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A three-dimensional dual-cardiac-phase (3D-DCP) scan has been proposed to acquire two data sets of the
whole heart and great vessels during the end-diastolic and end-systolic cardiac phases in a single
free-breathing scan. This method has shown accurate assessment of cardiac anatomy and function but is
limited by long acquisition times. This work proposes to accelerate the acquisition and reconstruction of
3D-DCP scans by exploiting redundant information of the outer k-space regions of both cardiac phases. This is
achieved using a modified radial-phase-encoding trajectory and gridding reconstruction with uniform coil
combination. The end-diastolic acquisition trajectory was angularly shifted with respect to the end-systolic
phase. Initially, a fully-sampled 3D-DCP scan was acquired to determine the optimal percentage of the outer
k-space data that canbe combinedbetween cardiac phases. Thereafter, prospectivelyundersampleddatawere
reconstructed based on this percentage. As gold standard images, the undersampled data were also
reconstructed using iterative SENSE. To validate themethod, image quality assessments and a cardiac volume
analysis were performed. The proposed method was tested in thirteen healthy volunteers (mean age,
30 years). Prospectively undersampled data (R = 4) reconstructed with 50% combination led high quality
images. Therewere no significant differences in the image quality and in the cardiac volume analysis between
our method and iterative SENSE. In addition, the proposed approach reduced the reconstruction time from
40 min to 1 min. In conclusion, the proposedmethod obtains 3D-DCP scanswith an image quality comparable
to those reconstructed with iterative SENSE, and within a clinically acceptable reconstruction time.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Assessment of cardiac anatomy and function using magnetic
resonance (MR) imaging is still mainly based on the acquisition of
multiple two dimensional (2D) cine images using balanced steady
state free precession (b-SSFP) sequences [1]. This approach has
several disadvantages, including the need of expertise to plan
different views of the heart; the possibility of slice misalignment;
and the need of several breath-holds, which makes it difficult to
apply this approach in children.

Isotropic non-angulated three dimensional (3D) cardiac MR can
overcome some of these problems since it requiresminimal planning
and the data can be reformatted in any plane [2]. For this purpose,

different techniques have been proposed to study anatomy [3–5];
function [6] and flow of the whole heart and great vessels [7]. Among
them, a sequence called 3D dual cardiac phase [8] allows for
assessment of the heart anatomy and evaluation of functional
parameters from a single free breathing scan [8,9]. This approach
uses a 3D b-SSFP sequence, Cartesian sampling and SENSE
reconstruction, typically with acceleration factors of two; however,
the acquisition time still remains long.

In order to speed up the acquisition of static whole heart images,
a radial phase encoding (RPE) trajectory has been proposed [10]. RPE
is a non-Cartesian acquisition trajectory that combines Cartesian
readouts and radial phase encoding steps. The images from RPE
trajectories are usually reconstructed using iterative SENSE. This
technique uses additional information from coil sensitivity maps to
remove undersampling artifacts [11,12].

For dynamicMRI, the redundant information between images has
been used to speed up the acquisition of the MR data [13–15]. The
most common approaches are k–t methods [16] and compressed
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sensing methods [17,18]. Another method that combines k-space
data between images acquired at different time points is key-hole
[14,15]. This approach continuously collects low frequencies from
k-space and acquires high k-space frequencies only once. These high
frequencies are then used to fill the high frequencies that were not
acquired during other time points. An alternativemethod, based on a
golden ratio RPE scan, has been recently proposed to exploit
redundant information and to speed up the acquisition of dynamic
contrast enhancedMRI [12]. This method takes advantage of the RPE
trajectory that oversamples the center of k-space, and continuously
updates low frequencies, similar to key-hole approaches. However,
in contrast to key-hole, high frequencies are also acquired at each
time frame. In this approach, it is important to know the amount of
k-space information that can be shared between different time
points [19].

In this work, we propose a new technique that combines k-space
data from two different RPE trajectories to accelerate the acquisition
of the 3D dual cardiac phase sequence. This approach is based on the
use of complementary and undersampled RPE trajectories for each
cardiac phase. Our main hypothesis is that the outer k-space
information can be combined between both cardiac phases, allowing
the use of a simple multiple-coil gridding reconstruction to obtain
artifact-free images with similar quality as those provided by
iterative SENSE, but with a reduced reconstruction time.

2. Methods

2.1. Acquisition scheme

A 3D dual cardiac phase scan with a RPE acquisition trajectory
was implemented. The RPE trajectories for end-systole and end-
diastole were angularly shifted with respect to each other (Fig. 1).
The angular shift was equal to half of the angular step used in each
RPE trajectory.

To speed up the acquisition, the RPE trajectories were under-
sampled in the angular (Rα) and radial (Rr) directions in a similar
fashion as proposed in Ref. [10]. The undersampling along the radial
direction was performed using an interleaved undersampling
scheme, such that the sampled locations were shifted in the radial
direction by one position from one angular direction to the next one.
The total acceleration was the product of both factors: R = Rα * Rr.
We defined the RPE trajectory as fully sampled when the number of
k-space encodings was identical to a Cartesian trajectory for the
same spatial resolution.

The proposed acquisition scheme was implemented on a 1.5 T
Achieva Clinical MR scanner (Philips Healthcare, Best, NL).

2.2. Reconstruction methods

Since RPE trajectories for end-systole and end-diastole were
angularly shifted with respect to each other, it was possible to
combine k-space data between both cardiac phases. If 60% of the data
were shared, it meant that 60% of the outermost k-space points from
one cardiac phase were added to the other cardiac phase and vice
versa as shown in Fig. 1.

After k-space data were combined, a Fourier transform was applied
along the readout direction. Then, for each readout point, the phase
encoding steps remained distributed on a radial trajectory. Data were
reconstructedusinggriddingwithuniformcoil combinationasproposed
by Roemer et al. [20]. For comparison purposes, we reconstructed the
original data, i.e., without combining k-space information between
cardiac phases, using non-Cartesian iterative SENSE. The stopping
criterion of the iterative method was that the residual needed to be
lower than 10−3 or reach a maximum of eight iterations.

For gridding and non-Cartesian iterative SENSE reconstruction,
we used the following density compensation function:
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where Ky and Kz correspond to both phase encoding directions, Kr

is the ratio of areas in k-space that defines the area between
those points which were and were not shared between different
cardiac phases.

2.3. Experiments

2.3.1. 1D simulation
Two simulations were performed to analyze the effect of

combining outer k-space information from two data sets. The first
simulation evaluated the level of blurring introduced by the
proposed method (Fig. 2a to f). The second simulation evaluated
the definition of the edges when combining profiles from different
simulated cardiac phases (Fig. 2g to l).

For both simulations, different pairs of 1D k-space profiles with
different waveforms, centers and widths were generated. Each
profile simulated an image acquired at end-systole or at end-
diastole. The following function was used to simulate the profiles:

y kð Þ ¼ exp− k−d
wð Þc ð3Þ

where d represents the center of the profile, w represents the width
and c is a parameter that controls the shape of the profile. As c
increases, the Fourier transform of the profile starts to resemble a
rect function.

To simulate the proposed acquisition and reconstruction ap-
proach, the k-space data of each profile were combined as follows.

Fig. 1. Panels a and b show the acquisition scheme of the RPE trajectory in one
representative Ky–Kz plane of each cardiac phase, end-systole (black points) and
end-diastole (black stars). Panels c and d show the combined acquisition schemes for
end-diastole and end-systole where the circle corresponds to the limit (Kr) of those
points which are and are not shared between different cardiac phases.
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