
Introduction

Cine MRI of the heart is widely 
regarded as the gold standard for 
assessment of left ventricular volume 
and myocardial mass and is increas
ingly utilized for assessment of car
diac anatomy and pathology as part 
of clinical routine. Conventional cine 
imaging approaches typically require 
1 slice per breathhold, resulting in 
lengthy protocols for complete cardiac 
coverage. Parallel imaging allows 
some shortening of the acquisition 
time, such that 2–3 slices can be 
acquired in a single breathhold. In 
cardiac cine imaging artifacts become 
more prevalent with increasing accel
eration factor. This will negatively 
impact the diagnostic utility of the 
images and may reduce accuracy of 
quantitative measurements. However, 
regularized iterative reconstruction 
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techniques can be used to consider
ably improve the images obtained 
from highly undersampled data. In 
this work, L1regularized iterative 
SENSE as proposed in [1] was applied 
to reconstruct undersampled kspace 
data. This technique* takes advan
tage of the denoising characteristics 
of Wavelet regularization and prom
ises to very effectively suppress sub
sampling artifacts. This may allow for 
high acceleration factors to be used, 
while diagnostic image quality is 
preserved.

The purpose of this study was to 
compare segmented cine TrueFISP 
images from a group of volunteers 
and patients using three acceleration 
and reconstruction approaches: iPAT 
factor 2 with conventional recon
struction; TPAT factor 4 with conven

Table 1: MRI conventional and iterative imaging parameters

Parameters Conventional iPAT 2 Conventional T-PAT 4 Iterative T-PAT 4

Iterative recon No No Yes

Parallel imaging iPAT2 (GRAPPA) TPAT4 TPAT4

TR/TE (ms) 3.2 / 1.6 3.2 / 1.6 3.2 / 1.6

Flip angle (degrees) 70 70 70

Pixel size (mm2) 1.9 × 1.9 1.9 × 1.9 1.9 × 1.9 

Slice thickness (mm) 8 8 8

Temp. res. (msec) 38 38 38

Acq. time (sec) 7 3.2 3.2

tional reconstruction; and TPAT factor 
4 with iterative k-tsparse SENSE 
reconstruction. 

Technique

Cardiac MRI seems to be particularly 
well suited to benefit from a group of 
novel image reconstruction methods 
known as compressed sensing [2] 
which promise to significantly speed 
up data acquisition. Compressed 
sensing methods were introduced to 
MR imaging [3, 4] just a few years 
ago and have since been successfully 
combined with parallel imaging [5, 
6]. Such methods try to utilize the 

* Work in progress: The product is still 
 under development and not commercially 
available yet. Its future availability cannot 
be ensured.
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As outlined by Liu et al. in [1], the 
image reconstruction can be formu
lated as an unconstrained optimization 
problem. In the current implementa
tion, this optimization is solved using 
a Nesterovtype algorithm [7]. The 
L1regularization with a redundant 
Haar transform is efficiently solved 
using a Dykstratype algorithm [8]. 
This allowed a smooth integration into 
the current MAGNETOM platform and, 
therefore, facilitates a broad clinical 
evaluation.

Materials and methods

Nine healthy human volunteers 
(57.4 male/56.7 female) and 
20 patients (54.4 male/40.0 female) 
with suspected cardiac disease were 
scanned on a 1.5T MAGNETOM Aera 
system under an approved institutional 
review board protocol. All nine volun
teers and 16 patients were imaged 
using segmented cine TrueFISP 
sequences with conventional GRAPPA 
factor 2 acceleration (conventional 
iPAT 2) TPAT factor 4 acceleration 
(conventional TPAT 4), and TPAT factor 
4 acceleration with iterative k-tsparse 
SENSE reconstruction (iterative  
TPAT 4). The remaining 4 patients 
were scanned using only conventional 
iPAT 2 and iterative TPAT 4 techniques. 
Note that the iterative technique is 
fully integrated into the standard 
reconstruction environment.

The imaging parameters for each 
imaging sequence are provided in 
Table 1. All three sequences were run 
in 3 chamber and 4 chamber views, 
as well as a stack of short axis slices.

Quantitative analysis was performed 
on all volunteer data sets at a syngo 
MultiModality Workplace (Leonardo) 
using Argus postprocessing software 
(Siemens Healthcare, Erlangen, 
 Germany) by an experienced cardio
vascular MRI technician. Ejection frac
tion, enddiastolic volume, endsystolic 
volume, stroke volume,  cardiac out
put, and myocardial mass were calcu
lated. In all volunteers and patients, 

Single slice scan time in patients and volunteers. There was a statistically 
significant reduction in scan time compared to the standard iPAT2 for both 
TPAT4 acceleration and iterative reconstruction TPAT4 acceleration.

1

full potential of image compression 
during the acquisition of raw input 
data. In the case of highly subsam
pled input data, a nonlinear iterative 
optimization avoids subsampling 
artifacts during the process of image 
reconstruction. The resulting images 
represent the best solution consis
tent with the input data, which have 
a sparse representation in a specific 
transform domain. In the most favor
able case, residual artifacts are not 
visibly perceptible or are diagnosti
cally irrelevant.
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blinded qualitative scoring was per
formed by a radiologist using a 5 point 
Likert scale to assess overall image 
quality (1 – non diagnostic; 2 – poor; 
3 – fair; 4 – good; 5 – excellent). 
Images were also scored for artifact 
and noise (1 – severe; 2 – moderate; 
3 – mild; 4 – trace; 5 – none). 

All continuous variables were com
pared between groups using an 
unpaired ttest, while ordinal qualita
tive variables were compared using 
a Wilcoxon signedrank test. 

Results

All images were acquired successfully 
and image quality was of diagnostic 
quality in all cases. The average scan 
time per slice for conventional iPAT 2, 
conventional TPAT 4 and iterative 
TPAT 4 were for patients 7.7 ± 1.5 sec, 
5.6 ± 1.5 sec and 2.9 ± 1.5 sec and 
for the volunteers 9.8 ± 1.5 sec, 3.2 ± 
1.5 sec and 3.0 ± 1.5 sec, respectively. 
The results in scan time are illustrated 
in Figure 1. In both patients and volun
teers, conventional iPAT 2 were signifi
cantly longer than both conventional 
TPAT 4 and iterative TPAT 4 techniques 
(p < 0.001 for each group).

The results for ejection fraction (EF) 
for all three imaging techniques are 
provided in Figure 2. The average EF 
for conventional TPAT 4 was slightly 
lower than that measured for con
ventional iPAT 2 and iterative TPAT, 
but the group size is relatively small 
(9 subjects) and this difference was 
not significant (p = 0.34 and p = 0.22 
respectively).There was no statisti
cally significant difference in ejection  
fraction between the conventional 
iPAT 2 and the iterative TPAT 4 
sequences (p = 0.48).

The results for image quality, noise 
and artifact are provided in Figure 3. 
The iterative TPAT 4 images had com
parable image quality, noise and arti
fact scores compared to the conven
tional iPAT 2 images. The conventional 
TPAT 4 images had lower image qual
ity, more artifacts and higher noise 
compared to the other techniques.

Figures 4 and 5 show an example of 
4chamber and midshort axis images 
from all three techniques in a patient 
with basal septal hypertrophy. In both 
series’, the conventional iPAT 2 and 
iterative TPAT 4 images are compara
ble in quality, while the conventional 
TPAT 4 image is visibly noisier.

Discussion

This study compares a novel acceler
ated segmented cine TrueFISP tech
nique to conventional iPAT 2 cine 
TrueFISP and TPAT 4 cine TrueFISP in 
a cohort of normal subjects and 
patients. The iterative reconstruction 
technique provided comparable mea
surements of ejection fraction to the 
clinical gold standard (conventional 
iPAT 2). The accelerated segmented 
cine TrueFISP with TPAT 4, which 
was used as comparison technique, 
produced slightly lower EF values 
compared to the other techniques, 
although this was not found to be 
statistically significant. The iterative 
reconstruction produced comparable 
image quality, noise and artifact 
scores to the conventional reconstruc
tion using iPAT 2. The conventional 
TPAT 4 technique had lower image 
quality and higher noise scores com
pared to the other two techniques.

The iterative TPAT 4 segmented cine 
technique allows for greater than 
50% reduction in acquisition time for 
comparable image quality and spatial 
resolution as the clinically used iPAT 2 
cine TrueFISP technique. This itera
tive technique could be extended to 
permit complete heart coverage in 
a single breathhold thus greatly sim
plifying and shortening routine clini
cal cardiac MRI protocols, which has 
been one of the biggest obstacles to 
wide acceptance of cardiac MRI. With 
a shorter cine acquisition, additional 
advanced imaging techniques, such 
as perfusion and flow, can be more 
readily added to patient scans within 
a reasonable protocol length.

Qualitative scores in patients and volunteers. Image quality was highest and 
noise and artifact were lowest with iterative TPAT 4 and conventional iPAT 2 
compared to conventional TPAT 4.
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There are currently some limitations 
to the technique. Firstly, the use of 
SENSE implies that aliasing artifacts 
can occur if the field-of-view is 
smaller than the subject, which is 
sometimes difficult to avoid in the 
short axis orientation. But a solution 
to this is promised to be part of a 
future release of the current proto-
type. Secondly, the image reconstruc-
tion times of the current implemen-
tation seems to be prohibitive for 
routine clinical use. However,  
we anticipate future algorithmic 

improvements with increased compu-
tational power to reduce the recon-
struction time to clinically acceptable 
values.

Of course, iterative reconstruction 
techniques are not just limited to 
cine imaging of the heart. Future 
work may see this technique applied 
to time intense techniques such as 
4D flow phase contrast MRI and 3D 
coronary MR angiography, making 
them more clinically applicable.  
Furthermore, higher acceleration 
rates might be achieved by using an 
incoherent sampling pattern [9]. 

With sufficiently high acceleration, the 
technique can also be used effectively 
for real time cine cardiac imaging in 
patients with breath-holding difficul-
ties or arrhythmia. Figure 6 shows that 
real-time acquisition with T-PAT 6 and 
k-t iterative reconstruction still results 
in excellent image quality.

In conclusion, cine TrueFISP of the 
heart with inline k-t-sparse iterative 
reconstruction is a promising tech-
nique for obtaining high quality cine 
images at a fraction of the scan time 
compared to conventional techniques. 
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Four chamber cine TrueFISP from a normal volunteer. (4A) Conventional iPAT 2, acquisition time 8 s. (4B) Conventional  
T-PAT 4, acquisition time 3 seconds. (4C) Iterative T-PAT 4, acquisition time 3 seconds.

4

End-systolic short axis cine TrueFISP images from a patient with a history of myocardial infarction. A metal artifact from a previous 
sternotomy is noted in the sternum. There is wall thinning in the inferolateral wall with akinesia on cine views, consistent with  
an old infarct in the circumflex territory. (5A) Conventional iPAT 2, (5B) conventional T-PAT 4, (5C) iterative T-PAT 4.
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Real-time cine TrueFISP T-PAT 6 images reconstructed using (6A) conventional, and (6B) iterative techniques.6
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