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A B S T R A C T

Introduction: Cardiac magnetic resonance imaging (CMR) is the gold standard for the assessment of left ven-
tricular (LV) function. However, traditional sequences are time-consuming and require breath-holding. Our aim
was to evaluate the image quality of LV functional assessment with a novel, accelerated, free-breathing cine
sequence and to compare LV functional parameters between it and a traditional sequence.
Methods: This was a prospective cohort study of 31 patients with cardiomyopathy. All studies were performed on
a 1.5 Tesla scanner. LV function was first determined using contiguous short axis slices covering the left ventricle
from the base to the apex acquired with the standard cine sequence. Next, the accelerated sequence was acquired
for each patient. The Wilcoxon Matched-Pair Sign Rank Test was used to compare image quality between the
accelerated and traditional cine imaging sequences. Standard and accelerated left ventricular volumes and
ejection fraction were compared using linear regression. Bland-Altman plots were then constructed to evaluate
agreement, interobserver and intraobserver variability for left ventricular volumes and ejection fraction.
Results: Mean acquisition time was 29 s for the accelerated sequence vs. 410 s for the traditional sequence.
Qualitative assessment of image quality was similar for both sequences (p=0.23). There were no significant
differences in terms of LVEDV, LVESV, LVSV, LV mass and LVEF when calculated from either sequence with very
good agreement between the standard and accelerated sequences. The mean differences with 95% limits of
agreement were as follows: LV mass (−0.6,−22.9 g, 21.6 g), LVEDV (5.1mL,−18.4mL, 28.9 mL), LVEF (−0.3,
−5.4, 4.7), LVESV (4.0 mL, −12.0mL, 20.0 mL), LVSV (1.1mL, −13.3mL, 15.5 mL). Interobserver variability
ranged from 0.1 to 6.3% while intraobserver variability ranged from 0.1 to 1.8%.
Conclusions: The accelerated free-breathing cine sequence performed similarly to standard of care multi breath-
hold cine imaging and was acquired in a fraction of the time without the need for breath-holding. If applied to
clinical practice, this sequence can significantly reduce scanning time and facilitate CMR scanning in those
patients who are unable to breath-hold.
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1. Introduction

Evaluation of left ventricular function is one of the most common
indications for cardiovascular magnetic resonance (CMR) imaging
[1,2]. In many disease states, such as cardiomyopathy, CMR-de-
termined left ventricular function, and most prominently left ven-
tricular ejection fraction (LVEF), has been independently linked with
prognosis [3–5]. The current standard of care sequence to determine
LVEF is multiple breath-hold steady state free precession (SSFP) cine
imaging with one myocardial slice acquired per breath-hold. While this
method is accurate and reproducible, it is also time consuming, taking
approximately 6–8min to acquire images [6–8]. The long cine acqui-
sition time is a significant contributor for prolonged overall CMR scan
times, in turn leading to barriers in CMR availability and long wait
times in many jurisdictions [9,10]. Further, many patients are unable to
perform the multiple breath-holds that are required to produce diag-
nostic images with traditional cine CMR imaging.

In order to address these issues, a novel, free-breathing, real-time,
accelerated cine SSFP (accelerated SSFP) sequence has recently been
developed. This sequence was developed to accelerate current imaging
times and reduce the need for breath-holding. However, the accuracy of
left ventricular function assessment by this new technology is currently
unknown. The goal of this study was to compare important metrics of
left ventricular function (left ventricular ejection fraction, volumes and
mass) between the novel accelerated and gold standard, multiple
breath-hold SSFP cine sequences. We hypothesized that there would be
no significant difference in the assessment of these parameters between
the two sequences and that intra and interobserver agreement for the
novel sequence would be high.

2. Materials and methods

2.1. Study population

This was a single site prospective cohort study that enrolled patients
who were referred for CMR for the indication of cardiomyopathy from
September 2013–December 2016. We enrolled patients referred with
cardiomyopathy because the main goal of this study was to evaluate LV
function with the novel accelerated cine sequence. In the assessment of
LV function in such patients, it is important to quantify LVEF in order to
help inform who will receive evidence-based medications and im-
plantable devices such as an implantable cardioverter defibrillators. As
such, the patient population referred for cardiomyopathy, most with
abnormal LV function, was considered to be the optimal patient po-
pulation for this evaluation. All patients underwent standard cine SSFP
imaging, which served as the standard of reference, and the accelerated
cine imaging sequence. Exclusion criteria included presence of hemo-
dynamic instability, pregnancy and failure to provide informed consent
to participate in the study.

2.2. CMR protocol

All studies were performed on a GE Optima 1.5 Tesla MR scanner
with a 32-channel coil (GE Healthcare, Waukesha, WI). LV function was
first determined using contiguous short axis slices covering the left
ventricle from the base to the apex acquired with the standard SSFP
sequence. Next, the accelerated sequence was acquired for each patient.
The accelerated sequence utilized a 36-interleave variable-density
spiral acquisition and fully refocused gradient moments to establish
steady-state free precession (SSFP) contrast (HeartVista Inc., Menlo
Park, CA). Two cardiac cycles were acquired per slice location, using
prospective cardiac triggering to advance the slice acquisition. Slices
were acquired progressively from base to apex to minimize the slice-to-
slice impact of respiratory motion. Within each slice location, inter-
leaves were continuously acquired over the two heartbeats and retro-
spective resampling was used for image reconstruction.

Partially parallel imaging with localized sensitivities (PILS) parallel
acceleration [11] and variable-density spiral acquisition were both
utilized to produce an acceleration factor of approximately 2-fold. The
entire dataset for each image was acquired in a free-breathing, real-time
fashion rather than being segmented over several heartbeats. Specific
CMR parameters for both sequences are summarized in Table 1.

2.3. Image analysis

Image analysis was performed via CVI-42 version 4.1.8 software
(Circle Cardiovascular Imaging, Calgary, Alberta, Canada). One radi-
ologist and one cardiologist, both of whom were certified as level 3
trained by the Society for Cardiovascular Magnetic Resonance, in-
dependently evaluated all the images.

2.4. Qualitative analysis

The image quality of each image was evaluated visually and scored
on a five-point scale as has been previously described:

1=non-diagnostic image quality (extensive artifact affecting vo-
lumetric analysis), 2= poor image quality (moderate artifact affecting
volumetric analysis), 3= adequate quality, mild artifact affecting vo-
lumetric analysis, 4= good quality minimal artifact affecting volu-
metric analysis, and 5= excellent quality, no artifact [12].

2.5. Quantitative analysis

The endocardium and epicardium of the left ventricle were manu-
ally and independently contoured at end-systole and end-diastole by
both image evaluators in order to calculate mass, volumes and ejection
fraction. The most recent SCMR guideline was the standard utilized for
contouring [13]. Papillary muscles and endocardial trabeculations were
included in LV cavity volumes in a manner previously described
[12,14–17].

Table 1
Technical parameters of the traditional and accelerated cine sequences.

Traditional cine Accelerated cine

Technical sequence
description

Multi-slice steady-
state free precession

Spiral acquisition steady-
state free precession

Parallel imaging No Yes, approximately 2×
Receiver coil 32-Channel 32-Channel
Breath-hold Yes No
Mean acquisition time (s) 416 29
TR 5 4
Mean field of view (mm) 357×357 339×339
Flip angle (°) 56 59
Cardiac phases 20 40
Mean number of slices 15 15
Slice thickness (mm) 8 8
In-plane spatial

resolution (mm)
1.4× 1.4 2.5× 2.5

Temporal resolution (ms) 46 73

Table 2
Characteristics of the patient population.

N 31
Age (years) 62.3 ± 8.6
Sex (male) 26 (84%)
Active smoking 8 (26%)
Diabetes 10 (31%)
Hypertension 14 (45%)
Dyslipidemia 8 (26%)
Coronary artery disease 18 (58%)
Cerebrovascular disease 3 (10%)
Valvular disease 2 (6%)
Atrial fibrillation 1 (3%)
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2.6. Statistical analysis

Continuous variables were reported as mean ± standard deviation
and categorical variables as proportions. The Wilcoxon Matched-Pair
Sign Rank Test was used to compare image quality between the ac-
celerated and traditional cine imaging sequences. Standard and ac-
celerated left ventricular parameters (LV mass, LV end diastolic volume
(LVEDV), LV end systolic volume (LVESV), LV stroke volume (LVSV)
and LV ejection fraction (LVEF)) were compared using linear

regression. Bland-Altman plots were constructed to evaluate agreement,
interobserver and intraobserver variability of each parameter. A p-
value of< 0.05 was considered statistically significant. All statistical
analyses were performed using SAS version 9.3 (Cary, North Carolina).
This study was approved by the research ethics board at our institution.

3. Results

3.1. Patient characteristics

31 patients were enrolled in this study. Table 2 summarizes the
characteristics of the patient population. The mean age was
62.3 ± 8.6 years. 84% of the patients were male. 26% of the patients
were active smokers, 31% had diabetes, 45% had hypertension and
26% had dyslipidemia. 58% of the patients had a documented history of
obstructive CAD (ischemic cardiomyopathy) while only 2 patients (6%)
had significant (more than mild) valvular disease. One of the 31 pa-
tients (3%) had atrial fibrillation. Mean acquisition time was 410 s for
the traditional cine sequence and 29 s for the accelerated cine sequence.

3.2. Image quality

Figs. 1 and 2 show still frames of cines from representative slices of
both standard cine CMR and accelerated sequences from two patients

Fig. 1. Comparison of the accelerated and traditional
cine sequences in a mid-ventricular myocardial slice
in a patient post inferior/inferolateral myocardial
infarction. The blue arrows denote the location of
myocardial thinning and hypokinesis. Please also see
accompanying Videos 1 and 2 in the Supplemental
materials. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. Comparison of the accelerated and traditional
cine sequences in a mid-ventricular myocardial slice
in a patient with global hypokinesis with regional
variability as a result of non-ischemic dilated cardi-
omyopathy. LVEF was calculated and presented for
both sequences. Please also see accompanying
Videos 3 and 4 in the Supplemental materials.

Table 3
Left Ventricular measurements for traditional cine CMR vs. accelerated cine
CMR.

Parameter Standard cine Accelerated cine p(Diff)

(Mean ± SD) (Mean ± SD) Mann-Whitney test

LVEDV (mL) 212.5 ± 85.4 207.4 ± 84.1 0.75
LVESV (mL) 142.4 ± 77.4 138.4 ± 75.8 0.76
LVSV (mL) 70.1 ± 19.3 69.0 ± 19.2 0.71
LV mass (g) 150.3 ± 48.5 150.9 ± 50.2 0.99
LVEF (%) 36.3 ± 12.7 36.6 ± 12.7 0.91

Abbreviations: LVEDV: left ventricular end diastolic volume, LVESV: left ven-
tricular end-systolic volume, LVSV: Left ventricular stroke volume, LVEF: left
ventricular ejection fraction, mL: milliliter, g: gram.
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who were enrolled in our study, one with ischemic cardiomyopathy and
the other with non-ischemic cardiomyopathy (corresponding videos are
provided in the Supplemental materials). Images from both cine CMR
sequences were rated in the very good to excellent diagnostic range.
Image quality for the accelerated sequences was ranked slightly lower
when compared to the traditional cine sequences (4.5 vs. 4.7 respec-
tively) although this difference did not meet statistical significance
(p=0.23).

3.3. Left ventricular function

Mean LV function for the entire cohort was moderately reduced,
with an LVEF of approximately 36%. There were no significant differ-
ences in terms of LVEDV, LVESV, LVSV, LV mass and LVEF when cal-
culated by either sequence (see Table 3).

Fig. 3 displays the results of the regression analyses comparing the
traditional vs. accelerated sequences with regard to LVSV, LV mass,
LVEF, LVEDV and LVESV. The linear regression models show very good
agreement between the standard and accelerated sequences with regard
to these parameters. Bland-Altman analyses for all parameters were

performed and are visually displayed in Fig. 4. The mean differences
with 95% limits of agreement were as follows: LV mass (−0.6,−22.9 g,
21.6 g), LVEDV (5.1mL, −18.4 mL, 28.9 mL), LVEF (−0.3, −5.4, 4.7),
LVESV (4.0mL, −12.0 mL, 20.0mL), LVSV (1.1mL, −13.3 mL,
15.5 mL). Inter and intraobserver variability for all LV functional
parameters are reported in Table 4. Interobserver variability ranged
from 0.1 to 6.3% while intraobserver variability ranged from 0.1 to
1.8%.

4. Discussion

We found that there was very good to excellent image quality for
both the accelerated cine imaging and standard of care cine imaging.
The accelerated sequence produced images in approximately 29 s vs.
approximately 6–7min for the traditional sequence. There were no
significant differences in terms of left ventricular mass, volumes and
ejection fraction between the accelerated and traditional techniques,
with no clinically significant bias and with good intra and interobserver
agreement.

Cardiac magnetic resonance (CMR) cine imaging is the core pillar in

Fig. 3. Scatterplots comparing (a) LVEDV, (b) LVESV, (c) LVSV, (d) LV mass and (e) LVEF between the traditional and accelerated cine sequences.
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the assessment of patients with cardiomyopathy, the number one in-
dication for CMR worldwide [18–20]. Cine imaging allows for accurate
assessment of left ventricular volumes and ejection fraction (LVEF)
[8,21–25]. LVEF is used to risk stratify patients and to direct manage-
ment that has been shown to improve patient outcomes [4,26,27].
Despite its importance there has been a lack of uptake of CMR, most
notably in North America. For example, recent data from Canada in-
dicate that there are long wait-lists for this important diagnostic test,
regularly exceeding 9–12months in many institutions. This lack of
availability results in delays in patient management. One reason for the
long-wait times is the long acquisition times for currently used CMR
clinical protocols [10]. Traditional cine imaging utilizes electro-
cardiogram-gating and breath-holding. Imaging datasets are acquired
over multiple breath-holds and then combined to produce the final
images. Typically, 1–2 myocardial slices are acquired with each breath-
hold. Covering the entire left ventricle requires approximately 6–10

breath-holds and 6–8min of scan time [2,7]. The long wait times have
provided an impetus to develop faster imaging protocols. Recently,
Siemens Inc. has developed compressed sensing cine CMR where
images are acquired over a single-breath hold. A recent paper reported
that LV functional assessment by this technique was similar to tradi-
tional cine imaging [12]. Similarly, our data indicate that the ac-
celerated cine technique that we evaluated produced similar assess-
ments of left ventricular structure and function but in a fraction of the
time. The R2 values, mean differences and inter and intraobserver
variability measures that we reported were similar to those reported by
others evaluating novel cine imaging techniques [12,28–30]. In addi-
tion, the technique we evaluated utilized a free-breathing, real-time
approach to image acquisition. The advantage of this technique is two-
fold. First, by not requiring breath-holding one is able to acquire images
in a more rapid manner. Second, the technology potentially expands the
pool of patients who would be able to undergo cine CMR, including

Fig. 4. Bland-Altman plots demonstrating the mean difference and 95% limits of agreement between the traditional and accelerated sequences for (a) LVEDV, (b)
LVESV, (c) LVSV, (d) LV mass and (e) LVEF.
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those who are unable to breath-hold and those with cardiac ar-
rhythmias such as atrial fibrillation. The potential advantage of this
sequence in patients with arrhythmias can be summarized as follows: In
traditional cine imaging, each image is acquired over multiple heart
beats. In that case, high-quality images require that the heart return to
exactly the same location at each heartbeat. This can be problematic in
the case of arrhythmias leading to significant motion artifact. In con-
trast, the novel accelerated sequence that we tested utilizes cardiac
gating to advance the slice position. After advancement, two heartbeats
of data are acquired for each position. After two heartbeats the se-
quence advances to the next location. At each slice location, data are
acquired continuously in a real-time fashion without any assumptions
or segmentation based upon the cardiac cycle. If an arrhythmia occurs
during the acquisition of any slice, high-quality images will be obtained
of that arrhythmic heart-beat.

A major drawback to the radial cine acquisition employed in the
novel accelerated cine sequence that we evaluated lies in its sensitivity
to off-resonance artifacts caused by the main field inhomogeneity [31].
This characteristic can lead to artifacts from implanted materials such
as sternal wires which can ultimately culminate in distorted image
quality. There are several corrections performed on the novel ac-
celerated sequence to minimize off-resonance artifacts for spiral
images. First, independent shims are applied for each slice, optimizing
the field correction for each slice individually. Second, the sequence
utilizes very short spiral interleaves. Because these artifacts arise from
spin dephasing during the acquisition window, shorter acquisitions
limit signal loss. These corrections significantly minimize image blur-
riness such that the artifact does not extend into the myocardium where
it can impact myocardial contouring, and subsequently, calculation of
ventricular volumes and ejection fraction. This technology contrasts
with compressed sensing which uses spatiotemporal regularization,
incorporating the assumption that the acquired data is sparse in the
wavelet domain. When pushed to high acceleration factors, this reg-
ularization can lead to significant artifact and image blurring which
often also extends into the myocardium.

In our study, we had two subjects with in-situ sternal wires as the
result of prior cardiac surgery. The videos and still frames of one of
these subjects are provided in Videos 1 and 2 and in Fig. 1. As can be
appreciated, the artifact from the sternal wires is more pronounced in
the radial acquisition when compared to the traditional cartesian SSFP
acquisition. However, the artifact does not extend into the epicardium
and endocardium of the heart and thus did not influence subsequent
calculation of LV mass, volumes and EF.

4.1. Clinical importance

Our work is the first step towards clinical validation of a novel,
accelerated free breathing cine CMR technique in a population of pa-
tients with cardiomyopathy utilizing a standard SSFP sequence as the
gold standard. If our results are replicated in larger multi-centre studies,
this sequence may replace traditional and slow cine imaging techni-
ques, thus allowing for more scans to be performed per unit time and
contributing to the reduction in wait times for CMR. Further, this
technique can potentially expand the pool of patients who would be
eligible to undergo CMR by introducing the possibility of accurate
scanning for those who are unable to hold their breath and those with
arrhythmias such as atrial fibrillation.

4.2. Limitations

Our study must be interpreted in the context of its limitations. First,
this is a relatively small, single-centre study. With that said, it is similar
in size to a number of previously published studies evaluating new MRI
sequences [28,29,32,33]. Future, larger, multi-centre studies will need
to be conducted in order to confirm our results. Second, a potential
application of this free-breathing technique lies in patients with cardiac
arrhythmias. In our cohort, only one of our patients had atrial fi-
brillation at the time of the scan. Future studies aimed at comparing LV
function between standard and accelerated free-breathing sequences
should focus on the population of patients with atrial fibrillation. Third,
our accelerated cine sequence produced images with worse spatial and
temporal resolution when compared to the traditional cine sequences.
However, it is doubtful that this difference in resolution leads to sig-
nificant clinically important differences. Fourth, while the initial eva-
luation of the novel accelerated cine sequence was conducted on pa-
tients referred for cardiomyopathy, a logical initial population to
evaluate, it is important to subsequently evaluate its performance in a
broad array of patient populations. Future studies should focus on its
evaluation in diverse patient populations including those with con-
genital heart disease and cardiac masses. Fifth, we evaluated the novel
accelerated sequence in a 1.5 T imaging environment exclusively. Off-
resonance artifacts from the radial acquisition may be more pro-
nounced at 3 T and future studies should focus on evaluating the se-
quence in the 3 T environment. Finally, although it is true that the
traditional cine images were ranked slightly higher on a qualitative
image quality scale, both sequences were in a similar range and there
was no statistically significant difference between them with regard to
this qualitative parameter. More importantly, our quantitative analyses
showed that there were no significant differences in the calculation of
key parameters of left ventricular structure and function, most notably
LVEF, between the accelerated and traditional techniques.

5. Conclusions

The novel, accelerated free-breathing SSFP cine sequence that we
evaluated performed similarly to standard of care multiple breath-hold
cine SSFP and was acquired in a fraction of the time without the need
for breath holding. If applied to clinical practice, these results lay the
foundations for a significant potential reduction of scanning time and
may also facilitate scanning in those patients who are unable to breath-
hold.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.06.008.
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