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Purpose: To develop and evaluate a technique that uses the
k-space lines rejected by prospective respiratory navigator
(NAV) to improve the signal-to-noise ratio (SNR) without
increasing the scan time.
Methods: In conventional image reconstruction, the motioncorrupted k-space lines rejected by the NAV are not used. In
this study, a set of translational motion parameters for the
NAV-rejected lines and a phase-corrected average for the
k-space line are estimated jointly using a maximum-likelihood
approach and the information from the corresponding
accepted k-space lines. Left coronary artery images were
acquired in 10 healthy adult subjects, and the proposed
approach incorporating the NAV-rejected lines was compared
with the conventional dataset with NAV-accepted lines only, as
well as a simple average of all k-space lines, in terms of SNR,
normalized vessel sharpness and qualitative image scores on
a four-point scale (1 5 poor, 4 5 excellent). Late gadolinium
enhancement images of the left atrium were also acquired in
21 patients with atrial fibrillation pre- or post-pulmonary vein
isolation. Images reconstructed with the proposed, conventional, and simple averaging methods were compared in terms
of SNR, and subjective image quality on a four-point scale.
Results: For coronary MRI, there was a significant improvement in SNR with the proposed technique, but no significant
difference in normalized vessel sharpness or qualitative image
scores were observed with respect to the conventional
method. Simple averaging resulted in an SNR gain, but significant loss in vessel sharpness and image quality. For late gadolinium enhancement, there was a significant increase in SNR,
but no significant differences were observed in subjective
image quality scores between the proposed and conventional
methods. There was an SNR gain, but image quality loss for
simple averaging, when compared with the conventional technique. In both coronary MRI and late gadolinium enhancement,
the SNR gain of the proposed method was not significantly different than the maximum theoretical SNR gain.
Conclusion: The proposed technique improves SNR using the
additional information from NAV-rejected k-space lines, while providing similar image quality to standard reconstruction using
motion-free k-space data only, with no increase in scan time. Magn
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Three-dimensional (3D) high-resolution cardiac MRI,
such as coronary MRI and late gadolinium enhancement
(LGE) imaging, is acquired in a segmented fashion over
multiple heartbeats, which necessitates compensation of
respiratory and cardiac motions (1). The latter is typically suppressed by imaging during the patient-specific
rest period of the cardiac cycle (1,2). For high-resolution
3D sequences, where the acquisition cannot be completed within a single breath-hold, techniques for respiratory motion compensation have been developed. Respiratory navigators (NAVs), which use a two-dimensional
pencil beam typically positioned on the dome of the
right hemi-diaphragm, have been used to track respiratory motion (3). Due to a linear dependency between the
respiratory motion of the heart and that of the right
hemi-diaphragm, NAV can be used to indirectly monitor
the motion of the heart (4). In prospective NAV gating,
the k-space lines acquired immediately after the NAV
signal are used for image reconstruction only if the NAV
signal is within a predefined gating window (5). Otherwise, the corresponding k-space lines are rejected and
reacquired in the next cardiac cycle. For a 5-mm gating
window, this typically results in an acceptance efficiency of 30%–70%, where the rejected lines are discarded and not used in reconstruction.
Alternative techniques have been developed to
improve the efficiency of respiratory motion compensation. Prospective motion correction has been used in coronary MRI to achieve scan efficiencies of 80%–100%
(6,7). Retrospective motion estimation has also been
used in coronary MRI to correct for the motion of the
rejected lines for 3D radial trajectories with projectionbased self-gating (8), and for sequences using imagebased NAVs (9,10). Self-gating with radial trajectories
has been used in LGE imaging as well (11), but imagebased NAVs may not be directly applicable in this case
due to the inversion pulse applied before imaging.
Another major challenge in high-resolution cardiac MRI
is the limited signal-to-noise ratio (SNR). In coronary
MRI, administration of vasodilators (12), imaging at higher
magnetic field strengths (13–15), and use of exogenous
contrast agents (16–25) have been investigated as means
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of improving SNR. In LGE imaging, the limited SNR can
be increased by imaging over alternate heartbeats (26),
thereby allowing more signal regrowth but also doubling
the scan time. However, we note that the primary reason
for the use of alternate heartbeat imaging technique is
robustness against magnetization variations. For twodimensional LGE imaging with breathhold acquisitions,
motion-corrected averaging has been used (27). However,
due to long acquisition times and inter-average motion,
multiple averages for 3D imaging are rarely used.
In this study, we sought to develop and evaluate a
novel technique that uses the NAV-rejected k-space
lines, which are not conventionally used for image
reconstruction and are discarded, to improve SNR without increasing the acquisition time. We use a 3D translational motion model, which was successfully used in
previous high-resolution cardiac MRI studies to reduce
motion artifacts (28) and was shown to be the dominant
component of affine motion models (7,8). Using this
motion model, the maximum-likelihood estimates of the
motion parameters and the k-space line are jointly determined from the corresponding accepted and rejected
k-space lines. The proposed technique is then evaluated
in vivo, using coronary MRI and LGE imaging of the left
atrium (LA).

srej;p ¼ ei2pkx xp ihp  s þ np ;

½4

thus reducing the number of unknowns. Similarly, the
accepted line is given by
sacc ¼ s þ nacc :

½5

Conventional reconstruction fills the k-space,
S(kx,ky,kz) with the accepted lines sacc for each k-space
location ðky0 ; kz0 Þ, whereas our goal is to reduce the effect
of the noise by using all the available lines. Under an independent identically distributed Gaussian noise
assumption, the likelihood
function for the unknown
nrej
can be written as
variables, s and xp ; hp p¼1
nrej
 
X
nrej 
jjsrej;p
L s; xp ; hp p¼1
¼ jjs  sacc jj22 
p¼1

 ei2pkx xp ihp  sjj22 ;

½6

where nrej is the number of NAV-rejected lines at the
given k-space location. The maximum-likelihood estimate is then given by


nrej
sML ; fxpML ; hML
p gp¼1 ¼ arg

minn jjs  sacc jj22 þ
rej

s;fxp ;hp gp¼1

nrej
X

jjsrej;p

p¼1

 ei2pkx xp ihp  sjj22 :

THEORY
We denote the underlying image as m(x,y,z) and the corresponding k-space as S(kx,ky,kz). When the underlying
object undergoes a translational motion of (x0,y0,z0), the
k-space experiences a phase-shift as


^ x ; ky ; kz Þ ¼ ei2pkx x0 i2pky y0 i2pkz z0 S kx ; ky ; kz :
Sðk

½1

We solve the nonlinear least squares problem in Eq. 7
using an alternating minimization approach (29,30). At
iteration t, the current estimate s(t) is held fixed, and for
each p



xpðtÞ ; hðtÞ
¼ arg min jjsrej;p  ei2pkx xp ihp  sðtÞ jj22
p
xp ;hp

Consider a NAV-gated segmented imaging protocol,
where the k-space line at ðky0 ; kz0 Þ is being acquired. We
note that in the following, we will not explicitly write
out the dependence on ðky0 ; kz0 Þ to simplify the notation.
This k-space line is rejected if the NAV detects that the
object has moved. In this case, the rejected k-space line
is given by:
srej;1 ¼ ei2pkx x1 i2pky y1 i2pkz z1  s þ n1 ;

srej;p ¼ ei2pkx xp i2pky yp i2pkz zp  s þ np :

is solved. Then,

½8

n
onrej
is held fixed, and s(tþ1) is
xpt ; htp
p¼1

generated as follows
sðtþ1Þ ¼ arg minjjs  sacc jj22 þ
s

nrej
X

jjsrej;p  e2pkx xp ihp  sjj22

p¼1

!
nrej
X
1
acc
i2pkx xp þihp
rej;p
¼
e
s
s þ
:
nrej þ 1
p¼1

½2

where s is the vector of values along the read-out (kx)
direction corresponding to the original image m(x,y,z),
srej,1 is the first rejected k-space line at this k-space location, n1 is the measurement noise, (x1,y1,z1) is the
motion the object has experienced, kx is the vector of
values for the extent of the k-space in the read-out direction, and o denotes elementwise multiplication. This
line will then be reacquired until it is within an acceptable gating window. We denote the k-space line corresponding to the pth time, it is rejected as

½7

½9

Finally, we note that for two vectors u, v, we have
^h ¼ arg minjjv  eih ujj2 ¼ \ðu  vÞ. Thus, to solve Eq. 8,
2
h
first the potential displacements, xj are quantized
between xmin and xmax with step size xstep. Then, for
each value of xj in this set,
 the corresponding yj is calculated as \ ei2pkx xj  srej;p  sðtÞ . Then, Eq. 8 is minimized over the set of parameters for xp. This approach
reduces the search space to only the x direction, and
avoids quantization for y.

½3
METHODS

As s only contains measurements along the kx direction for a fixed ðky0 ; kz0 Þ location, the motion in y–z direction cannot be determined individually. Thus, the
rejected line can be rewritten as

Imaging Studies
All imaging was performed on a 1.5-T Philips Achieva
(Philips Healthcare, Best, the Netherlands) system with a
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32-channel cardiac phased-array receiver coil. For this
HIPAA-compliant study, the imaging protocol was
approved by our institutional review board, and written
informed consent was obtained from all participants.
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bands were placed over the stationary tissues. All imaging was performed axially with right-left phase-encoding
to reduce respiratory artifacts from the chest wall.
Image Reconstruction

Coronary MRI in Healthy Subjects
Ten healthy adult subjects (eight females, 26.6 6 9.8
years) without contraindications to MRI were recruited
for left anterior descending (LAD) coronary artery imaging. Scout images were acquired with a steady-state free
precession sequence with in-plane resolution 3.1  3.1
mm2 and 10 mm slice thickness. This was followed by
an image set acquired with an axial breathhold cine
steady-state free precession sequence (pulse repetition
time/echo time ¼ 3.7/1.85 ms; temporal resolution, 48
ms; spatial resolution 1.7  1.7 mm2; acceleration rate,
two) to visually identify the quiescent period of the
LAD. The corresponding trigger delay was used for coronary acquisition. A low-resolution coronary survey 3D
volume was then acquired for localization and assignment of the appropriate imaging slab. A free-breathing
electrocardiogram-triggered NAV-gated steady-state free
precession sequence was used for acquisition. The imaging parameters were pulse repetition time/echo time ¼
4.3/2.1 ms, flip angle ¼ 90 , field of view ¼ 270  270 
30 mm3, spatial resolution ¼ 1.0  1.0  3.0 mm3. A
spectrally selective fat-saturation sequence and T2 magnetization preparation were used to improve contrast
(31). A NAV placed on the dome of the right hemi-diaphragm was used for respiratory motion compensation,
using prospective real-time correction with a 5-mm endexpiration gating window and 0.6 superior–inferior
tracking ratio (4,32). All images were acquired axially
with right-left phase encoding. Saturation bands were
placed over the stationary tissues to reduce artifacts
along the phase encode direction.
LA LGE in Patients
Twenty-one patients (eight females, 60.8 6 8.6 years)
referred for assessment of LA anatomy before or post
pulmonary vein isolation (PVI) were recruited for LA
LGE imaging. All patients had a history of atrial fibrillation and no contraindications to MRI. Sixteen were
imaged before PVI, and five post-PVI. All subjects were
in sinus rhythm. LGE images were acquired 10–20 min
after a bolus (2 mL/s) infusion of 0.1 mmol/kg of GdBOPTA (MultiHance, Bracco, Rome, Italy). The optimal
inversion time was selected to null the left ventricular
myocardial signal using a Look-Locker sequence. A freebreathing electrocardiogram-triggered NAV-gated inversion-recovery gradient echo imaging sequence was used
for all acquisitions. The imaging parameters were pulse
repetition time/echo time ¼ 5.2/2.6 ms, flip angle ¼ 25 ,
field-of-view ¼ 320  400  90 mm3, spatial resolution
¼ 1.4  1.4  4.0 mm3. A respiratory NAV placed on the
dome of the right hemi-diaphragm was used for respiratory motion compensation, using an end-expiration
adaptive gating window strategy with a target efficiency
varying between 40% and 50% (33). This corresponded
to an average gating window of 8.2 6 3.6 mm. Saturation

The k-space data were exported and transferred to a
stand-alone workstation for further analysis. The proposed method was implemented in Matlab (v7.6, MathWorks, Natick, MA). For all datasets, the proposed
motion correction for improved SNR was performed for
each coil independently. The parameters for the displacement in the x direction was chosen as xstep ¼ 0.2
pixels, xmin ¼ 10 pixels, and xmax ¼ 10 pixels. The
alternating minimization procedure was performed for
five iterations. Comparison images were generated via
the conventional technique of using only the NAVaccepted data, as well as using simple averaging of
accepted and motion-corrupted lines. In all cases, the
final images were generated by root-sum-squares of the
individual coil images.
Image and Statistical Analysis
For coronary MRI, objective vessel sharpness and SNR
measurements were used to evaluate the conventional
and proposed reconstructions for all datasets. SNR measurements were performed using Matlab (v7.6, MathWorks, Natick, MA) on the raw images. For coronary
MRI, the mean signal intensity of the ascending aorta at
the level that the left main coronary artery branches off
was measured by drawing a region-of-interest ( 10 mm
radius) for both reconstructions. For LA LGE, the mean
signal intensity was measured in the LA and right atrium
(RA) blood pools. Noise was measured in the nonsignal
areas of each image using a larger region-of-interest. SNR
was calculated as the ratio of the mean signal to the
standard deviation of the noise. SNR gain was calculated
as the ratio of the SNRs of the proposed and conventional techniques. This was compared with the maximum theoretical SNR gain, defined as the theoretical
SNR if a given k-space line was acquired nrej þ 1 times
without undergoing any motion, where nrej is the number of times this line was rejected due to NAV in the
original acquisition. A SoapBubble tool (34) was used to
quantitatively evaluate LAD vessel sharpness. Vessel
sharpness scores were calculated for both sides of the
vessel using a Deriche algorithm (35). Final normalized
sharpness was defined as the average score of both sides
divided by the center of vessel intensity.
A qualitative assessment of image quality was also performed for all images. Left coronary MRI and LGE images
were written into DICOM format and imported into
ViewForum (Philips Healthcare, Best, NL, vR4.2V1L2)
for qualitative evaluation by a blinded reviewer with >
10 years of experience without reformatting. For coronary MRI, separate scores were given to left main, proximal LAD, mid LAD, proximal left circumflex, and proximal right coronary artery. These scores were then
combined for statistical analysis. For LA LGE, subjective
scores were given for overall image quality of the axial
images. For all images, scores were also given for

Improved SNR with NAV-Rejected k-Space Lines

1335

FIG. 1. Reformatted axial slices from a left coronary MRI scan, depicting the LAD, left circumflex, and right coronary artery of a healthy
subject, using the conventional image reconstruction with only NAV-accepted data (conventional), the proposed technique, and simple
averaging of all data. Coronary arteries are visualized similarly for the conventional and proposed; however, images generated with the
proposed technique have 11% higher SNR due to the usage of the NAV-rejected k-space lines. Slight blurring is noticeable in the proximal right coronary artery, mid LAD, and mid left circumflex for the simple averaging, even though its SNR is the same as the proposed
technique.

freedom from motion artifacts. All scores were given on
a four-point scale (1 ¼ poor, 2 ¼ fair, 3 ¼ good, and 4 ¼
excellent). Additionally, a dichotomous score (yes/no)
was noted on the diagnostic quality of the LA LGE
images.
Imaging scores, normalized vessel sharpness, and SNR
are presented as mean 6 one standard deviation. The
signed rank test was used for imaging scores to test for
the null hypothesis that the central tendency of the difference was zero for the two reconstructions. All statistical analyses were performed using SAS (v9.3, SAS Institute, Cary, NC). SNR and normalized sharpness scores
were compared using the paired t-test. A P value of <
0.05 was considered to be significant.
RESULTS
Left coronary MRI and LA LGE imaging were successfully completed in all subjects without complications,
with an average gating efficiency of 51.5 6 8.5% and
42.9 6 4.7%, respectively. Figure 1 shows reformatted
axial images of left coronaries from a healthy subject,
reconstructed using the conventional, proposed, and
simple averaging methods. The conventional and proposed images are similar in terms of visualization and
sharpness, although the proposed technique has 11%
higher SNR. The simple averaging technique also yields
higher SNR; however, blurring is observed in the proximal right coronary artery, mid LAD, and mid left circumflex branches. Figure 2 shows an example axial slice of
LA LGE from a patient who underwent PVI for treatment
of atrial fibrillation, reconstructed using the conventional, proposed, and simple averaging methods. The
enhancement on the LA wall is visualized similarly
using both conventional and proposed techniques. However, for this patient, the proposed technique has 32%–
39% higher SNR compared with the conventional technique. The simple averaging technique suffers from blur-

ring of the enhancement region, even though it also
yields a higher SNR.
Table 1 summarizes the SNR measurements of the
ascending aorta and the corresponding SNR gain, and
normalized vessel sharpness measurements for left coronary MRI, as well as the SNR measurements of the LA
and the RA, and the respective SNR gains. For the left
coronary MRI, there was a significant difference between
the SNR of the proposed method and the conventional
method (42.7 6 10.6 vs. 36.6 6 10.2, P < 0.01), and
between the simple averaging method and the conventional method (42.6 6 10.7 vs. 36.6 6 10.2, P < 0.01) but
no difference between simple averaging and the proposed method (P ¼ 0.49). There was no difference in
terms of the normalized vessel sharpness between the
proposed and conventional methods (0.455 6 0.075 vs.
0.463 6 0.063, P ¼ 0.19), but there was a significant difference between simple averaging and conventional
methods (0.441 6 0.069 vs. 0.463 6 0.063, P < 0.01),
and between simple averaging and proposed method (P
¼ 0.02). The SNR gain of the proposed method (1.17 6
0.07) and the maximum theoretical SNR gain (1.19 6
0.09) were also not statistically different (P ¼ 0.12). For
LA LGE, there were significant differences in terms of
the SNR for the proposed and the conventional techniques, measured in both LA (27.9 6 14.2 vs. 22.7 6 11.1,
P < 0.01) and RA (31.4 6 16.1 vs. 25.7 6 13.2, P <
0.01). The SNR gain of the proposed method (1.21 6
0.09 as measured in the LA, 1.22 6 0.09 as measured in
the RA) and the maximum theoretical SNR gain (1.24 6
0.07) were not statistically different (P ¼ 0.11 and P ¼
0.25, respectively). The same results hold for the SNR
behavior of the simple averaging technique as expected.
Table 2 depicts the qualitative scores for overall image
quality and freedom from motion artifacts for left coronary MRI and LA LGE, as well as presence of enhancement in LA LGE. There were no differences among the
proposed and conventional techniques in terms of
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Akçakaya et al.

FIG. 2. An example axial slice from a patient who underwent PVI for treatment of atrial fibrillation, reconstructed using the conventional
technique with only NAV-accepted data (conventional), the proposed technique, and simple averaging of all data. Conventional and proposed images both show the enhancement of the left atrial (LA) wall (arrows) and are structurally similar. The image generated with the
proposed technique has 32% higher SNR in the LA blood pool and 39% higher SNR in the RA blood pool. Although the SNR of the
simple averaging technique is also higher, it suffers from blurring in the enhancement due to averaging of motion.

overall image quality and the presence of motion artifacts for both coronary MRI (P ¼ 0.50 and P ¼ 1.00,
respectively) and LA LGE (P ¼ 1.00 and P ¼ 1.00,
respectively). However, for left coronary MRI, the image
quality of simple averaging was significantly different
than both techniques (P < 0.01 for both), even though
there was no significant difference in terms of motion
artifacts (P ¼ 1.00 for both). For LA LGE, the presence of
motion artifacts with the simple averaging technique was
significantly worse than both other techniques (P <
0.01), even though the overall image quality was not different (P ¼ 0.25). Furthermore, there was no disagreement between any techniques in terms of detection of
enhancement for LA LGE.
DISCUSSION
In this study, we have proposed and evaluated an image
reconstruction technique that is associated with
improved SNR that uses information from NAV-rejected
k-space lines for high-resolution free-breathing MRI
acquisitions. These rejected k-space lines are conventionally discarded and not used in image reconstruction.
Thus, our technique is able to improve SNR without

requiring additional acquisition time. Furthermore, it
does not suffer from additional artifacts or blurriness.
There are significant variations in breathing patterns
of subjects. This is manifested not only in terms of differences in gating efficiency but also in terms of how
many times each line is reacquired until it is accepted.
For healthy subjects, the maximum number of reacquisitions at any given k-space location among all our
scans is 26, whereas for the patients, this number goes
up to 61. This difference in the number of times each
k-space line is reacquired leads to a nontrivial relationship between the SNR gain and the navigating
efficiency. Hence,
a 50% gating efficiency does not
pﬃﬃﬃ
translate to 2 gain in SNR. The variation in the breathing pattern may also result in rejected k-space lines that
are well out of the gating window. Image quality may
be further improved by only using rejected k-space lines
within a larger gating window (e.g., 15 mm) in the proposed technique. The larger gating window may be retrospectively applied using NAV data. We note that this
approach was not explored in this study due to the lack
of NAV data at the time of our study, although the
inclusion of all rejected k-space lines did not deteriorate the image quality.

Table 1
Comparison of Signal-To-Noise-Ratio (SNR) and SNR Gain between the Conventional, Proposed and Simple Averaging Techniques for
Left Coronary MRI and for Left Atrium (LA) Late Gadolinium Enhancement (LGE), as well as the Normalized Vessel Sharpness Measurements for Left Coronary MRI
Left coronary MRI

Conventional
Proposed
Simple average

LA LGE

Vessel sharpness

SNR

SNR gain

SNR (LA)

SNR gain

SNR (RA)

SNR gain

0.463 6 0.063
0.455 6 0.075
0.441 6 0.069

36.6 6 10.2
42.7 6 10.6
42.6 6 10.7

1.00 6 0.00
1.17 6 0.07
1.17 6 0.07

22.7 6 11.1
27.9 6 14.2
27.9 6 14.1

1.00 6 0.00
1.21 6 0.09
1.21 6 0.09

25.7 6 13.2
31.4 6 16.1
31.5 6 16.2

1.00 6 0.00
1.22 6 0.09
1.22 6 0.99

The proposed technique and simple averaging significantly improves SNR for left coronary MRI as measured in the ascending aorta,
and for LA LGE as measured in the LA and the right atrium (RA) (P < 0.01 for all cases). There were no significant differences between
vessel sharpness measurements and imaging scores between conventional and proposed technique (P ¼ 0.49). However, significant differences were observed between simple averaging and both other techniques (P < 0.01 for both).
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Table 2
Subjective Image Scores and Freedom From Motion Scores (1 ¼ poor, 2 ¼ fair, 3 ¼ good, 4 ¼ excellent) for the Conventional, Proposed
and Simple Averaging Reconstruction Techniques for Left Coronary MRI and for LA LGE
Left Coronary MRI

Conventional
Proposed
Simple average

LA LGE

Image score

Freedom from motion

Image score

Freedom from motion

Presence of LGE

2.88 6 1.08
2.84 6 1.13
2.62 6 1.12

2.90 6 0.99
2.90 6 0.99
2.80 6 0.92

3.00 6 0.71
3.00 6 0.71
2.86 6 0.79

3.57 6 0.60
3.57 6 0.60
3.05 6 0.80

6/21
6/21
6/21

There are no significant differences between the proposed and conventional techniques in terms of overall image quality or motion artifacts both in coronary MRI and LA LGE (P ¼ 0.50, 1.00, 1.00, 1.00 respectively). However, for coronary MRI, the image quality of simple
averaging was significantly worse than both techniques (P < 0.01 for both), though there was no difference in terms of motion artifacts
(P ¼ 1.00 for both). For LA LGE, the presence of motion artifacts with the sample averaging technique was significantly worse than
both other techniques (P < 0.01), even though the overall image quality was not different (P ¼ 0.25). There is no disagreement between
the techniques in terms of detection of enhancement in LA LGE.

Even though a small gating window is used in our
acquisitions, there will be motion within the gating window over multiple segments. In conventional imaging,
this motion is assumed to be negligible, and the k-space
data from various segments are combined to form the
final image. In our approach, we also assume the
accepted line is motion-free, and the maximum-likelihood estimate is calculated based on this assumption.
Inclusion of motion between different segments would
require the combined processing of all k-space lines, as
well as a model for motion uncertainty, which would
lead to prohibitively large problem size. Thus, the
motion within the gating window was not considered in
this study.
The proposed technique was used in imaging sequences with low SNR. LGE imaging has an inherently low
SNR due to the application of an inversion pulse and
lack of recovery. Additionally, the presence of gadolinium affects the contrast of the k-space lines acquired
over time. Thus, if a line is rejected and reacquired, the
contrast will not be exactly same due to the changing
inversion time and effects of contrast wash-out. This
issue was not noted in our study. However, this phenomenon may create contrast differences between the
conventional and the proposed technique, if central kspace lines are rejected and reacquired over multiple
heart cycles.
The images generated with the simple averaging technique were qualitatively different for the two sequences
on two different cohorts. In the coronary artery imaging
of healthy subjects, no significant differences were
observed in terms of motion artifacts. One possible explanation for this is the regular breathing pattern of the
healthy subject population averages itself out and does
not create severe motion artifacts even without motion
correction. However, subtle changes in sharpness of the
vessels were observed by the experienced blinded reader,
leading to a lower image quality score. On the other
hand, in LA LGE imaging of patients, which has coarser
resolution and where the diagnostic value of the images
is largely based on the delineation of scar, the image
quality was not significantly different than the other two
techniques. However, the motion artifacts in this case
were more notable, as this cohort is likely to have a
more irregular breathing pattern than the healthy
subjects. Finally, we note that simple averaging still uses

information from accepted k-space lines to average out
motion artifacts, and thus it is fundamentally different
than an acquisition strategy where no gating is used.
The reconstruction time of the MATLAB implementation of the proposed algorithm was  18 ms per k-space
line, although the exact value depends on the number of
rejected acquisitions for that line. Although this reconstruction time is not substantial, this particular implementation is unlikely to be used in real-time due to the
need of reconstructing multiple coil data for multiple kspace lines per segment. Thus, for real-time reconstruction, alternative reconstruction techniques based on
other programming languages or parallel implementations on graphics processing units (36) may be
necessary.
In our imaging sequences, saturation bands were used
to suppress the signal from stationary tissues, such as
arms and the back. Thus, the majority of the signal in
each coil comes from the moving objects, and the
acquired k-space lines can be corrected for translational
motion. In cases, where the stationary tissues are not
suppressed, these stationary tissues may need to be segmented out, and their signal contribution may need to be
subtracted out from individual k-space lines before
applying motion correction. We also note that in segmented acquisitions of high-resolution cardiac MRI, the
application of saturation bands, as was done in our
study, does not increase the scan time, as imaging can
only be performed during the rest period of the heart
cycle.
Although rejected k-space lines are not used for SNR
improvement in prior work, there are a number of
approaches that aim to correct the motion in lines using
additional information, such as two-dimensional or 3D
NAVs (9,28,37,38), self-navigating approaches (39,40), or
binning strategies based on NAV data (8) for improved
scan efficiency. Our approach is fundamentally different
than these techniques, as the proposed technique
requires no additional information than the accepted and
rejected k-space lines. However, due to the presence of
the accepted k-space line in maximum-likelihood estimation, our technique cannot be used directly for improved
scan efficiency.
SNR increases for both coronary MRI and LGE have
been reported when imaging at higher fields (41,42).
Although SNR increases between 30% and 60% have
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been reported (42–46), these differences in SNR have not
translated to improved diagnostic quality (47,48). This is
consistent with the findings in our study, where the
improved SNR did not result in improved imaging
scores. It may be possible to use the improved SNR for
higher spatial resolution; however, this was not studied.
CONCLUSION
We have demonstrated a technique that uses NAVrejected k-space lines for improved SNR without resulting in a longer acquisition or imaging artifacts.
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