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Prospective right hemidiaphragm navigator (NAV) is com-

monly used in free-breathing coronary MRI. The NAV results

in an increase in acquisition time to allow for resampling of

the motion-corrupted k-space data. In this study, we are pre-

senting a joint prospective–retrospective NAV motion com-

pensation algorithm called compressed-sensing motion

compensation (CosMo). The inner k-space region is acquired

using a prospective NAV; for the outer k-space, a NAV is only

used to reject the motion-corrupted data without reacquiring

them. Subsequently, those unfilled k-space lines are retro-

spectively estimated using compressed sensing reconstruc-

tion. We imaged right coronary artery in nine healthy adult

subjects. An undersampling probability map and sidelobe-to-

peak ratio were calculated to study the pattern of undersam-

pling, generated by NAV. Right coronary artery images were

then retrospectively reconstructed using compressed-sens-

ing motion compensation for gating windows between 3 and

10 mm and compared with the ones fully acquired within the

gating windows. Qualitative imaging score and quantitative

vessel sharpness were calculated for each reconstruction.

The probability map and sidelobe-to-peak ratio show that

the NAV generates a random undersampling k-space pattern.

There were no statistically significant differences between

the vessel sharpness and subjective score of the two recon-

structions. Compressed-sensing motion compensation could

be an alternative motion compensation technique for free-

breathing coronary MRI that can be used to reduce scan

time. Magn Reson Med 66:1674–1681, 2011. VC 2011 Wiley

Periodicals, Inc.
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Respiratory and cardiac motions are the main challenges

of high-resolution coronary MRI (1). For cardiac motion,

a patient’s specific rest period during the cardiac cycle is

commonly used (2). While breath-hold acquisitions have

been previously used in coronary MRI (3,4), the limited

breath-hold duration constraints spatial resolution and

the clinical applicability of this approach. Despite sev-

eral advances over the past two decades, respiratory

motion still remains a major challenge.

Various methods exist for respiratory motion monitoring

and compensation. Respiratory navigators (NAVs) were

developed a decade ago and have been continuously

refined to become the most reliable respiratory motion

compensation technique for free-breathing coronary MRI

(5–7). A two-dimensional (2D) pencil beam or spin echo

with orthogonal planes for excitation and refocusing, posi-

tioned on the right hemidiaphragm, is used to monitor the

respiratory motion. In prospective acceptance–rejection

NAV gating (8,9), the k-space segment, acquired immedi-

ately following the NAV, is accepted if the NAV is within

a prespecified acceptance gating window. Otherwise, data

are discarded and reacquired in the next cardiac cycle.

This results in an acceptance efficiency of 30–80%. A

larger gating window improves data acquisition efficiency,

albeit with the penalty of accepting more motion-cor-

rupted k-space. Multiple methods have been proposed to

improve NAV motion detection capability and acquisition

efficiency which are comprehensively reviewed by Scott

et al. (1). Examples of such advancements include fat NAV

as a surrogate for direct coronary motion (10,11), leading

and trailing NAV (7), and continuously adaptive window-

ing strategy to improve acquisition efficiency (12).
Image- or projection-based methods have also been

presented to compensate for respiratory motion (13–15).
In projection-based techniques, the motion of the heart
directly measured from acquired raw data is used to cal-
culate the respiratory motion. In image-based techniques,
a low-resolution image is commonly extracted from the
central portion of k-space and used for retrospectively
compensating the respiratory motion (16–18). Rigid body
and affine transformations can also be used for prospec-
tively correcting the respiratory motion and increasing
the gating window and efficiency rate (19–21). While
prospective acquisition is commonly used for coronary
MRI, there have been also some studies of using a retro-
spective NAV gating with the aim of improving gating
efficiency or completion of scan in a fixed amount of
time (22,23).
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Utility of compressed sensing (CS) for estimating
motion-corrupted data was presented for removing swal-
lowing artifacts in larynx imaging (24). A pseudorandom
trajectory was designed to generate a motion-free under-
sampled k-space from the information provided by NAV.
The undersampled k-space of larynx was then used
in the standard CS algorithm (25) to estimate the unfilled
k-space data. In cardiac MR, the quasiperiodic nature of
the respiratory pattern yields a randomly undersampled
k-space. Therefore, CS reconstruction could potentially
be used to estimate the motion-corrupted k-space data
without reacquiring them. In this study, we have pro-
posed and evaluated a joint retrospective–prospective
NAV gating approach, CS motion compensation (CosMo)
for coronary MRI. Imaging using a nonrigid motion phan-
tom and in vivo coronary MRI were used to evaluate the
efficacy of the proposed respiratory motion technique.

MATERIALS AND METHODS

Figure 1 shows the proposed CosMo data acquisition
strategy. The k-space segments are divided into inner
and outer regions, which are acquired using two differ-
ent approaches. The inner k-space segments are first
fully acquired using a diaphragmatic NAV with a prede-
fined gating window, similar to the prospective NAV ac-
quisition. The outer k-space segments are accepted for
image reconstruction only if the NAV position is within
the gating window at the time of their acquisitions; oth-
erwise the k-space segments are discarded and not reac-
quired. On completion of the scan, the inner segments
are fully sampled, while the outer k-space is under-
sampled. The pattern of undersampling is enforced by
NAV and respiratory motion of a subject. We hypothe-

size that this undersampling pattern is random, and
methods such as CS (25,26) can be used to estimate the
motion-corrupted k-space segments.

This study is divided into two sections: (1) to investi-
gate the randomness and incoherence of the NAV-gener-
ated undersampling pattern and (2) to investigate the
efficacy of CosMo for respiratory motion compensation
in coronary MRI. Initially, the feasibility of CosMo is
studied on a respiratory motion phantom. Then, in a ret-
rospective study, the randomness and incoherence of the
generated k-space undersampling pattern in 3D coronary
MRI with the proposed acquisition strategy is investi-
gated. Finally, the generated undersampling k-space data
are reconstructed for different gating windows and com-
pared with the images from fully sampled data.

Nonrigid Respiratory Phantom Study

To investigate the feasibility of the proposed method, we
first performed a phantom study on our pneumatic MR-
compatible respiratory and cardiac motion phantom of a
two-chamber deformable human heart. The phantom
allows for respiratory motion along superior–inferior and
anterior–posterior directions; however, only superior–
inferior respiratory motion was used in our experiments.
The desired respiratory motion of the phantom, gener-
ated from a subject’s respiratory motion, was pro-
grammed into a microprocessor. The microprocessor con-
trols the motion of the phantom outside the magnet
room using a fiber optic cable. The phantom was imaged
with an ECG triggered, 3D axial, steady-state free preces-
sion sequence with the following parameters: repetition
time/echo time ¼ 5.0/2.0 ms; field of view ¼ 300 � 300
� 112 mm3; spatial resolution 1.3 � 1.3 � 1.5 mm3; flip

FIG. 1. Schematic of the proposed joint retrospective–prospective NAV scheme for CosMo: inner k-space segments are accepted if the

NAV signal is within a prespecified gating window. Otherwise data are discarded and reacquired in the next cardiac cycle. The outer k-
space data are included only if the data are within the acceptance window, otherwise they will be estimated during the reconstruction.
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angle ¼ 90�. A 2D pencil-beam NAV was placed at the
edge of the plate moving the heart, to measure the dis-
placement along superior–inferior direction. The acquisi-
tion was obtained using 22 phase-encode lines per seg-
ment. At the beginning of the scan, the first 20 cardiac
cycles were used as a training phase to define the center
of 5 mm gating window. The inner k-space lines (ky � kz
of 37 � 26) were fully acquired within this gating win-
dow while the outer k-space lines were acquired with
100 mm gating window. A centric profile ordering was
used for acquiring the inner k-space segments. After
acquiring the inner k-space segments, the profile order-
ing was changed to the standard radial spokes for acqui-
sition of the rest of k-space segments. For outer k-space,
only data within the acceptance window were used for
image reconstruction. A fully sampled reference image
with prospective NAV acquisition was also acquired.

Image Reconstruction

After generating the fully sampled and randomly under-
sampled 3D k-space datasets, the undersampled dataset
was reconstructed using the modified CS approach (27)
called low-dimensional structure self-learning and
thresholding (LOST). Minimization of the convex l1
norm of transform domain coefficients has been the pre-
ferred CS sparsity regularization in MRI. This technique
assumes that an image has a sufficiently sparse represen-
tation in a preselected transform domain. Although spar-
sity is a necessary condition for l1 norm reconstruction,
it is not possible to know whether a transform can effi-
ciently represent the underlying image characteristics.
Furthermore, the relevant anatomical features are not
necessarily captured in a sparse manner with a fixed
transform. LOST, on the other hand, uses the structure
and anatomical features in the image being recon-
structed. By using the information from the image itself,
it is able to represent various anatomical features of the
image sparsely in an adaptive fashion, without the need
for training data. This adaptive representation allows for
the removal of aliasing artifacts and noise using thresh-
olding approaches, without causing significant recon-
struction artifacts and blurring (27). Therefore, in this
study, we have used LOST to estimate the motion-cor-
rupted k-space segment in CosMo.

The proposed method was implemented in MATLAB
(The MathWorks, Natick, MA) and Cþþ using the FFTW
library, for off-line reconstruction. The final estimate is
generated by root sum squares of the coil estimates.

Coronary MRI Acquisition

Nine healthy adult subjects (three males, 25 6 12 years),
without any contraindications to MRI, were recruited for
this study. All images were acquired using a 1.5 T scan-
ner (Achieva, Philips Healthcare, Best, The Netherlands)
and a five-channel phased array coil. Written informed
consent was obtained from all the participants, and the
imaging protocol was approved by our Institutional
Review Board.

In each scan, scout images were acquired to localize the
anatomy using a balanced steady-state free precession

sequence with 3.1 � 3.1 mm2 in-plane resolution and 10
mm slice thickness. On the scout image, a 2D pencil-
beam NAV was placed at the dome of the right hemidia-
phragm. To measure the coil sensitivity maps, a set of
reference images were acquired using both the body and
the phased array coils. The coil sensitivity maps were
used for subsequent acquisitions but not in LOST recon-
struction. The scan was followed by an axial breath-hold
cine steady-state free precession sequence with 1.2 � 1.2
mm2 in-plane resolution and 48 ms temporal resolution,
to visually identify the rest period of the right coronary
artery (RCA). A low-resolution 3D coronary survey vol-
ume was next acquired to define an oblique imaging slab
covering the RCA. The oblique imaging plane was used
to acquire a free-breathing 3D ECG-gated steady-state free
precession sequence with the following parameters: 270
� 270 � 30 mm3 field of view; 1.0 � 1.0 � 3.0 mm3 spa-
tial resolution; echo time/repetition time ¼ 2.6/5.3 ms;
flip angle 90�; number of k-space segments measured per
shot ¼ 17; NAV gating window ¼ 100 mm, i.e., effi-
ciency of 100%; number of averages ¼ 10. Both NAV sig-
nal and raw k-space data were recorded and transferred
to a stand-alone workstation for further retrospective
analysis and reconstruction.

NAV-Generated Undersampling

To study the undersampling pattern generated by NAV,
we retrospectively analyzed the acquired data. For each
subject, we had 10 averages and corresponding NAV
positions for each segment. To verify the randomness of
the accepted k-space segments for each average, a proba-
bility map was generated. The probability map shows
the acceptance probability of a specific k-space segment
within a predefined gating window over 10 averages.
This probability changes from zero, the case where the
k-space segment is not acquired over 10 averages, to 1,
for the case where the segment is acquired in all the
averages. Had the generated undersampling pattern been
the same at each average, i.e., a deterministic undersam-
pling pattern, the generated probability map would have
only values of either zero or one. Otherwise, if the
undersampling pattern was random, the probability map
would have values ranging from 0 to 1. In the generated
probability map, the k-space segments having the proba-
bility of 0.5 had the maximum randomness over 10
averages.

We used the sidelobe-to-peak ratio (SPR) (25) to inves-
tigate the incoherence of the resulting undersampling
pattern. We calculated the point spread functions of the
undersampled k-spaces generated for 5 mm gating win-
dow for each subject. The SPR was then calculated as
the ratio of the second highest peak to the maximum
peak of the point spread function. A lower SPR suggests
an incoherent random sampling pattern. In our analysis,
due to the breathing pattern, the gating efficiency for dif-
ferent averages was different. This fact, along with the
pattern of the undersampled k-spaces, results in different
values for SPR (10 per subject for a total of 90 SPR for
all subjects).

The probability map and computed SPR, respectively,
evaluate the randomness and incoherence of the
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undersampling k-space patterns that are generated by the
respiratory motion measured by NAV.

Retrospective Coronary MRI

A retrospective NAV-gated image dataset was recon-
structed as a reference from the acquired datasets. To fill
in the k-space, k-space lines from the first average were
included if the associated NAV signal, acquired prior the
k-space lines, was within the predefined acceptance win-
dow determined during a training phase. For the unfilled
k-space lines in the k-space, the data from the subse-
quent averages were used. The k-space contains only one
instance of the accepted k-space segments from all the
nine averages and the remainder of the data was dis-
carded. Four different references were reconstructed for
gating windows of 3, 5, 7, and 10 mm. Additionally,
another retrospectively gated reference was generated by
using a variable gating window of 5 and 10 mm for the

inner (the inner 50% of k-space) and the outer (the outer
50% of k-space) k-space segments, respectively.

To create the CosMo k-space data, the k-space was di-
vided into two regions: inner and outer. For inner region,
the k-space data were selected similar to the retrospec-
tive NAV gated dataset. For outer region, the k-space
data acquired in the first average was included in the
final k-space data if it is within the acceptance window,
otherwise these segments were unfilled. This procedure
results in the k-space data, which is fully sampled in the
inner region while containing randomly distributed
unfilled data in the outer region. Similar to the retro-
spective data, only one instance of each k-space segment
was included.

Image Analysis

For each of the nine subjects, we retrospectively recon-
structed coronary images by gating the respiratory
motion and using CosMo for different gating windows.

FIG. 2. Nonrigid motion phantom: a: 2D image of the phantom setup demonstrating position of the imaging slab and NAV. b: NAV signal
tracking the heart and acquiring the inner k-space lines within 5 mm gating window (after this stage the gating window is increased to
acquire the rest of k-space lines). Green, red, and blue lines represent the accepted k-space segments, measured phantom displace-

ments, and gating window size, respectively. c: Prospectively gated NAV with 5 mm gating window. d: Zero-filled image, where the
outer k-space data acquired outside the gating window are replaced with zero. e: CosMo reconstructed image using 51% k-space

data. f: Motion-corrupted image, where the outer k-space data acquired outside the gating window are used in the image reconstruc-
tion. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Qualitative assessment of coronary artery images was
performed by an experienced independent blinded
reader using a four-point scale system as previously
described in Ref. 28: 1, indicating poor or uninterpret-
able (coronary artery visible, with markedly blurred
borders or edges); 2, fair (coronary artery visible, with
moderately blurred borders or edges); 3, acceptable (coro-
nary artery visible, with mildly blurred borders or
edges); or 4, excellent (coronary artery visible, with
sharply defined borders or edges). For each image, sepa-
rate scores were given for the proximal, mid, and distal
segments. The Soap Bubble (29) (Philips Healthcare,
Best, The Netherlands) tool was used to quantitatively
evaluate the vessel definition. Vessel sharpness scores
were calculated for both sides of the vessel, and final
sharpness was defined as the average score of the both
sides. The final normalized sharpness was defined as the
average score of the both sides divided by the lumen
signal.

Statistical Analysis

All measurements are presented as mean 6 one standard
deviation. A two-tailed, paired Student’s t-test was used
for comparing image quality in all the measurements

except the visual grading. A paired two-sided Wilcoxon
test was performed for the visual grading. A P value of
<0.05 was considered statistically significant.

RESULTS

Nonrigid Respiratory Phantom Study

Figure 2 depicts the reconstructed images of the respira-
tory motion phantom using CosMo compared with the
prospective NAV gating; zero-filled and motion-
corrupted images. CosMo improves visualization of the
motion phantom and preserve the sharp edges between
the heart and distillated water despite using only 51% of
the k-space data.

Coronary MRI

Figure 3 shows the NAV-generated probability map of the
accepted ky–kz lines over 10 averages of four healthy sub-
jects (A–D) for gating windows of 3, 5, 7, and 10 mm,
respectively. The undersampled locations exhibit random-
ness for all subjects at all gating windows. As the size of
gating window increases from 3 to 10 mm, the acceptance
probability of the outer k-space segments also increases.

FIG. 3. NAV-generated respiratory undersampling pattern: the color map shows the probability of accepted ky–kz segments by NAV of
four subjects (A–D) for four gating windows (3, 5, 7, 10 mm). The undersampled lines exhibit randomness between different subjects
and for different gating windows.
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Figure 4a displays the mean and standard deviation of
SPR over the 10 undersampled k-spaces for each subject.
Figure 4b shows the SPR in terms of the gating efficiency
of each undersampled k-space. Due to the breathing pat-
tern, the gating efficiency differs for different averages
and different undersampling pattern is generated. As the
gating efficiency reduces, the k-space becomes highly
undersampled and SPR increases. As a point of compari-
son, 10 undersampled k-space patterns generated by ran-
domly discarding the outer k-space region while keeping
the central portion of k-space (for an acceleration rate of
1.75), has average SPR of 0.27 6 0.01.

Figure 5 shows the reformatted images using retrospec-
tive NAV gating and CosMo for gating windows of 3, 5,
7, 10, and 5/10 mm. In this example, the gating efficien-
cies for CosMo reconstruction for gating windows of 3,
5, 7, 10, and 5/10 mm were 67%, 73%, 78%, 82%, and
76%, respectively. CosMo images are highly comparable
with the fully sampled acquisition. The mean gating effi-
ciencies range from 47% to 76% for different gating win-
dow sizes. Despite an improvement in gating efficiency
in the images acquired using a larger gating window of
10 mm for outer k-space, the subjective score did not
deteriorate compared to smaller gating window.

Table 1 summarizes the subjective RCA image scores.
There is no significant difference between the scores of
the images reconstructed by the retrospective gating of
the respiratory motion and CosMo. Table 2 displays the
coronary sharpness measure for different gating win-
dows, which demonstrates no significant difference
between the retrospective NAV and CosMo.

DISCUSSION

In this study, a joint prospective–retrospective NAV, so
called CosMo, is implemented and assessed for coronary
MRI. The quasiperiodic nature of subject’s breathing is
used to generate an undersampled k-space. Subse-
quently, the motion-corrupted k-space segments were
estimated in the reconstruction step using LOST recon-
struction. As CS algorithms require a certain region of
inner k-space data to be fully acquired, the proposed
prospective–retrospective NAV guarantees acquiring
those k-space lines within the gating window by using a
prospective diaphragmatic NAV.

While similar scan time can be achieved with an accel-
erated acquisition using an acceleration factor of 2–3,
CosMo results in a fixed and deterministic scan time.

FIG. 4. Mean and standard deviation of the sidelobe-to-peak ratio (SPR) of the undersampled k-spaces generated within 5 mm gating
window for each subject (a), and calculated SPR for calculated gating efficiency (b). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIG. 5. The reformatted right coronary artery (RCA) images using retrospective NAV and CosMo for different gating windows (GW) of 3,
5, 7, 10 and inner/outer k-space of 5/10 mm. Comparable image quality can be seen between CosMo and NAV gated data.
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There have been several approaches to combine parallel
imaging techniques with CS reconstruction to accelerate
acquisition (30). In this study, we did not use any paral-
lel acquisition to allow for evaluation of the proposed
method and comprehensive study of the undersampling
pattern. However, CosMo can be used with current paral-
lel imaging reconstruction techniques for further reduc-
tion in scan time. Further investigation is needed to
understand the efficacy of combining CosMo with paral-
lel imaging.

The randomness of the undersampling pattern gener-
ated by CosMo was also studied using a probability map
and the SPR of the undersampling k-space patterns.
While the SPR measure provides a rule-of-thumb for the
applicability of CS, it is inherently tailored for linear
reconstruction methods (31) and is signal independent.
Thus, it cannot give a full characterization of the
reconstruction process, especially for LOST, which is
signal adaptive. Nonetheless, it provides a simple mea-
sure for the incoherency of the undersampled k-space
pattern, and results suggest that the SPR of the pattern
generated by CosMo is not very different from that of a
randomly generated pattern.

There are significant variations among different
patients in terms of breathing pattern and this pattern
usually changes during the long scan. In some patients,
the undersampling factor enforced by poor respiratory
pattern might be too high for reliable image reconstruc-
tions. In these cases, alternative approaches should be

used to guarantee a minimal amount of outer k-space
data prior to completion of the scan. While this might
increase the scan time, it makes sure that the undersam-
pling will not be too high for image reconstruction. Such
approaches need further investigation.

In CosMo, motion-corrupted outer k-space data are
completely discarded. However, these data may contain
useful information that can improve CosMo reconstruc-
tion. Respiratory motion contributes to k-space errors
through a variety of effects, e.g., motion relative to the
spatially varying coil sensitivities and nonrigid motion.
Nevertheless, the respiratory motion of the heart can be
approximated by a time-varying rigid translation. This
motion will manifest itself as phase variation in the
acquired k-space segment. Therefore, k-space magnitude
still carries some useful information and may be used to
improve reconstruction by adding additional constraint
on the magnitude of the estimated k-space lines. This
approach needs to be further studied.

We have used diaphragmatic NAV as a surrogate for
respiratory motion. However, other methods such as
respiratory bellows or fat NAV may also be used.

Our study has several limitations. We have only com-
pared the CosMo-reconstructed images with a retrospec-
tive NAV-gated reconstruction. A prospective NAV gated
with tracking is commonly used for coronary MRI. The
methodology used in this study to create the reference
data closely simulates a prospective acquisition without
any correction (tracking) or adaptive gating. However,

Table 2
RCA Sharpness of the Images Reconstructed with Different Gating Windows Using Retrospective NAV and CosMo

Window
size (mm) NAV technique

Gating
efficiency (%) Sharpness Normalized sharpness

3 Retro NAV N/A 1865 6 733 0.54 6 0.07
CosMo 47 1537 6 632 0.5 6 0.08

5 Retro NAV N/A 1661 6 523 0.52 6 0.08
CosMo 57 1424 6 560 0.49 6 0.09

7 Retro NAV N/A 1834 6 695 0.53 6 0.07

CosMo 64 1424 6 560 0.49 6 0.08
10 Retro NAV N/A 1778 6 761 0.51 6 0.08

CosMo 76 1512 6 650 0.48 6 0.09
5, 10 Retro NAV N/A 1836 6 707 0.52 6 0.08

CosMo 62 1548 6 568 0.49 6 0.08

There was no statistically significant difference between the two techniques with any of gating windows.

Table 1
Subjective RCA Image Scores for Retrospective NAV and CosMo with Different Gating Windows for Proximal, Mid and Distal Segments

Window

size (mm)

NAV

technique

Gating

efficiency (%) PROX MID DIS

3 Retro NAV N/A 3.1 6 0.6 2.9 6 0.6 2.4 6 0.8

CosMo 47 3.1 6 0.7 2.6 6 0.9 2.4 6 0.8
5 Retro NAV N/A 2.8 6 0.4 2.9 6 0.6 2.3 6 0.4

CosMo 57 2.8 6 0.7 2.8 6 0.8 2.3 6 0.7

7 Retro NAV N/A 3.1 6 0.6 2.9 6 0.6 2.7 6 0.7
CosMo 64 2.6 6 0.7 2.5 6 1.0 2.1 6 0.7

10 Retro NAV N/A 2.6 6 0.7 2.6 6 0.7 2.3 6 0.7
CosMo 76 2.5 6 0.5 2.3 6 0.8 2.1 6 0.9

5, 10 Retro NAV N/A 3.0 6 0.7 3.0 6 0.5 2.5 6 0.5

CosMo 62 2.8 6 0.7 2.8 6 0.8 2.1 6 0.9

No statistically significant difference was found between the two techniques.
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gating and tracking will have slightly higher acquisition
efficiency compared to gating. Further studies are
needed to directly compare the CosMo image acquisition
with a prospective NAV gating and tracking. In our cur-
rent implementation, the size of the fully acquired inner
k-space segments was empirically determined. Further
studies are needed to systematically study the minimum
required number of lines. LOST algorithm with its exper-
imentally chosen parameters was used in CosMo to
reconstruct the coronary images and we did not system-
atically investigate how to optimize LOST’s individual
parameters. We used objective vessel sharpness and sub-
jective image scores as image quality end points. These
metrics may not reflect the clinical improvements of
atherosclerosis lesion detection.

CONCLUSIONS

CosMo acquisition results in randomly unfilled k-space
data in coronary MRI that can be estimated in recon-
struction step using a CS algorithm, such as LOST,
without reacquiring the motion-corrupted data. This
approach yields a scan time reduction in coronary MRI.
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