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The aim of this study was to implement and evaluate an accelerated three-dimensional (3D) cine phase contrast MRI
sequence by combining a randomly sampled 3D k-space acquisition sequence with an echo planar imaging (EPI)
readout. An accelerated 3D cine phase contrast MRI sequence was implemented by combining EPI readout with
randomly undersampled 3D k-space data suitable for compressed sensing (CS) reconstruction. The undersampled
data were then reconstructed using low-dimensional structural self-learning and thresholding (LOST). 3D phase
contrast MRI was acquired in 11 healthy adults using an overall acceleration of 7 (EPI factor of 3 and CS rate of 3).
For comparison, a single two-dimensional (2D) cine phase contrast scan was also performed with sensitivity
encoding (SENSE) rate 2 and approximately at the level of the pulmonary artery bifurcation. The stroke volume
and mean velocity in both the ascending and descending aorta were measured and compared between two
sequences using Bland–Altman plots. An average scan time of 3min and 30 s, corresponding to an acceleration rate
of 7, was achieved for 3D cine phase contrast scan with one direction flow encoding, voxel size of 2 × 2×3mm3, foot–
head coverage of 6 cm and temporal resolution of 30ms. The mean velocity and stroke volume in both the ascending
and descending aorta were statistically equivalent between the proposed 3D sequence and the standard 2D cine
phase contrast sequence. The combination of EPI with a randomly undersampled 3D k-space sampling sequence
using LOST reconstruction allows a seven-fold reduction in scan time of 3D cine phase contrast MRI without
compromising blood flow quantification. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Phase contrast MRI allows the measurement of the blood flow
velocity in the heart and the great vessels (1,2). Two-dimensional
(2D) cine phase contrast is widely used clinically for time-
resolved quantification of blood flow through the great vessels.
Recent advances in fast imaging and respiratory motion
correction have enabled imaging of three-dimensional (3D)
time-resolved phase contrast for comprehensive evaluation of
three-dimensionally and three directionally encoded blood
velocity (3–5). This sequence has been used widely to study
the blood flow hemodynamics associated with cardiac and
vascular diseases (6–14).
Despite the potential of 3D cine phase contrast imaging in the

comprehensive evaluation of blood hemodynamics, it has a long
scan time which typically exceeds 10min. Therefore, it is not
clinically feasible to acquire four-dimensional (4D) cine phase
contrast as part of a comprehensive cardiac MRI protocol, which
commonly includes the evaluation of function, anatomy, perfu-
sion and scar imaging. Furthermore, longer scan times are more
susceptible to heart rate variations and respiratory motion that
could hinder the measurement accuracy and reproducibility.
Over the past decade, several acceleration techniques have

been used to reduce the scan time of cine phase contrast

sequences. Parallel imaging is widely accepted as the most
robust and accessible technique to reduce the scan time by
two- to three-fold (15–17). Non-Cartesian trajectories, including
both radial (18,19) and spiral (20,21), have also been used to
reduce the scan time. Higher acceleration rates (>3) have been
achieved using methods that exploit the spatiotemporal correla-
tions, such as k–t sensitivity encoding (SENSE), k–t broad-use
linear acquisition speed-up technique (BLAST) (22,23), k–t
generalized autocalibrating partially parallel acquisition (GRAPPA)
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(24,25) and k–t principal component analysis (PCA) (26,27).
Although k–t approaches have been shown to surpass the acceler-
ation rates achievable by parallel imaging, they may suffer from
temporal blurring as a result of intrinsic temporal filtering, which
may influence the accuracy of the peak velocity measurement.
Using acceleration factors on the order of 8 or more has been
shown to introduce discrepancies in the measured velocities (22),
and a six-fold k–t BLAST sequence has exhibited a reduction in
peak velocity relative to SENSE with acceleration rate 2 (23).

Compressed sensing (CS) has been used recently to acceler-
ate 2D and 3D cine phase contrast imaging (28,29). Several
methods have been proposed for phase reconstruction from
undersampled phase contrast data using different sparsity-
promoting approaches (30,31). A combination of spatiotemporal
(k–t)-based CS and parallel imaging, called k–t SPARSE-SENSE, has
also been used to reduce the scan time, which showed good
agreement with the results from GRAPPA (32). Moreover, aliasing
artifacts caused by static tissues, resulting from CS reconstruction,
have been shown not to affect flow quantification, as these may
be canceled out during the phase subtraction process (33).
Several in vivo studies have validated the results of flow imaging
with CS relative to established parallel imaging acceleration
techniques (34–36).

An alternative established way to reduce the scan time is to
use echo planar imaging (EPI) readout, in which multiple k-
space lines are acquired after each radiofrequency (RF) excita-
tion. This is particularly useful for phase contrast imaging,
where bipolar gradients are applied after each RF excitation,
which elongates TR and thus the scan time. Single-shot and
multi-shot EPI were used early on to accelerate 2D phase
contrast imaging (37–39). The effect of flow and motion
sensitivity on flow measurements using EPI acquisition has
been studied extensively (40–42), and several methods have
been proposed to reduce these effects (43,44). Recent
advances in the hardware components of the MR system and
reconstruction techniques have allowed EPI to be used for

faster phase contrast imaging with higher temporal and spatial
resolution (45,46).
In this study, we sought to investigate the feasibility of an

accelerated 3D cine phase contrast sequence which combines
the efficient data sampling strategy of EPI with a randomly
undersampled 3D k-space sampling pattern followed by with a
CS reconstruction. In a pilot study, we evaluated different
combinations of acceleration factors using CS and EPI to acceler-
ate 3D phase contrast MRI. Subsequently, we compared the flow
measurements from a seven-fold-accelerated 3D cine phase
contrast MRI acquisition using the proposed combination of CS
and EPI with those from a conventional two-fold-accelerated
2D cine phase contrast MRI acquisition.

MATERIALS AND METHODS

The imaging protocol was approved by our institutional review
board. Written informed consent was obtained from all partici-
pants. All patients were scanned using a 1.5-T Philips Achieva
scanner (Philips Healthcare, Best, the Netherlands) with a 32-
channel cardiac phased array receiver coil.

Pulse sequence

Figure 1 shows the proposed 3D EPI–CS cine phase contrast im-
aging sequence. Figure 1a shows the standard interleaved flow
sequence with flow encoding in only one direction. Thus, for
each time frame, two flow encodings are played, each followed
by an acquisition. Figure 1b shows a schematic diagram for
one of these encoding/acquisition pairs. Directly after the flow
encoding gradients, an EPI strategy is used to sample multiple
lines of k space instead of one single line. This leads to a longer
TR, but allows flow gradients to be played only once for multiple
k-space lines.

Figure 1. Pulse sequence diagram for the cine phase contrast sequence with an echo planar imaging (EPI) readout and compressed sensing (CS)
undersampling. (a) A diagram for the standard interleaved flow sequence with flow encoded in only one direction. (b) Following the flow encoding
gradient, an EPI readout is used to acquire multiple lines of k space.
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k Space and acceleration

To accelerate the scan time using the CS technique, the k-space
profiles are randomly undersampled, such that only a fraction of
the profiles is acquired. Figure 2a shows ky–kz maps for a conven-
tional randomly undersampled k space of a 3D acquisition with
an acceleration rate of 3. To combine this with an EPI acquisition,
the k space is divided into multiple segments, where each
segment is an exact replica of the others. Figure 2b shows an
example ky–kz map divided into three similar segments for an
EPI rate of 3. Each segment is randomly undersampled, such that
the overall CS acceleration rate remains the same (3 in this
example). During acquisition, for each point picked from the first
segment, the gradient blips are used to jump in k space to the
corresponding points in the other EPI segments.
It is usually advantageous for CS reconstruction to fully sample

the k-space center area as shown by the white rectangle in
Fig. 2a. However, as a result of the EPI acquisition pattern, this
area needs to be exactly replicated into each single EPI segment
(white rectangles in Fig. 2b). Thus, although the fully sampled
area in the center segment is necessary for the CS reconstruction
(being the center of k space), the center areas of the side
segments are not necessarily required to be fully sampled, but
rather result from the EPI acquisition pattern.

Profile ordering

Profile ordering determines when each k-space line is acquired
during the acquisition. In a multi-shot acquisition, an arbitrary
profile ordering for a randomly undersampled k space results
in non-uniform jumps in k space, which is associated with large
gradient switching, resulting in eddy current artifacts, especially
with a steady-state free precession (SSFP) sequence. In order to
reduce this effect, a special radial profile ordering was proposed
in refs. (47,48). In this work, we combined this radial ordering

with the EPI acquisition strategy, as shown in Fig. 3. Starting
from a regular linear ordering (Fig. 3a), the EPI method divides
the k-space profiles into REPI segments, based on the EPI factor;
then, one k-space line of each segment (i.e. REPI lines) is acquired
for the same RF excitation (Fig. 3b). This leads to an approximate
reduction rate of REPI. However, the proposed CS acquisition is
based on a radial profile ordering (Fig. 3c), whilst randomly
undersampling the profiles by a factor of RCS and keeping the
k-space center fully sampled (Fig. 3d). This results in a reduction
rate of exactly RCS. Then, to combine both methods, we apply
the radial ordering mechanism to each EPI segment, as shown
in Fig. 3e. This leads to an approximate reduction rate of
REPI × RCS. The actual reduction rate of the scan time is lower
because of the longer TR when EPI is used. Thus, keeping the
same phase interval, the actual acceleration rate is slightly lower
than the theoretical rate of REPI × RCS.

3D EPI–CS scan protocol

In all the subsequent in vivo scans, the following protocol was
used. Scout images were acquired with an SSFP sequence with
an in-plane resolution of 3 × 3mm2 and a slice thickness of
10mm, which was used for localization and assignment of the
appropriate imaging slab covering the ascending and descend-
ing aorta, and the pulmonary bifurcation. A free-breathing
electrocardiogram (ECG)-triggered gradient echo sequence was
used for acquisition. The trigger delay was chosen to be 20ms
following the acquisition of the leading navigator (NAV) signal.
Arrhythmia rejection was utilized, allowing the sampling of up
to 90% of the cardiac cycle. A NAV placed on the dome of the
right hemidiaphragm with a duration of 17ms was used for
respiratory motion measurement, utilizing prospective real-time
correction and a superior–inferior tracking ratio of 0.6 (49,50).
For the EPI–CS cine phase contrast sequence, images were
acquired axially using a 3D gradient echo with an EPI–CS acceler-
ation [field of view (FOV), 340 × 280 × 60mm3; resolution,
2 × 2 × 3mm3; turbo factor, i.e. number of excitations per cardiac
phase, 2; TR/TE/α=4.7ms/2.3ms/10°] in a volume covering the
ascending and descending aorta at the level of the pulmonary
artery bifurcation. Only one flow encoding, in the foot–head
direction, with velocity encoding of 400 cm/s, was used, which
provides an adequate temporal resolution of 30ms for the out-
put cine images. Several EPI and CS rates (i.e. REPI, RCS) were used
during the study, as described in the following subsections.

Selection of the acceleration rate parameters

In order to investigate the impact of different CS acceleration
rates and EPI factors on image quality, we performed a pilot
study in 13 healthy adults (32 ± 15 years; three men). Images
were acquired using the 3D EPI–CS cine phase contrast sequence
employing different combinations of EPI factors and CS rates. We
investigated various EPI factors of 3, 5, 7 and 9 with CS accelera-
tion rates of 3, 4 and 5. TR/TE/α= 7.4ms/3.8ms/10°, TR/TE/α
= 9.0ms/4.7ms/10°, TR/TE/α= 11ms/5.7ms/20° and TR/TE/α
= 13ms/6.7ms/20° for EPI rates of 3, 5, 7 and 9, respectively.
We note that not all possible combinations of these two param-
eters were performed because of the limited scan time. Flow
images were visually inspected for artifacts, temporal smoothing
and inhomogeneity artifacts commonly associated with high EPI
rates, and aliasing artifacts commonly associated with high CS

Figure 2. (a) ky–kz map for the regular randomly undersampled k space,
whilst keeping the center lines fully sampled (≈10–15% in ky and kz). Each
dot in the map represents a line in k space (i.e. one readout profile). The
white dots represent the acquired lines and the black dots represent the
non-acquired lines. (b) The k-space undersampling is adapted to an echo
planar imaging (EPI) acquisition of rate 3. The k space is divided into
three similar blocks. Then, during acquisition, each EPI shot consists of
one line from each block.
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rates. Any other artifacts that might affect the flow quantification
as a result of the combination of EPI and CS were also noted.

3D EPI–CS versus 2D cine phase contrast

Eleven healthy adults (29 ± 12 years; five men) underwent 3D
EPI–CS cine phase contrast. For each subject, the 3D EPI–CS cine
phase contrast scan was followed by a standard breath-hold 2D
cine phase contrast scan with the same flow encoding direction
with the following parameters: FOV, 340 × 280mm2; resolution,
2 × 2mm2; slice thickness, 5mm; TR/TE/α=4.7ms/2.3ms/10°;
SENSE rate of 2. The 2D slice was selected using the 3D scan,
approximately at the pulmonary artery bifurcation.

In addition, in a subset of five subjects, a 4D phase contrast
scan was performed as a reference. In this reference scan, the
same FOV, TR/TE, spatial and temporal resolutions were pre-
scribed, but a uniform undersampling rate of 4 (2 × 2 in ky and
kz, respectively), together with the commercially available SENSE
reconstruction, was utilized.

Image reconstruction

The raw k-space data of the EPI–CS cine phase contrast scans
were exported to perform off-line CS reconstruction, using the
low-dimensional structural self-learning and thresholding (LOST)
method (47) for the estimation of the missing k-space lines for
the randomly undersampled datasets. A B1-weighted version of
this algorithm was employed to utilize the coil sensitivity

information (51). In LOST, an image estimate is used to adap-
tively identify 2D image blocks of similar signal content, which
are grouped into similarity clusters. This is performed by block
matching within a search neighborhood for each voxel of the
image, where the Nb ×Nb reference block, whose top left corner
is at that voxel, is compared using the normalized l2 distance to
another block, which are declared to be similar if this distance is
less than a threshold λmatch, and the compared block is added to
the similarity cluster of that voxel. Subsequently, a 3D fast
Fourier transform (FFT) is applied to each similarity cluster to
adaptively sparsify the data (47). Aliasing is removed by
thresholding the 3D FFT coefficients of the similarity clusters.
For the B1-weighted iterative reconstruction (51), the coil sensi-
tivity maps were generated from the fully sampled central k-
space using Hanning filtering in the ky–kz direction. LOST recon-
struction was implemented in Matlab (v7.6, The MathWorks,
Natick, MA, USA), with the adaptive learning and nonlinear
shrinkage portions implemented in C++. The parameters for
LOST were chosen on the basis of our previous experience with
its application in LGE (47,52) and coronary imaging (51,53) as
follows: Nb = 4, λmatch = 0.05 and a search neighborhood of
radius 6 in the x–y direction and radius 1 in the z direction. The
maximum number of blocks in a similarity cluster was limited
to eight. For de-aliasing, LOST alternated between hard
thresholding and Wiener filtering, with thresholding parameters
τht and τwie, respectively, set to 0.015 and 0.02 times the largest
coefficient of the estimate from the first stage. The same recon-
struction parameters were used in all cases, allowing for fully

Figure 3. k-space acquisition strategy: with conventional three-dimensional (3D) imaging, the profiles are spanned/acquired in either a linear (a) or
radial (c) ordering fashion in the ky–kz plane. Based on the linear ordering strategy, echo planar imaging (EPI) acceleration (b) divides k space into
multiple segments, where one line from each segment is acquired within the same EPI shot. In contrast, compressed sensing (CS) acceleration (d) is
primarily based on radial ordering, where the k-space profiles are randomly undersampled and acquired in a radial fashion, whilst keeping the center
area of k space fully sampled. Both EPI and CS can be combined into one acquisition with a higher acceleration rate, as shown in (e). Although k space is
divided into multiple segments, each segment is randomly undersampled with the same pattern and then acquired in a radial fashion. The major
advantage is the high overall acceleration rate (9 in this example) for the whole 3D acquisition, whereas one drawback is the need to fully sample parts
of k space even if they are not at the center of k space.
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automated reconstructions. The whole reconstruction process
required an average time of 1 h per one 3D flow dataset on
our institution CPU cluster.

Image and statistical analysis

All images were exported into a separate PC station for quantita-
tive analysis to evaluate the proposed pulse sequence. For each
subject, two acquisitions were evaluated: (i) the breath-hold 2D
flow acquisition; and (ii) the proposed undersampled 3D cine
phase contrast after reconstruction. First, given the 2D scan,
the closest matching slice in the 3D volume was visually
selected. Second, for each slice, a region of interest (ROI) was
manually drawn on the ascending and descending aorta across
different time frames (i.e. cardiac phases) using the magnitude
images in each set. The ROIs were manually corrected through-
out the cardiac cycle for cardiac motion. The stroke volume
and mean velocity curve for the blood flow were calculated for
each acquisition.
All statistical analyses were performed using Matlab (v7.14,

The MathWorks) and SPSS (v20.0, SPSS Inc., Chicago, IL, USA).
To assess the similarity of the measurements, a linear model
analysis was used for all measurement parameters, including
stroke volume and mean velocities in the ascending and
descending aorta. In order to capture the measurement variabil-
ity within and between subjects, the data from the 2D sequence
for all subjects were structured into one single vector with an
indicator variable for time within subject. The data from the 3D
EPI–CS cine phase contrast sequence were structured in the
same way. The overall slope between these two vectors, as well
as the 95% confidence intervals, was computed taking into
account the correlation of the measurements within each
subject. The measurements were considered to be equivalent if

the confidence interval covered 1.0. The correlation (variance–
covariance) structure was assumed to be compound symmetry,
which yielded the within- and between-subject variance compo-
nents used in the estimation of the difference and confidence in-
terval via a linear mixed-effects model. Bland–Altman analyses
were performed to compare the stroke volume values between
the 2D scans and the corresponding slices in the 3D EPI–CS cine
phase contrast scans.

RESULTS

EPI and CS acceleration parameter selection

Figure 4a shows the flow images from one subject in the pilot
study, each with different EPI factors (3,5,7,9). Although a higher
EPI factor results in a lower scan time, higher imaging artifacts
and lower signal-to-noise ratio are observed. Phase and inhomo-
geneity artifacts are noticeable with factors higher than 5 (yellow
single-headed arrows). Furthermore, temporal smoothing occurs
with higher TRs associated with the higher EPI factors (blue
double-headed arrows). Figure 4b shows the flow image results
when using different combinations of EPI factors (3,5) and CS
rates (2–4). A similar image quality in terms of flow artifacts is
seen for all rates, where the image compression-type blurring
artifacts increase with increasing acceleration rate.

3D EPI–CS versus 2D cine phase contrast

The average scan time for the 3D EPI–CS cine phase contrast
scan was 3min and 30 s, assuming 100% NAV gating efficiency
and with a phase interval of 30ms. Without any acceleration,
the nominal scan time for imaging with similar spatial and tem-
poral resolution is approximately 31min and 25 s, with a phase

Figure 4. (a) Example flow images for four different acquisitions using echo planar imaging (EPI) factors of 3, 5, 7 and 9. Each column represents a
separate scan with different EPI factor, and each row represents a specific slice at the same time frame from the three-dimensional (3D) acquisitions.
Slices and time frames are visually chosen to have approximately the same location in 3D, and the same phase of the cardiac cycle. We note that images
acquired with EPI factors of 3 and 5 show reasonable image quality. However, field inhomogeneity and temporal smoothing artifacts show up clearly
for higher EPI factors (i.e. 7 and 9). (b) Example phase contrast images acquired using EPI factors of 3 and 5 with compressed sensing (CS) rates of 2, 3
and 4, leading to different acceleration rates.
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interval of 24.5ms, which corresponds to an approximate reduc-
tion of the scan time by a factor of seven for the same phase
interval (i.e. temporal resolution). When using SENSE as a stan-
dard parallel imaging technique, the scan time reduces to

8min and 40 s (with an overall SENSE rate of 4, two in each phase
encoding direction, i.e. ky and kz).
Figure 5 shows example flow images at different slices and

different time frames from one representative subject using

Figure 5. Example flow images for various slices and cardiac phases (specified by time after the R wave) of three-dimensional (3D) cine phase contrast
MRI acquisitions from a subject with a heart rate of 75 beats/min, acquired using the proposed echo planar imaging–compressed sensing (EPI–CS) se-
quence, depicting cross-sections across the descending aorta and ascending aorta. The flow patterns through the ascending and descending aorta are
shown, and are not hindered by the relatively high acceleration rate applied during the scan (≈7).

Figure 6. Representative magnitude and flow images from three dimensional sensitivity encoding (3D SENSE) and 3D echo planar imaging–
compressed sensing (EPI–CS) cine phase contrast scans. The flow images in 3D SENSE show a higher level of noise and signal loss relative to those
in 3D EPI–CS.
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the proposed 3D EPI–CS cine phase contrast sequence. It should
be noted that, although the signal-to-noise ratio is inherently
low, the phase information and structure are well preserved in
the 3D acquisition despite the high acceleration rate (EPI factor
of 3, CS rate of 3, overall acceleration of approximately 7 for
the same temporal resolution).
Figure 6 shows the magnitude and flow images acquired

using uniform undersampling (acceleration rate, 2 × 2) with
SENSE reconstruction, with a scan time of 8min and 20 s, and
the proposed 4D EPI–CS sequence with a scan time of 3min
and 24 s, assuming 100% NAV efficiency in both scans. Despite
having a longer scan time, the magnitude and flow image of
the SENSE-accelerated data are of lower image quality which is
not sufficient for clinical usage.
Figure 7 shows the magnitude and flow images from the

standard 2D flow acquisition, and the matching slice from the
3D volume result of the proposed 3D EPI–CS sequence. The im-
age quality is clearly better in the 2D acquisition, especially in
the anatomical images. However, the flow information in 3D

EPI–CS is well preserved through the time frames, and visually
matches that in the corresponding 2D flow images.

Figure 8a shows an example flow curve of the mean velocity
of the blood flow through the ascending aorta from 2D and
3D EPI–CS cine phase contrast. The overall flow curve and
peaks are comparable between the two acquisitions. Figure 8b
shows the Bland–Altman plot for the stroke volume between
3D CS-EPI and 2D cine phase contrast in both the ascending
and descending aorta in all 11 subjects. A good agreement
in the blood volume measurements, with a very minor bias
(~1mL), can be observed between the two imaging tech-
niques in both the ascending and descending aorta in all
subjects.

The linear mixed model analysis led to overall slopes and cor-
responding confidence intervals of 1.1 ± 0.25 and 0.98 ± 0.08 for
the mean velocity in the ascending and descending aorta, re-
spectively, which shows no significant difference between the
mean velocity measurements using the standard 2D sequence
and the proposed undersampled 3D EPI–CS sequence.

Figure 7. Representative frames of magnitude and flow images acquired using the standard two-dimensional (2D) and the proposed three-
dimensional (3D) acquisitions with an echo planar imaging (EPI) factor of 3 and a compressed sensing (CS) rate of 3. The representative slice for the
3D scan was visually selected to match the slice in the 2D scan. As a result of the different temporal resolutions between the two scans (21ms for
the 2D scan and 30ms for the 3D scan), the time frames cannot be perfectly aligned. Therefore, we chose the closest time frame when needed.
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DISCUSSION

We have proposed and demonstrated a 3D EPI–CS cine phase
contrast, combining an EPI acquisition with random under-
sampling of k space to reduce the scan time. Using both CS
and EPI may be beneficial for 3D cine phase contrast MRI in
multiple ways. First, the flow quantification from flow images is
based mainly on the phase difference between two phase im-
ages, which may remove potential residual artifacts resulting
from the CS reconstruction. Second, when EPI is used, it saves
the repetition of the relatively long flow encoding gradients
which need to be applied after each RF excitation, which, in turn,
reduces the TR and thus reduces the scan time.

However, although this combination is promising, it requires
special care when designing the corresponding pulse sequence
and choosing the acceleration rates, such that the quality of both
the flow images and the measurements is not compromised. In
this work, we conducted a pilot in vivo study to explore the effect
of different rates of EPI and CS acceleration on image quality.

Another concern when combining EPI with CS is the effect of
the EPI gradient blips. Changing the randomization pattern in
between the EPI k-space blocks is advantageous as it allows
different EPI blocks to be used (i.e. EPI blocks do not need to
be replicas of each other). Thus, the center area needs to be fully
sampled in the center block only, and not in the other blocks,
leading to more efficient sampling. However, this necessitates
changing the gradient blips from one profile to another during
the acquisition. This usually results in unexpected eddy currents

and imbalances in the gradient delay, which, in turn, lead to
undesirable artifacts that are difficult to correct using the stan-
dard EPI corrections. In this work, we designed the combination
of EPI and CS, such that it has constant gradient blips over the
whole acquisition to minimize the eddy current artifacts. This
implies a constraint on the CS randomization pattern to be
exactly the same between the EPI blocks (i.e. all EPI blocks are
exact replicas of each other). However, we did not explicitly
study the comparison between changing the CS randomization
pattern and changing the EPI gradient blips in this work.
Using the proposed sequence, a reduction in scan time of

approximately 50% was achieved relative to a standard parallel
imaging of rate 4 (i.e. SENSE rate 2 in both ky and kz). Similar to
ref. (16), we were unable to obtain results of sufficient quality
for clinical usage when using SENSE rates above 4 in our pilot
study.
The combination of EPI and CS in the proposed sequence was

shown to be more advantageous than using each of these
methods alone. Recent advances in the hardware side of MR
has allowed many technical challenges of EPI acquisitions to be
overcome (46). The effect of flow and motion sensitivity on EPI
acquisitions has also been well studied (54). However, in our pilot
study, using EPI acceleration only failed for EPI rates larger than 5
(i.e. EPI rate of 7 or 9). This was mainly a result of a long TE
(TE> 4ms) which makes the measurements very susceptible to
B0 field inhomogeneity. Moreover, the long TE/TR led to tempo-
ral smoothing artifacts, especially in the time phases around the
high peak velocities. Recently, CS has been proposed to reduce

Figure 8. (a) Representative mean ascending and descending aorta velocities from both two-dimensional (2D) and three-dimensional (3D) acquisi-
tions, and using 2D and 3D echo planar imaging–compressed sensing (EPI–CS) sequences. (b) Bland–Altman plots for blood volume rates in both
ascending and descending aorta, and measured from 2D and 3D EPI–CS sequences. The arrows point to the subject from which the representative flow
curves in (a) are measured. The blood volume rate in the ascending aorta is usually regarded as the stroke volume.
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the scan time in flow imaging, and showed good agreement
with results from parallel imaging (32). In our pilot study, CS rates
of 3 and 4 were achieved with acceptable visual image quality.
However, at higher rates (≥5), image quality deteriorated signifi-
cantly, similar to previous work (34).
In this study, the combination of EPI and CS provided a

reasonable TR (~7ms) and adequate k-space coverage. This TR
value helps to avoid any excessive field inhomogeneity effect,
usually associated with higher EPI rates. Furthermore, the CS
rate utilized allows for sufficient k-space coverage, enabling a
high-quality estimation of the unacquired k-space data with
the reconstruction algorithm.
Although the undersampling in the proposed sequence

resulted in many aliasing and incoherent artifacts in the magni-
tude (i.e. anatomical) images, our results showed that the flow
images, and thus the flow information, were not significantly af-
fected. Visually, the flow results of 3D EPI–CS match well with the
corresponding ones of standard 2D phase contrast. Moreover,
the flow quantifications show no systematic difference in flow
measurements between standard 2D phase contrast and the
proposed 3D cine phase contrast MRI with CS and EPI. The main
reason is that many of the CS aliasing artifacts, especially those
resulting from static tissues, cancel out during the subtraction
process used to obtain the flow images, as described in ref. (33).
The LOST algorithm was used in this study for CS reconstruc-

tion. A detailed comparison of this method with existing CS
methods has been performed elsewhere, where it was shown
to improve on existing CS methods in terms of image sharpness
for coronary MRI (47). As the specifics of the CS reconstruction
were not the focus of this study, this algorithm was not
compared with existing CS methods in the context of phase
contrast imaging.
In this study, we did not exploit temporal redundancy to

enhance the image reconstruction, and possibly to reduce the
scan time further. Spatiotemporal k–tmethods have been shown
to increase acceleration rates beyond standard parallel imaging
techniques (22–27), albeit at the cost of temporal smoothing in
the resulting images. Moreover, flow imaging might be a
promising candidate for such techniques, as the spatiotemporal
variations in flow images are limited to the blood vessel regions,
implying that the image data can be sparsified in an appropriate
transform domain, facilitating CS reconstruction. However, a
detailed study is needed to carefully address the effect of such
reconstruction methods on the accuracy of the flow quantifica-
tions through time (22,23), and to study the compromise
between such effects and the projected gain in acceleration rate.
In our study, we did not investigate the acceleration that can

be achieved with CS alone. Previous studies have investigated
the efficacy of CS alone in reducing the scan time for phase
contrast MRI (28,30,31,34).
One drawback of the proposed combination of EPI and CS is

the lower efficiency of k-space coverage. In most 3D acquisitions,
the outer region profiles of k space (i.e. edges of k space) are
either heavily undersampled or incompletely acquired [e.g.
elliptical shutter strategy (55)]. This usually increases the scan
time efficiency by around 10–20%. However, these methods
cannot be applied in the proposed sequence because of the
inherited features of the EPI acquisition, where each non-
acquired profile in the outer region of k space leads to non-
acquired profiles in the center region, which conflicts with the
strategy of fully sampling the center region of k space, needed
to estimate the coil sensitivity maps and to facilitate CS

reconstruction. This leads to inefficiencies in the sampling pat-
terns, as multiple replicas of the fully sampled central blocks
are acquired in outer k space, and as an elliptical shutter cannot
be utilized.

CONCLUSION

An accelerated 3D EPI–CS cine phase contrast sequence,
combining an EPI acquisition with random undersampling of k
space, allows a reduction in scan time by a factor of 7 without
compromising the flow quantification measured by standard
2D cine phase contrast MRI.
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