heart [7]. Really fast and efficient cine sequences, 
however, have become an option in CMR with the imple-
mentation of acceleration schemes based on Compressed 
Sensing (CS), which reconstructs good-quality sparse imag-
es from highly undersampled k-space data [8]. By applying 
CS, the slab of short-axis cine images with complete  
ventricular coverage can be obtained with 1–2 breath-
holds [9], instead of the 10–12 required by conventional  
techniques. 

Real-time (RT) free-breathing cine sequences using CS 
on our 3T MAGNETOM Vida system are prospectively gated 
and render 15–20 phases per slice (depending on the 
heart rate), with an in-plane pixel size of around 1.5 mm2 
and a temporal resolution between phases of nearly 60 
milliseconds. In addition, the option of adaptive triggering 
(AT) enables real-time adaptation of the acquisition to 
changes in heart rate. This strategy detects and reacts  
to changes in the cardiac cycle, effectively acquiring data  
between triggers. Combined with retrospective temporal 
interpolation (INTP) during postprocessing [10], it enables 
calculation of a predefined number of cardiac phases  
in cine acquisitions (usually 25), which further increases  
temporal resolution to nearly 30 milliseconds. The acquisi-
tion of every slice takes just 1–2 seconds, meaning that  
the total scan of the short-axis slab (10–12 slices) requires  
only 20–25 continuous heart beats during free breathing  
(Figs. 1, 2). 

Comparisons of free-breathing RT sequences with  
conventional breath-hold cine studies have shown ade-
quate agreement regarding volume calculations and ejec-
tion fraction values [10, 11], which validates the technique 
as a true alternative in practice (Fig. 3). 

Although useful as a routine in most patients with 
NICM, the RT cine sequences still have some inherent  
limitations. As a prospective acquisition, there can still  
be slight differences in the number of reconstructed 
phases per slice and, particularly, in the time points of 
end-diastolic and end-systolic frames [11]. AT and INTP 
techniques are efficient for reconstructing robust, homoge-
neous sets of cine slices, but may also lead to some spatial 
blurring of images [10], which can be prominent in the 
case of the right ventricle [12] due to its complex anatomy. 
Finally, the presence of arrhythmias – particularly atrial 
fibrillation, which is frequent in NICM patients – poses a 
further challenge to RT cine imaging. While prospective  
acquisition has advantages in this case, highly increased 
heart rates drastically reduce the number of reconstructed 
cardiac phases and, therefore, the reliability of volume  
calculations at end-diastole and end-systole. 

These drawbacks account for the need to have opera-
tor supervision for every study in order to guarantee the 
acquisition of adequately reconstructed images. In particu-
lar cases, this may lead to a move to breath-hold and/or  

retrospective types of acquisition, either with CS or RT cine 
sequences [13]. 

The study of tissue characterization 
This part of the exam for patients with NICM is essential,  
as it provides information with proven prognostic value 
[14, 15]. Fortunately, it poses fewer challenges than cine 
studies for a free-breathing acquisition. LGE imaging, the 
cornerstone of myocardial tissue characterization, can be 
easily performed by sequences that retrospectively com-
bine and average images at different respiratory phases  
using motion correction (MOCO) algorithms [16] (Fig. 4). 
A complete free-breathing LGE study on the short axis may 
be taken in 2–3 minutes, depending on the heart rate. 

Myocardial T1 and T2 maps constitute an essential  
part of the study of tissue composition nowadays. These  
sequences are easy to perform as they require a single  
acquisition, which is recommended to be obtained during 
breath-hold, as MOCO algorithms in this case are less effi-
cient at correcting through-plane motion [17]. In patients 
with difficult apnea maintenance, however, these sequenc-
es may be obtained in free breathing, asking the patient  
to keep a regular, calm respiratory pattern (Figs. 5, 6).  
Inspection of the resulting set of source images, however,  
is recommended in order to detect potential co-registration 
failure. 

4   Single shot PSIR-SSFP free-breathing MOCO LGE in short-axis 
orientation in a patient with hypertrophic cardiomyopathy. Note 
the presence of focal, intramyocardial fibrosis (orange arrow) and, 
also, of subendocardial enhancement (blue arrow) indicating the 
coexistence of ischemic necrosis.
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5   (5A) Set of raw source images from a T1 
mapping sequence obtained during free 
breathing in the same patient as in Figure 4. 
Note the adequate co-registration of images. 
(5B) Resulting parametric image compared 
with a repeat measurement using breath-hold. 
Note the close agreement of native T1 values. 
(5C) The same studies after contrast: observe 
also the comparable resolution in the detection 
of areas of striking T1 reduction due to 
myocardial fibrosis (blue arrow) and ischemic 
necrosis (white arrow).

6   Parametric images of T2 mapping sequences 
obtained during free-breathing and with 
breath-holding on the same patient showing 
comparable results.

5A

ApneaFree Breathing

5B T1 Map Native

Free Breathing Apnea

1175 ms1171 ms

5C T1 Map Post-Contrast

Free Breathing Apnea

531 ms 538 ms

36 ms 37 ms
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Final comments 
A complete CMR study of patients with NICM can currently 
be performed with sequences obtained during free breath-
ing when using the most updated technology – in this 
case, a 3T MAGNETOM Vida system, as illustrated here. 
This makes the examination particularly comfortable  
for the patient and reduces the total exam time to  
30 minutes (including the time lapse of waiting for the 
LGE study), which should impact positively on overloaded 
workflows. It is worth noting that the set of sequences  
discussed here, although robust, are more sensitive than  
conventional breath-hold sequences to interference caused 
by either an irregular pattern of respiration or arrhythmias, 
which might lead to suboptimal image reconstruction.  
This underlines the role of the operator, who should super-
vise the output of images after each acquisition to check 
for proper quality. 
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