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Purpose: To develop and validate a non-contrast free-breathing whole-heart 3D cine steady-state free precession
(SSFP) sequence with a novel 3D radial leaf trajectory.

Methods: We used a respiratory navigator to trigger acquisition of 3D cine data at end-expiration to minimize
respiratory motion in our 3D cine SSFP sequence. We developed a novel 3D radial leaf trajectory to reduce
gradient jumps and associated eddy-current artifacts. We then reconstructed the 3D cine images with a resolution
of 2.0mm® using an iterative nonlinear optimization algorithm. Prospective validation was performed by
comparing ventricular volumetric measurements from a conventional breath-hold 2D cine ventricular short-axis
stack against the non-contrast free-breathing whole-heart 3D cine dataset in each patient (n = 13).

Results: All 3D cine SSFP acquisitions were successful and mean scan time was 07:09 + 01:31 min. End-diastolic
ventricular volumes for left ventricle (LV) and right ventricle (RV) measured from the 3D datasets were smaller
than those from 2D (LV: 159.99 + 42.99 vs. 173.16 + 47.42; RV: 180.35 + 46.08 vs. 193.13 + 49.38; p-val-
ue<0.044; bias<8%), whereas ventricular end-systolic volumes were more comparable (LV: 79.12 + 26.78 vs.
78.46 + 25.35; RV: 97.18 + 32.35 vs. 102.42 + 32.53; p-value>0.190, bias<6%). The 3D cine data had a lower
subjective image quality score.

Conclusion: Our non-contrast free-breathing whole-heart 3D cine sequence with novel leaf trajectory was robust
and yielded smaller ventricular end-diastolic volumes compared to 2D cine imaging. It has the potential to make
examinations easier and more comfortable for patients.

1. Introduction thickness of 2D images compared to their in-plane resolution, stacks of

contiguous 2D images cannot be reformatted in other planes. Therefore,

The evaluation of ventricular function and measurement of ventric-
ular volumes by cardiovascular magnetic resonance imaging (MRI) is
traditionally achieved using 2D cine steady-state free precession (SSFP)
sequences [1]. In conventional procedure, two to four long-axis and ten
to fifteen short-axis ventricular slices are prescribed to cover both ven-
tricles. To minimize respiratory motion artifact, one or two slices are
acquired at a time while the patients are asked to hold their breath for
about five to fifteen seconds. However, this 2D breath-hold method
contains several known shortcomings. Due to the relatively large slice

ventricles must be imaged in different orientations with careful pre-
scribing of imaging planes by expert operators. Further, very young or
too-ill patients might not be able to hold their breath [2]. Even patients
capable of perfect breath-holding may have some difficulties accom-
plishing a consistent level of breath-holding, resulting in inaccurate
measurements of ventricular volumes [3].

A 3D cine SSFP sequence with an isotropic resolution prescribed in a
straight imaging plane solves the shortcomings of 2D cine SSFP acqui-
sitions since it does not require breath-holding, does not need
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Fig. 1. Schematic diagram of the non-contrast free-breathing 3D cine sequence. A respiratory navigator is used to trigger the acquisition of 3D cine dataset during the
transition from end-inspiration to expiration in two consecutive beats. The first beat is to allow the net magnetization vector to reach steady-state, and the second

beat is used for data acquisition.

prescription of an angulated imaging plane, and—once acquired—can
be reformatted into long-axis and short-axis views for ventricular vol-
ume measurements. In previous studies, 3D cine SSFP datasets have
been acquired in a single breath-hold [4-12] using parallel imaging
[13,14] and compressed sensing [15] techniques. However, single
breath-hold 3D cine SSFP acquisition has not been widely adopted
clinically because it sacrifices spatiotemporal resolution beyond that
which is optimal for accurately measuring ventricular volumes [16].
Free-breathing acquisitions with respiratory motion compensation al-
gorithms have been introduced to increase spatiotemporal resolution in
3D cine SSFP datasets [16-23], but they suffer from several shortcom-
ings. These shortcomings include not sampling the entire cardiac cycle
and requiring intravenous administration of gadolinium or iron-based
contrast agents.

In this study, we developed and implemented a non-contrast free-
breathing whole-heart 3D cine SSFP sequence with a novel 3D radial leaf
trajectory that employs a conventional respiratory navigator to pro-
spectively trigger the acquisition of high spatiotemporal resolution 3D
cine data covering the entire cardiac cycle around respiratory end-

A)

expiration. The 3D radial dataset was then reconstructed offline using
compressed sensing with total variation and wavelet transformation.
The 3D cine images were compared with conventional 2D cine SSFP
acquisitions in regards to image quality and ventricular volume
measurements.

2. Methods
2.1. Non-contrast free-breathing whole-heart 3D Cine SSFP sequence

Fig. 1 illustrates the schematic diagram of the developed 3D cine
SSFP sequence, which was prescribed to cover the whole-heart and great
vessels in an axial orientation. A respiratory navigator (NAV) was placed
at the dome of the right hemidiaphragm to continuously track respira-
tory motion. When a transition from inspiration to expiration was
detected by the respiratory NAV, acquisition of the 3D cine dataset was
started in the two consecutive beats. The 3D cine dataset acquired in the
first beat was rejected since it did not cover the entire cardiac cycle due
to the presence of respiratory NAV. In our implementation, at least three
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Fig. 2. 3D radial golden angle phyllotaxis (A) and leaf (B) trajectories for the non-contrast free-breathing 3D cine sequence binned into 20 cardiac phases. The phase
jump during the large gradient change is indicated in the golden angle phyllotaxis trajectory.
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Fig. 3. A) Normalized mean difference and B) relative standard deviation (RSD) of the distance of each sampling point to its 4 closest neighbors for different number

of Turbo Field Echo (TFE) shots in phyllotaxis and leaf trajectories.

cardiac phases from the first beat were needed to allow the net
magnetization vector to reach steady-state [17]. After the transition
from respiratory inspiration to expiration, if there were at least three
cardiac phases in the first beat, we allowed the acquisition of 3D cine
data in the second beat (i.e., following beat) and the 3D cine data ac-
quired in the second beat was accepted for image reconstruction.
Otherwise, we rejected the second beat. After completion of the second
beat, the 3D cine acquisition paused, and the respiratory NAV monitored
the respiratory motion to detect the next transition from inspiration to
expiration. This procedure was repeated until all the prescribed k-space
data was acquired.

Switching off the 3D cine acquisition during inspiration reduces the
overall specific absorption rate and allows for T; recovery of the blood
and myocardium. The penalty for switching off the 3D cine acquisition is
that the steady-state is disrupted, and signal-to-noise-ratio and contrast-
to-noise ratio modulation is introduced because of the T; relaxation
[17]. To address these drawbacks and to minimize signal oscillations
during the early transient phase, at least three cardiac phases were
utilized to allow the net magnetization vector of the blood and
myocardium to reach steady-state. These cardiac phases were not used
for reconstruction as only the cardiac phases completely acquired within
the entire next cardiac cycle were accepted for image reconstruction.

2.2. 3D radial leaf trajectory

A 3D cine MRI sequence requires a sizable amount of data and, as
such, needs to be highly undersampled to reduce the imaging time to a
clinically acceptable range. The 3D radial trajectories, such as kooshball
[24,25] and golden angle phyllotaxis [26], are preferred over Cartesian
in a highly accelerated imaging sequence because their undersampling
artifact is less coherent [27]. The 3D golden angle phyllotaxis trajectory
is advantageous over other radial trajectories since it has a highly uni-
form sampling distribution, i.e., low mean distances between sampling
points [26]. The 3D golden angle phyllotaxis trajectory has, however, a
disadvantage when applied to cine imaging. It has relatively large jumps
from polar to azimuth plane after each interleaf, as shown in Fig. 2A.
These jumps require a sudden gradient change that creates eddy current
artifacts.

We developed a novel 3D radial leaf trajectory to reduce eddy cur-
rent artifacts. In our leaf trajectory, we defined M interleaves (element of
Fibonacci sequence), P shots per interleaf, and a temporal resolution of
20 phases. The spherical angles ¢1 5, 92,0, and 0, were then defined as:
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@10, @2,n describe two phyllotaxis distributions, both with opposing
spiral directions. All spirals were sorted such that each downward spiral
from the first distribution found an opposing upward spiral from the
second distribution. This pair of downward and upward spirals created a
leaf-shaped trajectory (Fig. 2B). Compared to 3D radial golden angle
phyllotaxis trajectory, leaf pairs permit smoother k-space transitions
from polar to azimuth plane with traversing the superior-inferior di-
rection every other cardiac phase. Leaf pairs should reduce eddy current
artifacts while maintaining the same low mean distances between
neighboring points (Fig. 3A) and a larger relative standard deviation of
the distance between each sampling point and its 4 closest neighbors
(Fig. 3B). Supporting Video S1 displays dynamic behavior of golden
angle phyllotaxis and leaf trajectories in 3D cine acquisitions with an
exemplary setting of M = 21 and P = 14. The leaf trajectory was suc-
cessfully implemented on a clinical scanner and used for the acquisition
of non-contrast free-breathing accelerated 3D cine images.

2.3. Nonlinear iterative image reconstruction

To construct the highly undersampled 3D cine dataset, we used a
compressed sensing reconstruction algorithm. For the minimization cost
function, we utilized a slight modification of cost functions employed by
XD-GRASP [28] and Sparse MRI [15] as:

d = argmin||[F e C od — m| 4+ 1, TV(d) + /o ||W e d||,,
d

where d is the desired reconstructed 4D image, m is the acquired k-space
data, F is the nonuniform fast Fourier transform operator, and C is the
coil sensitivity maps. The following steps were performed to compute
coil sensitivity maps: 1. Each radial k-space data point was cropped to
keep only the inner 25% of readout points and zero-pad the remaining
data; 2. A symmetric Hanning window was then applied to the cropped
radial spokes to ensure a smooth transition of the signal in each radial
spoke; 3. We performed nonuniform fast Fourier transform on the k-
space data to generate an image from each coil. A combined image was
then generated by calculating the root sum squares of the images from
all the coils. The coil sensitivity map was then calculated by dividing the
image from each coil by the combined image. TV indicates the finite-
differences operator, also known as total-variations, which was
applied along the cardiac motion dimension. ¥ indicates 3D ‘Daube-
chies’ spatio wavelet transform, which was applied for each cardiac
phase individually [15]. 4; and A3 describe the regularization parame-
ters for TV and wavelet transformation, respectively. Regularization
parameters were determined using a two-dimensional refining iterative
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Sagittal

Fig. 4. Phantom study comparing phyllotaxis and leaf trajectories in an isotropic whole-heart 3D cine SSFP acquisition. Phantom images are shown in coronal,
transversal, and sagittal views. Yellow arrows indicate less eddy current artifact and superior image quality for the leaf trajectory reconstruction compared to
phyllotaxis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

grid search for minimizing streaking and blurring artifacts. A non-linear
conjugate gradient method with backtracking line search was used for
minimization [15]. Residual high frequency flickering was suppressed
by adding a median filter along the cardiac motion dimension.

2.4. Phantom study

A phantom study was performed to evaluate the efficacy of the leaf
trajectory and compare it with the phyllotaxis trajectory. A high-
resolution static phantom was imaged using a 1.5 T Achieva-dStream
Philips MRI scanner (Philips Medical Systems, Best, the Netherlands)
and a 32-element receiver coil-array with the whole-heart 3D cine SSFP
sequence. We repeated the whole-heart 3D cine SSFP acquisitions in an
axial plane twice: first with phyllotaxis trajectory and second with leaf
trajectory. The whole-heart 3D cine SSFP sequence had the following
imaging parameters: field-of-view (FOV) = 250x250x250mm, acquired
resolution = 2.0 mm? (isotropic), flip-angle (FA) = 60.0°, repetition-
time (TR) = 3.3 ms, echo-time (TE) = 1.62 ms, acquired heart phases
= 20, reconstructed heart phases = 30, bandwidth (BW) = 1.8 kHz,
number of interleaves (M) = 144, number of shots per interleave (P) =
15, and undersampling rate = 11.4. The scan time of the whole-heart 3D
cine SSFP acquisition was the same for both phyllotaxis and leaf
trajectories.

2.5. Subjects

We performed a prospective study to assess the performance of our
non-contrast free-breathing whole-heart 3D cine SSFP sequence with 3D
radial leaf trajectory compared to the breath-hold 2D cine SSFP acqui-
sition in clinical practice. Thirteen patients (7 male, median age 18
[range 11-26] years, median heart rate 79 [range 54-105] bpm) were
included in the study. All included participants underwent a cardio-
vascular MRI examination that did not include administration of a
contrast agent nor sedation. A written consent was acquired from all
participants and the study was approved by our institutional review
board committee.

67

2.6. Imaging protocols

A 1.5 T Achieva-dStream Philips MRI scanner was used for cardio-
vascular MRI examinations. A breath-hold 2D cine SSFP sequence with
retrospective electrocardiogram gating was used to image all partici-
pants, resulting in the acquisition of a stack of ten to fifteen slices in the
ventricular short-axis view. Two slices were acquired per breath-hold
requiring the participants to hold their breath at end-expiration for
about ten to fifteen seconds. The imaging parameters for the 2D cine
SSFP acquisition were as follows: FOV = 260 x 260 mm, k-space tra-
jectory Cartesian, spatial resolution = 1.80 x 1.80 mm, reconstructed
spatial resolution = 1.25 x 1.25 mm, slice-thickness = 8.0 mm, slice-
gap = 0.0-2.0 mm, FA = 60.0°, TR = 2.8 ms, TE = 1.4 ms, BW = 1.10
kHz, acquired heart-phases = 20, reconstructed heart-phases = 30, and
compressed-SENSE x 2. At the end of the clinical exam, our non-contrast
free-breathing whole-heart 3D cine SSFP sequence with 3D radial leaf
trajectory was acquired in an axial plane with the following imaging
parameters: FOV 180-200 mm?, spatial resolution = 2.0 mm>
(isotropic), FA = 60.0°, TR = 2.9-3.1 ms, TE = 1.44-1.55 ms, BW =
1.74 kHz, acquired heart-phases = 20, reconstructed heart-phases = 30,
number of interleaves (M) = 377, and number of shots per interleave (P)
= 12.46 £ 2.47. Due to the different heart rates of the patients, P varied
such that the acquisition of 20 cardiac phases within a cardiac cycle was
guaranteed. Because the FOV was different for each patient, the
undersampling rate varied. The average undersampling rate was 6.7 +
1.25.

2.7. Image analysis

The breath-held 2D images were reconstructed on the scanner. The
free-breathing 3D cine images were reconstructed offline using a high-
performance computing cluster with 72.73 + 15.37 GB RAM and 4
CPU units supported by the research computing group at our institution.
The images were then transferred to a workstation and evaluated using
MASS research software (Leiden University Medical Center). One
physician experienced in cardiovascular MRI (JR) reformatted the 3D
cine images into short-axis views similar to the 2D cine images and
measured left and right ventricular end-diastolic volume (EDV) and end-
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Fig. 5. Phase of center point of k-space in a 3D cine SSFP sequence with phyllotaxis (A) and leaf (B) trajectories. The phase jump during the large gradient change is
visible (yellow arrows) in the center line of k-space along the superior-inferior direction in the golden angle phyllotaxis trajectory. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

systolic volume (ESV) using a standard summation of disks approach.
The image quality of the ventricular borders on the short-axis images
was qualitatively scored by two clinicians (JR and LPB) based on a 4-
point scale: 1) poor, 2) fair, 3) good, and 4) excellent [29].

2.8. Statistical analysis

Median and range or mean and standard deviation were used to
report the statistics, as appropriate. Normality was tested using a
Shapiro-Wilk test. Either a two-tailed paired t-test or a Wilcoxon signed-
rank test was used to compare two groups of paired data with Gaussian
and non-Gaussian distributions, respectively. The two tailed t-test was
used to compare the volumetric measurements and the Wilcoxon signed-
rank test was used to compare the image quality scores. A P-value <0.05
was considered statistically significant. The differences between 2D and
3D ventricular volumes were calculated, and Bland-Altman analysis and
Pearson’s correlation coefficient were used to compare the 2D and 3D
ventricular volumes [29].

3. Results
3.1. Phantom study

The results of the phantom study are shown in Figs. 4 and 5. As
shown in Fig. 4, the images from leaf trajectory have less artifact
compared to phyllotaxis trajectory. Yellow arrows in Fig. 4 indicate
artifacts which appear in the phyllotaxis reconstruction but are sup-
pressed using the leaf trajectory. The projections in the superior-inferior
direction of both phyllotaxis and leaf trajectories are compared in Fig. 5.
The k-space jumps (indicated by yellow arrows) which occur in the
phyllotaxis trajectory but are suppressed in the leaf trajectory are visible
over the entire scan time

3.2. Subjects

All participants completed the imaging protocols successfully. The
principal diagnoses of participants were as follows: left-sided obstruc-
tive lesions (n = 4, 2 with isolated aortic valve disease, 1 with coarc-
tation of the aorta and bicuspid aortic valve, 1 with hypoplastic left
heart syndrome palliated to a Fontan circulation), conotruncal abnor-
malities (n = 4; 3 tetralogy of Fallot and 1 double-outlet right ventricle
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Fig. 6. Non-contrast free-breathing 3D cine images at end-diastolic and end-systolic cardiac phases from an 18 year old male patient with repaired tetralogy of Fallot.
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Fig. 7. Non-contrast free-breathing 3D cine images at end-diastolic and end-systolic cardiac phases from a 24 year old female patient with transposition of the great
arteries after [arterial/atrial] switch operation. Arrows show the location of sternal wires. The image quality is negatively influenced by their presence.

with subpulmonic ventricular septal defect and pulmonary stenosis),
simple left-to-right shunts (n = 2, 1 atrial septal defect, 1 ventricular
septal defect), Marfan’s syndrome (n = 1), cardiomyopathy (n = 1), and
Ebstein anomaly of the tricuspid valve following Cone operation (n = 1).

3.3. Scan time and image quality

Figs. 6, 7, and Supporting Video S2 display examples of non-contrast
free-breathing 3D cine images acquired from 3 patients. Fig. 8 compares
the reformatted non-contrast free-breathing 3D cine images in the short-
axis view with their corresponding breath-hold 2D cine images in 2
patients. Table 1 demonstrates the image quality score of 2D and 3D cine
images by 2 clinicians. On average, the non-contrast free-breathing 3D
cine images had lower image quality scores than the 2D images for both

69

LV (3.44 + 0.58 vs. 2.15 + 0.6; p-value<0.01) and RV (3.19 + 0.53 vs.
2.15 + 0.48; p-value<0.01). Mean scan time and reconstruction time for
the non-contrast free-breathing 3D cine sequence were 07:09 + 01:31
min and 06:10 + 1:28 h, respectively.

3.4. Ventricular volume measurements

Table 2 and Fig. 9 compare the left and right ventricular volumes
calculated from 2D and 3D cine images. Of note, means of observed 3D
cine measurements of EDVs were smaller (p-value<0.044 and system-
atic bias between 6 and 8%), while means of observed ESVs were
comparable (p-value >0.190 and systematic bias <6%). There was
excellent correlation between the ventricular volumes measured by non-
contrast free-breathing 3D cine images and conventional breath-held 2D
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Patient 2

Patient 1

Fig. 8. 2D and 3D short-axis mid-ventricular cine images in diastolic cardiac
phase acquired from a 24 year old female patient with transposition of the great
arteries (Patient 1) and a 19 year old male patient with cardiomyopathy (Pa-
tient 2).

Table 1
Qualitative image quality score for 2D and 3D cine images (n = 13).
Scorer 1 Scorer 2
LV RV LV RV
2D images 3.08 +£0.76 2.92 + 0.64 3.81 £0.33 3.46 + 0.38
3D images 1.54 £ 0.66 1.85 + 0.38 2.77 + 0.53 2.46 + 0.56
P-value <0.005 <0.005 <0.005 <0.005

Values are mean =+ standard deviation. P-values are reported for Wilcoxon rank-
sum tests. LV, left ventricle; and RV, right ventricle. Quality score values range
from 1 (low quality) to 4 (high quality).

cine images (Pearson’s correlation coefficient > 0.91).
4. Discussion

We developed and evaluated a non-contrast free-breathing whole-
heart 3D cine SSFP sequence with a novel 3D radial leaf trajectory.

Table 2
Ventricular volumetric measurements for 2D and 3D cine images (n = 13).
LV RV
EDV ESV EDV ESV
2D images (ml) 173.16 £ 78.46 + 193.13 + 102.42 +
8 47.42 25.35 49.38 32.53
3D images (ml) 159.99 + 79.12 + 180.35 + 97.18 +
8 42.99 26.78 46.08 32.35
13.17 + —0.66 + 12.77 + 5.24 +
(2D—3D) (ml) 19.63 13.26 20.43 13.62
7.49 + —-1.22 + 6.54 + 5.18 +
— 0,
(2D—3D) (%) 10.64 17.14 11.15 14.73
P-value 0.032 0.860 0.044 0.190
Pearson’s 0.910 0.910 0.911 0.912
Correlation

Values are mean + standard deviation. EDV, end-diastolic volume; ESV, end-
systolic volume, LV, left ventricle; and RV, right ventricle. P-values are re-
ported for paired t-tests.
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This sequence uses standard diaphragmatic respiratory NAV technology
to trigger 3D cine acquisition at end-expiration, maintains the equilib-
rium state of the net magnetization vector, acquires data throughout the
entire cardiac cycle, and does not require administration of a contrast
agent. Rather than using the k-space lines along the superior-inferior
direction for respiratory motion compensation and continuously
acquiring the 3D cine data over the entire respiratory cycle as a 5D
dataset [23], we used respiratory NAV to trigger data acquisition at end-
expiration to limit the specific absorption rate and improve the image
quality [17]. We also employed a novel 3D radial leaf trajectory for 3D
cine acquisition instead of 3D radial golden angle phyllotaxis trajectory
because it has a smooth transition from polar to azimuth plane leading to
less eddy current artifacts. This trajectory has the same low mean dis-
tances between neighboring sampling points as the phyllotaxis trajec-
tory. The leaf trajectory has a larger relative standard deviation of
sampling points compared to the phyllotaxis trajectory which could be
beneficial in compressed sensing reconstruction algorithms since it in-
creases randomness of the sampling points. Similar to our technique,
Usman et al. [21] utilize a golden angle Cartesian trajectory with spiral
profile ordering for a 3D cine acquisition of the whole-heart and
vasculature. In such techniques, computational complexity is lower as
gridding and re-gridding steps are not required. However, the novel leaf
trajectory benefits from less coherent undersampling artifact as more
randomness helps to recover missing k-space data in the compressed
sensing reconstruction algorithms. Also, in a pure radial leaf trajectory,
shorter TR values can be achieved. In addition, 3D radial leaf trajectory
does not require fold-over suppression or a large FOV in fold-over di-
rection to avoid wrap around artifact.

In a phantom study, we showed that leaf trajectory has a smooth
transition from polar to azimuth plane leading to less artifact associated
with jumps in gradients and eddy current. When applied to our pro-
spective cohort, all the respiratory triggered non-contrast free-breathing
whole-heart 3D cine SSFP acquisitions were successful, and the mean
scan time was 07:09 + 01:31 min. Observed ventricular EDVs from the
3D cine images were marginally smaller than the ones measured from
the 2D cine acquisition, while observed ventricular ESVs were compa-
rable. Biases in ventricular volumetric measurements were all <8%,
which is consistent with observed inter-scan variability in congenital
heart disease patients [30]. The 3D and 2D cine images had identical
temporal resolution; however, reformatting the 3D images into a short-
axis view decreased the spatial resolution of the 3D cine images
compared to the 2D datasets. This difference could have been associated
with lower ventricular volumes as we found [31,32]. Further, it is
probable that physiologic changes in ventricular filling during breath-
holding versus free-breathing contributed to the bias between ventric-
ular volumes measured from 2D and 3D cine images. One other possible
reason for underestimation of ventricular EDVs might be related to the
image quality of the 3D cine dataset, as the contouring physician had
difficulty discerning some free wall borders. Holst et al. [33] employed a
3D double golden angle whole-heart cine sequence to evaluate the
amount of variation in LV EDV throughout the respiratory cycle in
healthy adults. They showed that LV EDV was greatest during mid res-
piratory expiration and lowest during mid respiratory inspiration with a
maximum difference of about 5% over a 25-min 3D cine whole-heart
acquisition. The mean maximum LV EDV for their cohort of healthy
adults was 159 4= 5 ml. For our cohort, the mean LV EDV was 159.99 +
42.99 ml. Our patient population was composed of children and adults
with and without significant congenital heart disease, many with very
complex anatomy [34]. As a result, we observed a higher variance in our
ventricular volume measurements across the cohort.

On average, the image quality score of our 3D cine images was nearly
one grade lower than for the 2D datasets. The lower blood-to-
myocardium contrast ratio and signal-to-noise ratio in the 3D cine im-
ages likely contributed to this finding. Blood and myocardium signal
intensity was influenced by various factors in this study. In 2D acqui-
sitions, unexcited blood flowing into the imaging plane creates bright
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Fig. 9. Bland-Altman plots comparing left and right ventricular volumes computed from 2D and 3D cine images. The mean difference (bias) and 95% upper and
lower limits of agreement (LOA) as well as the 95% confidence interval for the bias are shown in the figs. LV, left ventricle; and RV, right ventricle.

signal in ventricular cavities [35]. However, in the 3D acquisitions, the
FOV and volume of excitation are larger, and the blood flowing into the
imaging volume is already excited and saturated. The saturated
inflowing blood creates darker signal in the ventricular cavities and
reduces the image quality of the 3D cine images [35]. To reduce the
saturation effect and improve the image quality, similar to Henningsson
et al. [17], we acquired the 3D cine data only during end-expiration to
allow the net magnetization vector of blood and myocardium to recover
during inspiration. Other investigators [18,20,22] used administration
of either gadolinium-based or iron-based T;-shortening intravenous
contrast agents to significantly improve the signal-to-noise and blood-to-
myocardium contrast-to-noise ratio. These contrast agents are, however,
associated with side effects including deposition in the brain [36] and
anaphylaxis [37]. To avoid the use of contrast agents, Feng et al. [23]
frequently interrupted the 3D cine acquisitions to nullify the signal from
fat and improve the blood-to-myocardium contrast ratio and signal-to-
noise ratio.

Based on the results of this study, we are optimistic about the clinical
usefulness of our 3D cine sequence with a novel 3D radial leaf trajectory.
It does not require breath-holding, eliminates the need for contrast
agents, has an acceptable scan time, is easy to prescribe an imaging
volume, and provides the reformatting advantages of a volumetric
dataset. In the current implementation, the image quality of the 3D cine
images is still lower than the conventional 2D cine datasets. Suppressing
the signal from fat may help to further improve image quality [38]. The
acquired k-space lines along the superior-inferior direction in the leaf
trajectory could also be used to correct for residual respiratory motion
left in the 3D cine datasets. Further, in our study, a basic implementation
of coil sensitivity maps was used. Scanner-embedded coil sensitivity
maps are expected to deliver higher quality and would presumably lead
to an increase in the image quality.

Limitations of our study include the relatively small sample size.
Additional differences between the 3D and 2D cine acquisitions might be
revealed when analyzing a larger sample size. We did not include pa-
tients under anesthesia in this study because the addition of our
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experimental protocol would have prolonged their sedation time.
However, we would expect increased image quality using the 3D cine
sequence in patients under anesthesia since anesthetized patients
commonly have a more regular breathing pattern and heart rate. A
systematic optimization of the 3D cine parameters with the leaf trajec-
tory remains to be performed. A 2.0 mm® spatial resolution and mean
undersampling rate of 6.7 were chosen because they provided accept-
able image quality and an average increase in scan time of 7.09 min.
However, 7.09 min of scan time is still long for a spatial resolution of 2.0
mm?®. Irregularities in breathing patterns and cardiac cycle length could
lead to an increased amount of rejected 3D cine data (i.e., decreased scan
efficiency) and result in longer imaging time. Furthermore, we did not
use a contrast agent in our free-breathing 3D cine acquisitions to
improve signal-to-noise ratio or spatial resolution. A 2.0 mm® spatial
resolution was chosen to maintain reasonable signal-to-noise ratio and
image quality. Although administration of contrast agent would be
helpful to improve signal-to-noise ratio and spatial resolution [39], our
aim was to develop a needle-free 3D cine acquisition that does not
require a contrast agent; thus, increasing the safety and patient comfort
associated with CMR examinations. The respiratory navigator employed
in our free-breathing 3D cine acquisitions has some limitations. It does
not directly measure the respiratory motion of the heart and uses the
respiratory motion of the right hemidiaphragm as a surrogate. It also
requires planning that may require extra time from imaging experts to
prescribe the position of the respiratory navigator. Finally, respiratory
drift may occur during the free-breathing acquisitions. Even accounting
for these limitations, the respiratory navigator is one of the most
frequently used techniques in clinical practice. The reconstruction time
of the 3D cine images is prohibitively long for real-time assessment of
cardiac function while the patient is in the scanner. However, we expect
to significantly reduce the reconstruction time of 3D cine images in the
future by using an artificial-intelligence-based reconstruction algorithm
[40-43].
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5. Conclusion

We developed a non-contrast free-breathing whole-heart 3D cine
SSFP sequence with a novel radial leaf trajectory. Observed ventricular
end-diastolic volume measurements using this sequence were slightly
smaller than those obtained with a conventional breath-hold 2D cine
SSFP acquisition. Scan time was within a clinically acceptable range.
Such 3D cine acquisitions eliminate the need for breath-holding,
contrast agents, and plane-planning at the time of acquisition; and
thus, they simplify scanning.
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