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ABSTRACT
Object: To evaluate a single-breath-hold approach for Cartesian 3-D CINE imaging of
the left ventricle with a nearly isotropic resolution of 1.9 × 1.9 × 2.5 mm3 and a breath-

hold duration of ∼ 19 s against a standard stack of 2-D CINE slices acquired in multiple

breath-holds. Validation is performed with data sets from 10 healthy volunteers.

Materials and Methods: A Cartesian sampling pattern based on the spiral phyllotaxis and
a compressed sensing reconstruction method are proposed to allow 3-D CINE imaging
with high acceleration factors. The fully integrated reconstruction uses multiple graphics
processing units to speed up the reconstruction. 2-D CINE and 3-D CINE are compared
based on ventricular function parameters, contrast-to-noise ratio and edge sharpness measurements.
Results: Visual comparisons of corresponding short-axis slices of 2-D and 3-D CINE show
an excellent match, while 3-D CINE also allows reformatting to other orientations. Ventricular function parameters do not significantly differ from values based on 2-D CINE
imaging. Reconstruction times are below 4 min.
Conclusion: We demonstrate single-breath-hold 3-D CINE imaging in volunteers and
three example patient cases, which features fast reconstruction and allows reformatting to
arbitrary orientations.
Key words: 3-D CINE imaging, compressed sensing, ventricular function
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INTRODUCTION
CINE magnetic resonance imaging (MRI) allows the assessment of cardiac morphology
and function. To determine ventricular function parameters, the current gold standard is
a stack of 2-D CINE acquisitions in multiple breath-holds to cover the ventricles. This is
suboptimal in several respects. Firstly, multiple breath-holds in quick succession require
a high degree of cooperation from patients and may put increased strain on them, which
might result in imperfect breath-holding. Secondly, while typical 2-D CINE acquisitions
feature a high in-plane resolution, their low slice resolution does not allow retrospective
reformatting to arbitrary orientations, e. g. from short-axis to long-axis views.
Based on advancements for accelerating MRI acquisitions, such as parallel imaging [1, 2] and compressed sensing (CS) [3, 4], addressing these limitations has been an
ongoing topic of research. On the one hand, certain methods try to reduce patient strain
by restricting the acquisition to a single breath-hold. One option is real-time 2-D CINE
imaging [5]. The other is 3-D CINE imaging, e. g. based on 3-D “stack-of-spirals” acquisition [6, 7] or Cartesian acquisition [8] using parallel imaging acceleration and 3-D
radial “stack-of-stars” acquisition [9] using CS acceleration. The reported length of this
breath-hold ranges from 10 to 27 s. However, none of these methods feature a high slice
resolution (the reported slice thickness ranges from 3 to 10 mm), so retrospective reformatting is not possible without sacrificing image quality. On the other hand, different methods
forgo breath-holding altogether and acquire data during free breathing. Methods for 3-D
CINE imaging include a Cartesian-sampled, parallel-imaging-accelerated approach [10], a
Cartesian-sampled CS-accelerated approach [11] and one based on radial acquisition [12].
3-D CINE in the context of congenital heart disease using Cartesian sampling and CS
without [13] and with [14] self-gating has been demonstrated in pediatric patients using
contrast agent and sedation. Some methods combine 3-D CINE and coronary angiography, either with radial [15] or golden-angle radial acquisition [16]. Another option is to
apply a super-resolution technique to multiple 2-D CINE stacks in different orientations
to obtain an isotropic 3-D CINE volume [17]. Naturally, these methods have much longer
acquisition times to have enough consistent data for reconstruction, with a reported range
of 4 to 14 min. Reconstruction times can also be longer, because data inconsistency due
to respiratory motion has to be addressed during reconstruction, and in general, because
reconstruction of non-Cartesian data is more time-consuming. However, the advantage
besides the lack of breath-holding is that most free-breathing methods feature isotropic or
nearly isotropic resolution, with reported values ranging from 1.0 to 2.5 mm3 .
We propose a single-breath-hold method for Cartesian 3-D CINE imaging of the left
ventricle (LV) with a nearly isotropic measured resolution of 1.9 × 1.9 × 2.5 mm3 inter-

polated to (1.9 mm)3 and a breath-hold duration of ∼ 19 s. The method is validated in
10 healthy volunteers and three example patient cases. Additionally, the feasibility of

whole-heart (WH) imaging in a single, prolonged breath-hold of ∼ 32 s is demonstrated in
volunteers. Image reconstruction is fully integrated into the scanner software, using mul-
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tiple graphics processing units (GPUs) for fast image calculation to enable reconstruction
times of less than 4 min.

MATERIALS AND METHODS
To achieve an acquisition time that fits within a single breath-hold, CS [3, 4] is applied
to reduce the number of samples necessary for image reconstruction. Our sampling pattern that guarantees an incoherent sampling of k-space and our non-linear reconstruction
incorporating a sparsity constraint in the wavelet domain are described in the following
subsections.

Sampling Pattern
Incoherent sampling of the Cartesian phase-encoding plane was achieved by using the
spiral phyllotaxis pattern [18], extended for multiple cardiac phases from the formulation
in [19]. As the acquisition was prospectively ECG-triggered, the sampling patterns for
each cardiac phase could be selected individually. To increase overall k-space coverage, a
spiral phyllotaxis pattern with the desired undersampling factor was successively rotated
by a fixed angle for each cardiac phase t ∈ [1, T ], with T the number of phases:
r
rn,t =

n
,
N

v

y
yn,t = rn,t
· cos ϕn,t ,

vy = v

Ny
Ny +Nz

,

(1)


√ 
ϕn,t = n · π 3 − 5 + t · ϕoffset ,

(2)

(3)

vz
zn,t = rn,t
· sin ϕn,t ,

(4)

(5)

Nz

vz = v Ny +Nz ,

(6)

where (rn,t , ϕn,t ) are the polar coordinates and (yn,t , zn,t ) the Cartesian coordinates of
sample n out of N total samples for the pattern of cardiac phase t. N is determined by
the desired acceleration factor and the size of the field of view. During the conversion
to Cartesian coordinates, a variable-density correction is applied using a variable-density
factor v = vy · vz split into separate factors for phase and partition direction according to
the image aspect ratio

Ny
Nz .

Values ϕoffset = 12◦ and v = 0.7 were empirically selected.

Time-averaged coil sensitivity maps (CSM) were computed with an ESPIRiT approach
[20], which requires a fully-sampled rectangular area around the center of k-space. Additionally, to enlarge the fully-sampled area, the pattern as defined by Equations (1)–(6) is
further modified by moving duplicate samples to adjacent, unsampled positions (cf. Figure 1). For each k-space position with duplicates, a duplicate is randomly selected and
moved to an unsampled position in its 8-neighborhood, i. e., direct neighbors in horizontal,
vertical and diagonal direction, if such a position exists. This process is repeated until no
more samples can be relocated.
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FIG. 1. Rotated phyllotaxis (a) and modified pattern (b) for 3 cardiac phases (red, green,
blue). The fully sampled area is outlined in black. The parameters for the pattern are Ny =
Nz = 64 and N = 374, giving an acceleration factor of approximately 11.

Data Reconstruction
For CS reconstruction, we used a non-linear, iterative SENSE approach [1] with spatiotemporal wavelet regularization. The “soft” SENSE method described in [20] was adopted
to prevent folding artifacts if the imaged object is larger than the field-of-view. For this
purpose, multiple images {xi,t }i∈[1,I],

t∈[1,T ] ,

with I the number of coil sensitivity maps

per coil and T the number of cardiac phases, are reconstructed as [21, 22]
{xi,t } i∈[1,I] = argmin
t∈[1,T ]

{x̂i,t }

+λσ · Imax
+λτ · Imax

I X
T X
C
X
i=1 t=1 c=1
I X
T
X
i=1 t=1
I
X
i=1

kAt F S i,c x̂i,t − y t,c k22

(7)

kW σ x̂i,t k1

> >
kW τ (x̂>
i,1 , . . . , x̂i,T ) k1 ,

where C denotes the number of coils, At is the sampling pattern for time t, F is the
Fourier transform, S i,c the element-wise multiplication by the ith sensitivity map of coil
c, y t,c the measured data for time t and coil c, λσ and λτ are the spatial and temporal
regularization parameters, W σ and W τ are spatial and temporal single-level redundant
Haar wavelet transforms, and Imax is the maximum image intensity used for scaling the
regularization parameters. We set I = 2, and only the images corresponding to i = 1,
i. e., those corresponding to the coil sensitivity maps with the largest eigenvalue, were
presented as the result of the reconstruction. The other images were only used during the
reconstruction for artifact prevention and then discarded.
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To solve equation (7), a FISTA optimization [21] alternated a gradient descent step for
the quadratic terms and the evaluation of the proximal operator of the `1 terms. The solution of the proximal step was computed using a memory-efficient algorithm proposed by
Chambolle and Pock [23]. The optimization was implemented on the graphics processing
unit (GPU) and also supports the use of multiple GPUs to achieve clinically acceptable
reconstruction times. In order to fit all required data into limited GPU memory, the
reconstruction was decoupled by performing a Fourier transform along the fully-sampled
readout direction. This reduces the 3-D+t reconstruction problem to many 2-D+t reconstructions with a smaller memory requirement, which can be computed in parallel.

Volunteer and Patient Population
3-D CINE imaging was performed in 10 healthy volunteers (3 female and 7 male, age 30±7)
and three patients (1 female and 2 male, age 48 ± 26) referred for cardiac MR imaging,

who were able to perform the required breath-hold. These patients were referred with
different suspected pathologies: intracardiac thrombus for patient 1, ARVD for patient
2 and hypertrophic cardiomyopathy for patient 3. Imaging confirmed the suspicion for
patients 1 and 2, but was negative for patient 3. The study was approved by the local
Institutional Review Board.

Acquisition
3-D CINE imaging in short-axis (SA) orientation was performed on 1.5 T clinical MR
scanners (MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany). One acquisition
covered just the left ventricle (LV) and was performed in volunteers and patients, another
covered the whole heart (WH) and was only performed in volunteers. A 3-D volumeselective, prospectively ECG triggered, balanced-SSFP prototype imaging sequence with
the following parameters was used: TR = 2.7 ms, TE = 1.2 ms, α = 38◦ , FOV for LV
400×(272±11)×(111±7) mm3 , FOV for WH 380×(265±10)×(150±8) mm3 , acquired voxel
size for LV 1.9 × 1.9 × 2.5 mm3 interpolated to (1.9 mm)3 , acquired voxel size for WH 1.6 ×

1.9 × 2.3 mm3 interpolated to (1.6 mm)3 , temporal resolution 42–48 ms, slice oversampling
of 25 %, fixed acceleration factor of 21 for LV and 23 for WH compared to the fullysampled matrix and a receiver bandwidth of 1045 Hz/Px. Due to the use of prospective
ECG triggering, the number of CINE phases varied according to the subject’s heart rate,
with the range of observed phases between 16–22. Signal reception was performed with 18
anterior and 12 posterior local coil matrix elements. The size of the fully-sampled k-space
center area used for CSM calibration varied between 24 × 24 to 32 × 32, based on the

subject’s heart rate. The breath-hold duration was 19 ± 2 heart beats for LV and 33 ± 2
heartbeats for WH. The acquisition time was 19 ± 5 s for LV and 32 ± 7 s for WH.

For all volunteers, a multi-slice SA 2-D bSSFP CINE acquisition with retrospective

gating using 2× accelerated GRAPPA [2] in 5–6 breath-holds was performed to cover the

6

same volume with a similar temporal resolution, an identical in-plane resolution and a slice
thickness of 8 mm. The acquisition time was 2 min 46 s ± 28 s, comprising of ∼ 15 s breath-

holds and breaks of 15 s between subsequent breath-holds. For the patient examples, the

reference multi-slice SA 2-D bSSFP CINE acquisitions had a higher in-plane resolution
of (1.1 mm)2 or (1.6 mm)2 , a slice thickness of 8 mm, and a temporal resolution of 32 ms.
Late gadolinium enhancement (LGE) imaging was also performed for patient 1 with an
in-plane resolution of (1.6 mm)2 and a slice thickness of 8 mm.

Iterative Reconstruction
The prototype reconstruction was fully integrated on a standard clinical scanner reconstruction system (8-core 2.1 GHz Intel® Xeon® processor, 64 GB RAM, NVIDIA®
Tesla™ K10, which comprises two GPUs of type GK104 with 8 GB VRAM).
To determine appropriate parameters for the iterative reconstruction, one volunteer
data set was reconstructed with a varying number of iterations (between 1 and 80), and
all volunteer data sets were reconstructed with a varying number of spatial regularization
factors λσ (between 0.0001 and 0.01) and temporal regularization factors λτ (between
0.05 and 0.0005). Convergence of the iterative process was determined by monitoring
the value of the objective function in equation (7). Visual inspection of the results for
different regularization factors by two cardiac MRI experts (6 and 17 years of experience,
respectively) was used to pick an appropriate regularization value, which were selected as
20 FISTA iterations, λσ = 0.001 and λτ = 0.005.

Image Quality Assessment
Quantitative assessment of image quality was performed for multiple criteria. Ventricular
function (VF) parameters — end-diastolic volume (EDV), end-systolic volume (ESV), and
ejection fraction (EF) — were assessed based on reference 2-D CINE acquisitions and 3D CINE and compared using the root-mean-squared error (RMSE) and Bland-Altman
analysis [24]. Specifically, slices in the 3-D CINE stack were selected to correspond to the
slices acquired for the 2-D CINE stack. In one dataset, VF parameters computed from a
volumetric 3-D segmentation of all slices were compared to those computed from a slicebased segmentation using the same slices acquired for the 2-D CINE stack. The software
syngo.via (Siemens Healthcare, Erlangen, Germany) was used to perform the evaluation.
The contrast-to-noise ratio (CNR) between blood pool and myocardium was determined by manually segmenting regions of interest (ROIs) in corresponding medial shortaxis slices of both reference 2-D CINE and proposed 3-D CINE as
CNR =

|mean(Rblood ) − mean(Rmyo )|
,
mean(Rblood )

(8)

where Rblood and Rmyo are the sets of image intensities in blood pool and myocardial
ROIs, respectively. The mean blood intensity was used in the denominator as opposed to
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FIG. 2. Edge sharpness computation in corresponding slices of reference 2-D CINE (a) and
proposed 3-D CINE (b): After a rough manual segmentation of the edge (red line in a, b),
orthogonal profile lines are placed along the edge (yellow lines in a, b), and the inverse of the
distance of the 20 % and 80 % points (black dots in c) between the minimum and maximum
intensity (red dots in c) along each profile line is computed (c).

its standard deviation to avoid a bias in favor of the CS reconstruction, where denoising
may lead to a decreased standard deviation.
The sharpness of the boundary between blood pool and myocardium was compared
for the same corresponding slices of 2-D and 3-D CINE used for CNR computation. This
comparison was only performed for volunteer data sets, because for the patient examples,
the reference 2-D CINE had a much higher spatial resolution than the corresponding 3-D
CINE. To determine edge sharpness, the framework according to [25] was used. An initial
rough segmentation of the myocardial boundary was performed. Then, orthogonal profile
lines ` were placed automatically along the boundary. However, the actual edge sharpness
measure of [25] was replaced by the more commonly used method suggested in [26–28].
For each profile line, the inverse of the distance of the 20 % and 80 % points between local
minimum and maximum was computed, resulting in a value ξ` with the unit mm−1 (see
Figure 2):
ξ` =

1
,
|p`, 20 % − p`, 80 % |

(9)

where p`, 20 % and p`, 80 % represent the positions of the 20 % and 80 % points along the
`th profile line in physical units. The overall edge sharpness value was then chosen as
ξ ∗ = median(ξ1 , . . . , ξM ), where M is the number of profiles.
Statistical significance was determined using paired, two-tailed student’s t tests, and
values P < 0.05 were considered significant.
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λσ = 0.005

λσ = 0.002

λσ = 0.001

λσ = 0.0005

λσ = 0.0002

λσ = 0.0001

λτ = 0.05

λτ = 0.025

λτ = 0.01

λτ = 0.005

λτ = 0.0025

λτ = 0.001

λτ = 0.0005

Temporal reg.
fixed λσ = 0.001

Spatial regularization
fixed λτ = 0.005

λσ = 0.01

FIG. 3. Slices of reconstructions with different spatial regularization parameters λσ in enddiastole (top row) and end-systole (middle row) as well as temporal profiles through the left
and right ventricle with different temporal regularization parameters λτ (bottom row). Chosen
spatial and temporal regularization factors are highlighted.

RESULTS
Evaluation of Iterative Reconstruction Parameters
Regarding the convergence of the iterative optimization of Eq. (7), the decrease of the
objective function value from 0 to 20 iterations already accounts for 99.5 % of the decrease from 0 to 80 iterations. A qualitative comparison of reconstructions with different
regularization values is shown in Figure 3. The values λσ = 0.001 and λτ = 0.005 were
selected by both experts in a majority of cases, 8 out of 10 and 9 out of 10, respectively.
In the remaining cases, the experts selected values either one step above or below these
values. The average reconstruction time for 3-D CINE was 3 min 29 s ± 34 s for LV and
8 min 55 s ± 1 min for WH.

Image Quality Assessment
A qualitative comparison of 2-D CINE and 3-D CINE short-axis image quality as well
as reformatted 4-chamber views for 3-D CINE are shown for a volunteer in Figure 4, for
patient 1 with an intracardiac thrombus in Figure 5 and for patients 2 and 3 in Figure 6.
Figure 4 also shows temporal profiles for 2-D and 3-D CINE to compare the temporal
fidelity of the reconstruction. A comparison of LV and WH 3-D CINE for one volunteer
is shown in Figure 7.
The RMSE of ventricular function parameters and P values of paired statistical comparisons between 2-D and 3-D CINE images are given in Table 1. Bland-Altman and
scatter plots for EDV, ESV and EF are shown in Figure 8.
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3-D CINE

reformatted 3-D CINE

temporal

systole

diastole

2-D CINE

FIG. 4. Qualitative comparison of corresponding short-axis slices of reference 2-D CINE
and proposed 3-D CINE, as well as 3-D CINE reformatted to horizontal long-axis view, in
end-diastole and end-systole of a volunteer. Temporal profiles for a line through the largest
diameter of the left ventricle (between the white arrows in the diastolic 2-D CINE image) of
the same short-axis slices for 2-D and 3-D CINE show the temporal fidelity. We attribute the
more pronounced contrast change in the blood pool of the 3-D CINE temporal profile after
systole to the inflow effect, which does not influence the contrast of 2-D imaging as strongly.
LGE
3-D CINE
3-D CINE
2-chamber view 2-chamber view 4-chamber view

3-D CINE
short-axis view

2-D CINE
short-axis view

FIG. 5. Patient case 1 with an intracardiac thrombus (white arrows) visualized with late
gadolinium enhancement (LGE) imaging in 2-chamber view, 2-D CINE imaging in short-axis
view, and with 3-D CINE imaging reformatted to 2-chamber view, 4-chamber view and shortaxis view. The in-plane resolution for LGE imaging and 2-D CINE imaging was (1.6 mm)2 and
(1.1 mm)2 , respectively, both with a slice thickness of 8 mm, compared to 1.9 × 1.9 × 2.5 mm3
resolution for 3-D CINE imaging.
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2-D CINE, short axis

3-D CINE, short axis

systole

diastole

systole

diastole

systole

diastole

systole

Patient 2

diastole

3-D CINE, 2-chamber view

3-D CINE, 4-chamber view

2-D CINE, short axis

3-D CINE, short axis

systole

diastole

systole

diastole

systole

diastole

systole

Patient 3

diastole

3-D CINE, 2-chamber view

3-D CINE, 4-chamber view

FIG. 6. Qualitative results for patient cases 2 and 3, showing 2-D CINE imaging in short-axis
view and 3-D CINE imaging reformatted to 2-chamber view, 4-chamber view and short-axis
view. The in-plane resolution for 2-D CINE imaging was (1.6 mm)2 for patient 2 and (1.1 mm)2
for patient 3, with a slice thickness of 8 mm, compared to 1.9 × 1.9 × 2.5 mm3 resolution for
3-D CINE imaging.

The meshes obtained from the volumetric and the slice-based segmentation can be
seen in Figure 9 to allow a visual comparison. The VF parameters computed from the
volumetric segmentation had an EDV that was 14 % higher, an ESV that was 16 % higher
and an EF that was 2 % lower than those computed from the slice-based segmentation.
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4-chamber view

short-axis view

WH systole

LV systole

WH diastole

LV diastole

2-chamber view

FIG. 7. Qualitative comparison of reformatted 2-chamber view, 4-chamber view and shortaxis view orientation for LV (odd rows) and WH (even rows) 3-D CINE in end-diastole (top
rows) and end-systole (bottom rows) of a volunteer.

The CNR between blood pool and myocardium was 0.72 ± 0.04 for reference 2-D

CINE, 0.70 ± 0.02 for LV 3-D CINE, and 0.60 ± 0.03 for WH 3-D CINE. The difference

between LV 3-D CINE and the reference is not statistically significant (P = 0.12), while
the difference between WH 3-D CINE and the reference is (P = 0.02). Box plots for edge
sharpness of the boundary between blood pool and myocardium are shown in Figure 10.
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Table 1. Root-mean-squared errors of ventricular function parameters for volunteers as well
as P values of paired t-tests for parameters computed from 2-D and 3-D CINE images.
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FIG. 8. Bland-Altman plots (left column) and scatter plots (right column) of end-diastolic
volume (top row), end-systolic volume (middle row) and ejection fraction (bottom row) for
volunteers. In the Bland-Altman plots, the mean differences between 2-D reference and 3-D
CINE is denoted in red and the 95 % confidence intervals in blue. In the scatter plots, the
dashed lines are the x = y lines, and the solid lines are the linear regression, with their
formulae in the bottom right corner.
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Edge sharpness [mm−1 ]

FIG. 9. Segmented end-diastolic epi- (green) and endocardial (red) meshes of the left ventricle based on all slices of a volunteer 3-D CINE volume (left) and only using the slices acquired
in the reference 2-D CINE (right).

0.5

0.4

0.3
2-D 3-D
diastole

2-D 3-D
systole

FIG. 10. Box plots of edge sharpness values for volunteers in corresponding short-axis slices
for reference 2-D CINE and proposed 3-D CINE in diastole (left side) and systole (right side).

The difference in edge sharpness between 2-D CINE and 3-D CINE is not statistically
significant for diastole (P = 0.06), but is for systole (P = 0.001).

DISCUSSION
Single-breath-hold 3-D CINE imaging was successfully applied in all volunteers and patients who showed the required breath-hold capacity. A volume of the left ventricle with
nearly isotropic resolution could be acquired much faster than the gold-standard 2-D CINE
stack and reconstructed directly on the scanner in under 4 minutes. An additional feasibility study in volunteers showed the potential for whole-heart imaging with this method
in a single, prolonged breath-hold. Due to its nearly isotropic resolution, arbitrary views
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can be generated from this one acquisition, reducing the effort required to plan multiple
views for 2-D CINE imaging. Thus, 3-D CINE may be useful for visualizing complex cardiac anatomy and function, e. g. for the diagnosis of congenital heart defects, or thrombus
visualization as seen in Figure 5, in addition to analysis of ventricular function. Due to
the use of prospective ECG triggering, we expect the presented method to be applicable
in the presence of heart-rate variation during the acquisition, though no major arrhythmia
was observed in the volunteer and patient datasets.
The spiral phyllotaxis sampling pattern is well suited for adaptation to multiple cardiac
phases by rotation as its mathemetical basis is described in polar space. Other methods
for generating sparse sampling patterns directly in Cartesian space, e. g., Poisson disk
sampling or patterns based on pseudorandom number sequences like the Niederreither
sequence [29], would require more complex alterations to ensure the same favorable properties across cardiac phases that the spiral phyllotaxis pattern does by simple rotation.
Concerning the parameters for iterative reconstruction, observation of decrease of the
objective function value suggests that 20 FISTA iterations are sufficient. The agreement
of both experts on the selected values for almost all volunteer data sets indicates that it
is largely independent of the imaged subject. Thus, while the selection was only based on
volunteer data, we believe that it is also a good choice for the patient data sets. L-curve
analysis [30] could be used for an objective determination of the regularization parameter,
but this automatic selection may not match radiologists’ desired image appearance. The
reconstruction times of under 4 min for LV and under 10 min for WH are in a clinically
relevant range, leveraging multi-GPU acceleration available in current clinical systems.
Methods based on non-Cartesian sampling often require reconstruction times in the order
of hours [16] without GPU acceleration. While it has been shown that the gridding and
re-gridding steps required for reconstruction of non-Cartesian data can be highly accelerated using GPUs [31], they still account for about half of the total reconstruction time.
As these steps are not required for the reconstruction of Cartesian data, our approach has
an inherent advantage over comparable algorithms for non-Cartesian data. GPU acceleration for total-variation-based filtering commonly used in the iterative reconstruction
of radially acquired data has also been demonstrated [32]. As the Cartesian acquisition
allows a decoupled reconstruction, slices can be reconstructed independently and could be
presented to the MRI operator successively even before the entire volume is reconstructed.
Thus, the operator wouldn’t need to wait the entire 4 minute reconstruction time in order
to determine if the acquisition was successful or not. Coil compression [33] was not used
in this study, but holds potential for further reduction of the reconstruction time.
The overall visual impression of volunteer 2-D CINE and 3-D CINE (see Figure 4),
which were acquired at the same in-plane resolution, is very similar. The temporal profiles
for 2-D and 3-D CINE show that despite temporal regularization, the systolic contraction
is well preserved. Compared to the 2-D CINE, the effective (as opposed to the measured)
resolution of the 3-D CINE is slightly lower, which can be seen, e. g., in the slightly blurrier
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aspect of the papillary muscles. Due to its nearly isotropic resolution, the proposed 3D CINE has the advantage that it can be reformatted to arbitrary orientations. While
a direct comparison between 2-D CINE and 3-D CINE in patient case 1 (see Figure 5)
is more difficult due to their different in-plane resolutions, the intracardiac thrombus is
visible in both 2-D CINE and the reformatted 3-D CINE. Where 2-D CINE relies on proper
slice planning to allow visualization of the thrombus, arbitrary reformats of a single 3-D
CINE acquisition guarantee that a view in the proper orientation is available. Qualitative
results for patients 2 and 3 in Figure 6 also show a good match between 2-D CINE imaging
and 3-D CINE imaging. Figure 7 demonstrates the increased coverage and resolution of
WH over LV 3-D CINE in a volunteer. While the extended breath-hold of 33 heartbeats
required for this acquisition is currently too long for most patients, this demonstrates the
feasibility of this method if the acquisition were further accelerated or performed in free
breathing with some form of respiratory gating or motion compensation.
Regarding the evaluation of ventricular function parameters in volunteers, the BlandAltman plots in Figure 8 show a good match between 3-D CINE and reference 2-D CINE
with small confidence intervals. The use of prospective ECG triggering for 3-D CINE
compared to retrospective gating for 2-D CINE could explain the slight underestimation
of the EDV, as previously described in [5]. The slight overestimation of the ESV may be
due to temporal regularization, as the phases around end-systole contain a high degree of
motion. As seen in Table 1, the differences between 2-D and 3-D CINE are not statistically
significant. An improvement in the CNR, as outlined below, might improve the accuracy of
VF parameter assessment. The temporal resolution of the 3-D CINE is at the lower limit
of recommended values [34, 35], increasing it could lead to improved results for subjects
with fast heart rates.
The 3-D CINE dataset allows the computation of VF parameters in two ways, either
by using a slice-based segmentation with the same slices also acquired in the reference 2-D
CINE or with a volumetric segmentation using all slices. To allow a fair comparison, the
first method was chosen in the experiment comparing the VF parameters of the reference
2-D CINE and the proposed 3-D CINE, i. e., to compare like with like. The experiment
comparing VF parameters using both methods on one 3-D CINE dataset shows increased
EDV and ESV values when using the volumetric segmentation. One may speculate that
results based on the volumetric segmentation are more accurate because more information
is available, but in the absence of a volumetric ground truth segmentation, we chose the
slice-based segmentation method for the systematic comparison to the available ground
truth.
The lower CNR for 3-D CINE compared to 2-D CINE may be due to two factors.
Firstly, the individually acquired 2-D slices experience a constant inflow of unsaturated
blood along the slice direction. For LV 3-D CINE, this is only the case for basal slices,
as seen in the reformatted systolic images in Figures 4 and 5, where the atrial blood
pool is brighter compared to the ventricles. This effect can also be seen in the temporal
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profiles in Figure 4, where the blood pool signal intensity increases when blood from the
atria moves into the imaging volume after systole. While for LV 3-D CINE, the difference
in CNR compared to 2-D CINE is not significant yet, it is for WH 3-D CINE, because
the atria and parts of the large vessels are included in the imaging volume. Secondly,
the maximal possible flip angle within specific-absorption-rate limitations is intrinsically
lower for 3-D acquisitions compared to 2-D. However, the contrast still seems sufficient
for ventricular function analysis. An improvement could be achieved by interleaving T2
preparation pulses into the acquisition, as demonstrated in [16].
In terms of edge sharpness, the CS approach for LV 3-D CINE shows no significant loss
compared to the GRAPPA-based 2-D CINE acquisition in diastole, but does in systole.
The lower systolic edge sharpness for 3-D CINE compared to 2-D CINE (see Figure 10)
could be due to temporal regularization, necessary because of the high undersampling
factor.
Naturally, the presented method requires the subject’s capacity for good breathholding. If this is given, the presented approach can deliver a volume of the left ventricle
with nearly isotropic resolution in a shorter acquisition time than a stack of 2-D CINE
slices requiring multiple, albeit shorter, breath-holds. Several possibilities for reducing the
3-D CINE breath-hold time even further could be considered. If the intended application
allows it, reducing spatial or temporal resolution is the most straightforward solution.
Otherwise, the acceleration factor could be increased by using more sophisticated reconstruction techniques, e. g., by using dictionary learning in the sparsifying transform to deal
more effectively with undersampling artifacts from the higher acceleration [36]. However,
such a method would also imply longer reconstruction times. Alternatively, one might
consider reducing the in-plane resolution and increasing the slice resolution to achieve a
fully isotropic resolution for the same acquisition time. However, as the primary goal
was the computation of VF parameters and it has been shown previously that decreased
in-plane resolution leads to biased VF parameters [37], we favored an in-plane resolution
below (2 mm)2 over a fully isotropic, but lower resolution. While whole-heart acquisition
is possible, as demonstrated in our volunteer experiment, the required breath-hold is too
long for clinical applicability. Ultimately, a shorter breath-hold in the range of 12–15 s
or free-breathing acquisition is preferable for patients incapable of breath-holding or for
whole-heart coverage, at the cost of a longer acquisition time. A free-breathing acquisition would also allow a higher spatial and temporal resolution if this is required for the
intended application.

CONCLUSION
We have presented a method for single-breath-hold, high-resolution 3-D CINE imaging of
the left ventricle, validated in both volunteers and shown exemplarily in three patients.
To our knowledge, this is the first report of a single-breath-hold acquisition with a com-
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paratively high, nearly isotropic resolution. Additionally, whole-heart 3-D CINE imaging
in a prolonged breath-hold was demonstrated in volunteers. Due to its nearly isotropic
resolution, 3-D CINE imaging enables retrospective reformatting to arbitrary orientations.
Image reconstruction was fully integrated into the scanner software, with multi-GPU support to achieve reconstruction times of less than 4 minutes.
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