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Purpose: This work proposes principal component analysis (PCA) coil com-
pression and weight sharing to reduce acquisition and reconstruction time of
through-time radial GRAPPA.
Methods: Through-time radial GRAPPA enables ungated free-breathing
motion-resolved cardiac imaging but requires a long calibration acquisition and
GRAPPA weight calculation time. PCA coil compression reduces calibration
data requirements and associated acquisition time, and weight sharing reduces
the number of unique GRAPPA weight sets and associated weight computation
time. In vivo cardiac data reconstructed with coil compression and weight shar-
ing are compared to a gold standard to demonstrate improvement in calibration
acquisition and reconstruction performance with minimal loss of image quality.
Results: Coil compression from 30 physical to 12 virtual coils (90% of signal
variance) decreases requisite calibration data by 60%, reducing calibration acqui-
sition time to 6.7 s/slice from 31.5 s/slice reported in original through-time radial
GRAPPA work. Resulting images have small increase in RMS error (RMSE).
Reconstruction with a weight sharing factor of 8 results in eight-fold reduction
in GRAPPA weight calculation time with a comparable RMSE to reconstructions
with no weight sharing. Optimized parameters for coil compression and weight
sharing applied to reconstructions enables images to be collected with a tem-
poral resolution of 66 ms/frame and spatial resolution of 2.34× 2.34 mm while
reducing calibration acquisition time from 34 to 6.7 s, weight calculation time
from 200 to 3 s, and weight application time 18 to 5 s.
Conclusion: Coil compression and weight sharing applied to through-time
radial GRAPPA enables fast free-breathing ungated cardiac cine without com-
promising image quality.
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1 INTRODUCTION

Cardiac cine MRI is a well-established dynamic imaging
technique with high spatial and temporal resolution to
assess both cardiac structure and physiological motion.1
In clinical practice, cardiac cine is a precise and repro-
ducible method for assessment of function and mass of
both ventricles though the cardiac cycle. In comparison
to other approaches to functional assessment of the heart,
cardiac MR is non-invasive, does not use ionizing radia-
tion, and provides superior soft tissue contrast with more
possible imaging planes. For these reasons, cardiac cine is
considered to be the gold standard for clinical assessment
of cardiac function.2

Despite the success of cardiac cine, patient patholo-
gies can reduce the quality of acquired images. To elim-
inate motion artifacts, a long acquisition through multi-
ple cardiac cycles is performed with retrospective elec-
trocardiograph (ECG) gating to obtain enough data to
resolve motion during each cardiac phase. Due to the
long acquisition time, multiple breath-holds are required
to eliminate respiratory motion. However, cardiac dys-
rhythmia can reduce the accuracy of cardiac gating
and introduce motion artifacts into acquired images and
non-cooperative patients, such as children or patients with
dyspnea, are unable to perform the long breath-holds
required for high-quality cardiac cine. Thus, imaging fail-
ure due to motion artifacts is a challenge with cardiac
cine.

Real-time cardiac imaging techniques have been pro-
posed that do not require breath holds or ECG gat-
ing by using rapid data sampling and image recon-
struction methods, such as parallel imaging and com-
pressed sensing.3–7 Non-Cartesian parallel imaging tech-
niques have enabled free-breathing and ungated car-
diac imaging with comparable image quality to con-
ventional Cartesian cine.8,9 Radial and spiral sampling
trajectories oversample the signal-rich central region of
k-space reducing their sensitivity to motion-related arti-
facts. In addition, undersampled non-Cartesian trajecto-
ries often produce less obtrusive aliasing artifacts than
their Cartesian counterparts, enabling higher acceleration
factors and, thus, improved temporal resolution to resolve
motion. One such non-Cartesian parallel imaging-based
approach for rapid cardiac imaging is through-time
radial GRAPPA, which has been previously deployed for
real-time imaging10–14 due to its low reconstruction latency
(<1 s).

However, through-time radial GRAPPA requires sev-
eral fully sampled datasets to calibrate GRAPPA weights,
resulting in lower acquisition efficiency. Reported imple-
mentations of through-time radial GRAPPA have typically

required between 25 s10/slice to up to 150 s14/slice for the
collection of this calibration data, though calibration times
have been reduced to 2.6 s8 by using large reconstruction
segment sizes that may introduce blurring and artifacts
that can degrade image quality. Longer GRAPPA calibra-
tion acquisition may be acceptable in interventional appli-
cations10 where a single calibration scan can be used to
reconstruct multiple accelerated acquisitions. In contrast,
cardiac cine not only is acquired in a single acquisition, but
also requires several slices for ventricular coverage, each
slice requiring a new calibration scan. Thus, while capable
of generating high-quality cardiac images, through-time
radial GRAPPA is inefficient for cardiac cine imaging;
reduction of the acquisition time for calibration data with-
out loss of image quality could facilitate the deployment of
through-time radial GRAPPA for functional cardiac imag-
ing in the clinic.15

In addition, growing multichannel receiver arrays and
an increasing demand for higher resolution16–19 place
additional computational burden on through-time radial
GRAPPA reconstructions. Previously reported real-time
applications10 have demonstrated reconstruction laten-
cies of <1 s only during application of the GRAPPA
weights, as the calculation of GRAPPA weights are per-
formed only once and do not contribute significantly to the
overall reconstruction efficiency. However, compared to
GRAPPA weight application, GRAPPA weight calculation
is far more computationally intensive and is a major con-
tributor to reconstruction latency for cardiac functional
imaging.

Thus, the purpose of this work is to minimize cal-
ibration acquisition and GRAPPA weight computation
time for through-time radial GRAPPA without impacting
image quality. Principal component analysis (PCA) coil
compression and weight sharing are the two approaches
explored in this work to meet this goal. As both cali-
bration acquisition time and reconstruction latency scale
with receiver array size, PCA coil compression can poten-
tially reduce both calibration acquisition time and recon-
struction latency while retaining the SNR and encoding
benefits of a large array. In addition, reusing GRAPPA
weights across small regions of k-space reduces the num-
ber of GRAPPA weights required and can thus reduce the
time spent on calculating the GRAPPA weights. Calibra-
tion acquisition time and GRAPPA weight calculation time
is compared between previously reported through-time
radial GRAPPA reconstructions and optimized reconstruc-
tions with coil compression and weight sharing. In addi-
tion, image RMSE of reconstructions with different set-
tings are compared to determine if coil compression or
weight sharing can be performed without loss of image
quality.
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2 METHODS

2.1 Overview of through-time radial
GRAPPA

In radial GRAPPA, and many other non-Cartesian
GRAPPA implementations, the relationship between the
source and target points is different in different areas of
k-space, and thus the GRAPPA kernel, and associated
weights, also differs across k-space. As a result, a unique
set of weights must be computed for each kernel geometry.

In through-time radial GRAPPA, multiple fully sam-
pled datasets are collected and used as calibration data.
However, acquiring a sufficient number of kernel repeti-
tions solely from repeated fully sampled data results in a
long acquisition time for the calibration data. The original
work on through-time radial GRAPPA proposes a hybrid
method which takes calibration data over a small (often
8× 1) k-space segment to reduce the number of fully sam-
pled calibration frames which must be collected.12,14 The
lower bound of calibration frames needed to estimate the
GRAPPA weights can be written as:

Calibration Frames >
NkrNkpNc

NrsegNpseg
(1)

where Nrseg and Npseg are the k-space segment sizes used for
calibration in the readout and phase encoding directions,
respectively.

PCA coil compression is a dimensionality reduction
technique along the coil dimension that has been used to
improve image SNR and reduce reconstruction time.16–19

When applied to through-time GRAPPA, PCA coil com-
pression also reduces the lower bound of calibration
frames required to estimate the GRAPPA weights as shown
in Equation (1). We hypothesize PCA coil compression
will significantly reduce the number of calibration frames
needed for through-time radial GRAPPA, thereby reduc-
ing the acquisition time, which is a limiting factor in
efficient implementation of radial GRAPPA in clinical
practice.

In radial GRAPPA, the relationship between each tar-
get point and source point kernel in k-space is unique.
However, computing a set of GRAPPA weights for each
missing point in an undersampled radial dataset is a
computationally intensive reconstruction step due to the
need for repeated pseudoinverse operations. While every
GRAPPA kernel in radial k-space is unique, kernels that
are locally adjacent are geometrically similar, and the
GRAPPA weights can be assumed to be approximately the
same. Thus, one weight set could be applied to reconstruct
several adjacent target points, and the number of unique
GRAPPA weights required for a complete reconstruction

could be reduced, in turn reducing the GRAPPA weight
computation time. The “weight sharing factor” is the num-
ber of target points reconstructed with a single GRAPPA
weight set. Note that weight sharing is distinct from the
use of k-space segments for calibration, where several ker-
nel repetitions are collected over a region of k-space to
estimate the GRAPPA weights.

2.2 Data acquisition

In vivo cardiac data were collected from 15 healthy vol-
unteers in an Institutional Review Board approved study
on a 1.5T Sola Siemens MRI scanner using a 30-channel
body receiver array. A total of 400 frames of calibration data
were collected during free-breathing with no ECG gating
in the short axis orientation using a radial balanced SSFP
(bSSFP) readout with the following imaging parameters:
128x128 matrix, 144 radial projections, 256 readout points
per projection, TR/TE= 2.94/1.48 ms, 37◦ flip angle, 8 mm
slice thickness, 300 mm2 FOV. Following the collection of
calibration data, 10 s of accelerated data were collected
with a similar imaging protocol using acceleration factors
of 4, 6, 9, and 12 (36, 24, 16, and 12 projections, respec-
tively), resulting in temporal resolutions of 100 ms/frame,
67 ms/frame, 44 ms/frame, and 36 ms/frame, respectively.

2.3 Gold standard reconstruction

A gold standard image for each acceleration factor was
generated via through-time radial GRAPPA reconstruc-
tion of collected undersampled data using 400 calibration
frames, no k-space segmentation for calibration (1× 1 seg-
ment), and a 3× 2 GRAPPA kernel (in read and projection
directions, respectively).14 Following through-time radial
GRAPPA reconstruction, a non-uniform fast Fourier trans-
form (NUFFT) from the MIRT toolbox20 was performed
and coils were combined using adaptive combination.21

2.4 Impact of coil compression
on required calibration data

The radial k-space data, with 30 independent receiver
channels, were projected onto a virtual coil subspace at
each k-space location using a linear PCA coil compression
algorithm.16,17,22 The through-time radial GRAPPA recon-
struction was performed using truncated subsets of the
virtual coil space, from 30 virtual coils to 8 virtual coils,
with 30 virtual coils accounting for 100% of the signal from
the original data. Signal content of the compressed data is
defined as the sum of the singular values of the virtual coil
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subset over the total sum of all singular values. Reconstruc-
tions were also performed at specific compression levels
(95%, 90%, 80%), defined as the smallest number of virtual
coils to needed exceed a signal content threshold. For our
system, these compression levels corresponded to 16, 12,
and 8 virtual coils.

Through-time radial GRAPPA reconstructions were
performed with a 8 × 1 (read x projection) k-space seg-
ment size and 3× 2 kernel size, as suggested in Seiber-
lich, et al.14 For each virtual coil subset, the number
of calibration frames used to generate GRAPPA weights
was monotonically decreased from 80 to the lower bound
described by Equation (1). Any fewer frames would result
in the GRAPPA calibration being underdetermined, where
a unique solution for the weights cannot be calculated.
In addition, reconstructions where the number of coils
were insufficient to perform parallel imaging at a given
acceleration factor were not considered.

Image quality of accelerated acquisitions was quan-
tified by calculating the RMS error (RMSE) between
grayscale normalized gold standard and reconstructed
images in a region of interest (ROI) drawn around the
heart.

2.5 Impact of GRAPPA weight sharing
on reconstruction time and quality

The through-time radial GRAPPA reconstruction
algorithm was modified such that a single GRAPPA weight
set was used to estimate multiple target points along the
same radial projection. The extent of weight sharing was
varied from no weight sharing (weight sharing factor of 1,
where each target point was associated with a unique
weight set) to weight sharing over 32 points (weight
sharing factor of 32) for all acceleration factors. Recon-
structions with weight sharing were performed with no
coil compression and 80 calibration repetitions to assess
image quality changes due to weight sharing indepen-
dently of coil compression. Image quality was assessed by
computing the RMSE between images reconstructed with
weight sharing and previously described gold standard
images.

2.6 Reconstruction with coil
compression and weight sharing

A set of reconstruction parameters were chosen based on
coil compression and weight sharing results that demon-
strated improved calibration acquisition and reconstruc-
tion time performance with minimal image quality degra-
dation. The parameters selected were 12 virtual coils, 16

calibration frames, and a weight sharing factor of 8. Recon-
structions with the selected optimized parameters were
performed at acquired acceleration factors and were com-
pared to the gold standard reconstruction via RMSE.

2.7 Reconstruction performance

All reconstructions were performed on a dual 12-core Intel
Xeon Silver 4214 platform with 128 GB of RAM. Recon-
struction times for through-time radial GRAPPA with coil
compression and weight sharing were normalized to the
most computationally intensive reconstruction (no coil
compression, no weight sharing, 80 calibration frames).
Reconstruction times were subdivided into the three most
computationally intensive tasks: NUFFT, GRAPPA weight
calculation, and GRAPPA weight application.

3 RESULTS

Figure 1 shows a heatmap of the RMSE values for recon-
structions performed across the range of coil compression
factors and calibration frames for a single subject at accel-
eration factor of 8. Going from right to left, decreasing the
number of virtual coils (e.g., decreasing the signal con-
tent threshold) improves the RMSE for a given number
of calibration frames. Going from top to bottom, decreas-
ing the number of calibration frames worsens the image
quality, with a sharp increase in RMSE as the GRAPPA
weight equation approaches being exactly determined (as
described in Equation 1). Representative images from the
heatmap, together with the gold standard reconstruction
(Figure 1A, 1× 1 segment, 30 coils, 400 calibration frames),
are also shown. Figure 1B shows a reconstruction with no
coil compression (8× 1 segment, 30 coils, 40 calibration
frames). Figure 1C shows a reconstruction with coil com-
pression to a 90% signal content threshold (8× 1 segment,
12 coils, 16 calibration frames). Figure 1D shows a recon-
struction with coil compression to an 80% signal content
threshold (8× 1 segment, 8 coils, 12 calibration frames).
Compared to the gold standard, the reconstructed images
have comparable image quality, with RMSE of 1.09% for
the reconstruction with no coil compression, 1.24% for the
reconstruction with coil compression toa 90% signal con-
tent threshold, and 1.32% for the reconstruction with coil
compression to a 80% signal content threshold. In addition,
the total acquisition time of the calibration data required
to perform the reconstruction with coil compression is
reduced from 17 s/slice to 4.2 s/slice.

Diastolic images from a matrix of reconstructions at
acceleration factors of 4,6,8, and 9 with weight shar-
ing factors of 1, 8,16, and 32 are shown in Figure 2.
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F I G U R E 1 Right: A representative heatmap indicating the log(RMSE) between the gold standard and reconstructions performed with
a specific number of virtual coils and calibration frames for R = 8. Left: The gold standard image for this heat map is shown as image (A).
B-D, Reconstructions from specific regions of the heatmap with similar RMSE and are reconstructed with coil compression to signal content
of 100%, 90%, and 80%, respectively. The acquisition time of the calibration data (Tacq) is shown in the bottom right of each image. The RMSE
between the gold standard and each reconstruction is shown on the top right of each image

All reconstructions are performed with no coil compres-
sion and 80 calibration frames. Reference images with no
weight sharing are shown on the left and labeled with a
weight sharing factor of 1. The RMSE of the reconstruc-
tion increases along with both acceleration factor and the
weight sharing factor. All reconstructions with a weight
sharing factor of 8 have similar RMSE to the reference. A
weight sharing factor of 32 leads to artifacts and loss of
image quality across all acceleration factors.

Figure 3 shows the radial GRAPPA reconstruction per-
formance improvements associated with coil compression
and weight sharing. With no coil compression, the recon-
struction time was 237 s. At a 95% coil compression level
(16 coils), the reconstruction time is reduced to 104 s.
At a 90% coil compression level (12 coils), the recon-
struction time is reduced to 68 s. The primary contributor
to these performance improvements is the reduction of
weight calculation time. While weight sharing does not
impact NUFFT or weight application performance, it does
affect the weight calculation time, as shown in the bottom
plot of Figure 3. A weight sharing factor of 8 reduces the
time required to calculate the GRAPPA weights from 134 s
to 18 s, an 86.6% reduction in weight computation time,
independent of coil compression.

In Figures 4 and 5, systolic and diastolic images are
shown in three representative healthy subjects at accel-
eration factors of 6 and 9, respectively (frame rates of 15
frames/s and 27.5 frames/s) and compared between opti-
mized reconstructions with coil compression and weight

sharing, and reconstructions without. The associated cali-
bration data acquisition of optimized reconstructions was
obtained retrospectively from the gold standard dataset
and could be collected in 6.77 s/slice compared to recon-
structions with 80 calibration frames, where calibration
data are acquired in 34 s/slice. In addition, weight compu-
tation time for the optimized reconstructions was reduced
from 201 s/slice to 3.1 s/slice for an acceleration factor of
6, and 144 s/slice to 2.0 s/slice for an acceleration factor of
9. Video timeseries of data shown in Figures 4 and 5 is pre-
sented in Supporting Information Videos S1 and S2, which
are available online.

4 DISCUSSION

In this work, through-time radial GRAPPA, a real-time
free-breathing ungated acquisition technique for func-
tional cardiac MRI, is optimized for clinical application
by reducing the calibration acquisition time and GRAPPA
weight computation time. While prior work has opti-
mized the radial GRAPPA weight application step to
enable real-time imaging in an interventional setting,10

such optimizations do not address the calibration acqui-
sition time and GRAPPA weight computation time. How-
ever, in functional cardiac MRI, the calibration acqui-
sition and GRAPPA weight computation time are the
primary sources of inefficiency: calibration requirements
can increase scan time by a factor of 2 or more, and
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F I G U R E 2 Reconstructed images over a range of weight sharing factors and acceleration factors. Images were reconstructed with no
coil compression and 80 calibration frames. The leftmost column of images was reconstructed with no weight sharing, equivalent to a weight
sharing factor of 1. The RMSE between the gold standard and reconstructed image is shown on the top left of each image

GRAPPA weight computation accounts for nearly 60%
of the total reconstruction time. Indeed, the long acqui-
sition time for calibration data has been a limiting fac-
tor when implementing through-time radial GRAPPA in
a clinical setting. As proposed in Seiberlich et al,14 a
through-time radial GRAPPA acquisition for a cardiac
imaging application with 75 calibration frames would take
31.5 s/slice solely for calibration, and would be ineffi-
cient in a clinical setting where 10–15 slices are required
for whole heart coverage. In addition to long calibra-
tion acquisition times, long GRAPPA weight computation
times are impractical for on-line implementation, as more
than 20 min would be required to calculate the GRAPPA
weights for a typical short-axis stack, adversely affecting

clinical workflow. To address these issues, an optimized
acquisition and reconstruction (12 virtual coils, 16 calibra-
tion frames, and weight sharing factor of 8) is suggested,
in which images can be generated with image quality
comparable to the gold standard despite requiring only
6.7 s of calibration data per slice. In addition, GRAPPA
weight calculation times were reduced from 201 s/slice to
3.1 s/slice for an acceleration factor of 6, and 144 s/slice
to 2.0 s/slice for an acceleration factor of 9. With the
suggested optimization, the combined calibration acqui-
sition and weight calculation steps may have a reduced
impact on clinical workflow, especially as all data collec-
tion steps can be performed without ECG gating during
free-breathing.
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F I G U R E 3 Top, A representative plot showing the total reconstruction time (purple) for reconstructions with varying numbers of
virtual coils at an acceleration factor of 9. All reconstructions were performed with 80 calibration frames. The calculation time of the
GRAPPA weights is shown in blue and the reconstruction time, where the weights are applied to reconstruct undersampled data, is shown in
red. Time taken to perform radial gridding is shown in yellow. Other computational tasks, such as data transfer or IO overhead, are negligible
compared to GRAPPA and NUFFT time. Bottom, A representative plot showing the reduction in weight calculation time due to weight
sharing at an acceleration factor of 9. Weight sharing does not impact NUFFT or weight application time

In this work, calibration frames were retrospectively
reduced during reconstruction, but in practice, the num-
ber of calibration frames must be selected at the time of
acquisition. This problem can be addressed by an a priori
selection of the number of virtual coils to use in recon-
struction at acquisition time. This selection creates a lower
bound on the number of calibration frames required to
perform GRAPPA, as shown in Equation (1). For the exper-
imental arrangement at our institution, coil compression
to 12 virtual coils results in 90% of the information to
be retained with little variability between subjects (see
Supporting Information Figure S1). Correspondingly, the
image reconstructed with weights generated using only
16 calibration frames and 12 virtual coils had an RMSE
(1.24%) comparable to an uncompressed reconstruction
with 80 calibration frames (1.09%).

It should be noted that coil compression reduces the
total signal content used in reconstruction, but despite

reduced signal, reconstruction with coil compression
either has similar or better RMSE to a reconstruction
with no compression but similar number of calibration
frames. The effect of improved image quality with coil
compression has been described in other work with Carte-
sian SENSE22 and Cartesian GRAPPA19 and is due to
truncation of virtual coils with the lowest signal content
which can be dominated by noise. Removal of these vir-
tual coils prevents fitting to noise during GRAPPA weight
estimation. The noise reduction performance due to coil
compression is expected to depend on a variety of factors
including the SNR of the imaging application, the size of
the real multichannel array, and the geometry of the array.
In addition, truncating too many virtual coils can result
in pruning real signal instead of noise. For functional car-
diac imaging, the RMSE of through-time radial GRAPPA
reconstructions with coil compression was reduced at
all compression levels compared to an uncompressed



AHAD et al. 1251

F I G U R E 4 Reconstructed images from diastole and systole from three healthy subjects at an acceleration factor of 6. Image RMSE are
shown in the top left of each image. Optimized reconstructions performed with 12 virtual coils, 16 calibration frames, and a weight sharing
factor of 8 are compared to reconstructions performed with no coil compression, 80 calibration frames, and no weight sharing. In-plane
resolution is 2.34× 2.34 mm2, and temporal resolution is 67 ms/frame, resulting in a 15 frames/s acquisition. The acquisition time for the
calibration data used in the optimized reconstruction was 6.77 s, average weight computation time was 3.13 s, and average weight application
time was 4.1 s. In contrast, reconstructions with no coil compression or weight sharing have a calibration acquisition time of 34 s, average
weight computation time of 201 s, and average weight application time of 15.1 s. Video timeseries of these data can be found in the
Supporting Information Material as Video S1
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F I G U R E 5 Reconstructed images from diastole and systole from three healthy subjects at an acceleration factor of 9. Image RMSE are
shown in the top left of each image. Optimized reconstructions performed with 12 virtual coils, 16 calibration frames, and a weight sharing
factor of 8 are compared to reconstructions performed with no coil compression, 80 calibration frames, and no weight sharing. In-plane
resolution is 2.34× 2.34 mm2, and temporal resolution is 44 ms/frame, resulting in a 27.5 frames/s acquisition. The acquisition time for the
calibration data used in the optimized reconstruction was 6.77 s, average weight computation time was 2.0 s, and average weight application
time was 4.9 s. In contrast, reconstructions with no coil compression or weight sharing have a calibration acquisition time of 34 s, average
weight computation time of 144 s, and average weight application time of 18.5 s. Video timeseries of this figure can be found in the
Supporting Information Material as Video S2
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reconstruction for a fixed number of calibration frames,
as shown in Figure 1, suggesting that the signal from a
smaller number of virtual coils contains sufficient struc-
tural and contrast information for robust image recon-
struction.

In comparison to many other techniques for rapid
functional cardiac MRI, such as machine learning based
parallel imaging approaches23,24 or compressed sensing,25

non-Cartesian GRAPPA methods acquire images with suf-
ficient temporal resolution to not require ECG gating
or breath holds. While compressed sensing approaches
have the advantage of greatly reducing acquisition time,
the non-linear reconstruction is not conducive to paral-
lelization, impeding optimization of reconstruction per-
formance.6,25,26 Machine learning based approaches have
excellent reconstruction speed but have not yet been
shown to be generalizable. Thus, many newer cardiac MR
approaches still require breath-holds or ECG gating, which
are points of imaging failure in patients with dyspnea or
arrhythmia. Non-Cartesian GRAPPA techniques are clin-
ically robust to many pathologies8 and the presented opti-
mized strategy for through-time radial GRAPPA resolves
long-standing issues with clinical implementation without
compromising image quality. In addition, coil compres-
sion and weight sharing should be applicable to other
though-time non-Cartesian GRAPPA implementations.

5 CONCLUSIONS

Through-time radial GRAPPA enables free-breathing
ungated functional cardiac imaging with high tem-
poral resolution. However, the initial formulation of
through-time radial GRAPPA requires a time-consuming
calibration acquisition and long weight computation
times. In this work, these disadvantages are mitigated
via coil compression and weight sharing. Coil compres-
sion to 12 virtual coils (90% compression factor) results in
minimal impact on image quality across all tested accel-
eration factors. The associated reduction in requisite cal-
ibration data to 16 frames enables calibration acquisition
time to be reduced from 31.5 s/slice to 6.7 s/slice and
GRAPPA weight calculation time to be reduced by 63%.
Weight sharing further reduces GRAPPA weight calcula-
tion time with minor impact on image RMSE at a weight
sharing factor of 8. Combined application of coil compres-
sion and weight sharing does not degrade image quality
while retaining calibration and reconstruction benefits of
each processing step and reducing GRAPPA weight cal-
culation to <3 s across all acceleration factors. This work
demonstrates that coil compression and weight sharing
can be used to reduce calibration acquisition time and
reconstruction latency of through-time radial GRAPPA for

functional cardiac imaging without compromising image
quality.

ACKNOWLEDGMENTS
This work was supported by the National Insti-
tutes of Health Grants: F30CA239355, T32GM07250,
R01HL153034, and R01HL094557, and the National
Science Foundation grant 1563805.

CONFLICT OF INTEREST
This research is funded in part by Siemen’s Healthineers.

ORCID
James Ahad https://orcid.org/0000-0003-2415-2343
Jesse Hamilton https://orcid.org/0000-0002-4463-481X

REFERENCES
1. Wright KL, Hamilton JI, Griswold MA, Gulani V, Seiberlich N.

Non-Cartesian parallel imaging reconstruction. J Magn Reson
Imaging. 2014;40:1022-1040.

2. Pfeiffer MP, Biederman RWW. Cardiac MRI: a general overview
with emphasis on current use and indications. Medical Clinics.
2015;99:849-861.

3. Schwab F, Schwarz F, Dietrich O, et al. Free breathing real-time
cardiac cine imaging with improved spatial resolution at 3 T.
Invest Radiol. 2013;48:158-166.

4. Ma Y, Hou Y, Ma Q, Wang X, Sui S, Wang B. Compressed
SENSE single-breath-hold and free-breathing cine imaging for
accelerated clinical evaluation of the left ventricle. Clin Radiol.
2019;74:325.e9-325.e17.

5. Sudarski S, Henzler T, Haubenreisser H, et al. Free-breathing
sparse sampling cine MR imaging with iterative reconstruction
for the assessment of left ventricular function and mass at 3.0 T.
Radiology. 2017;282:74-83.

6. Wang Y, Ying L. Compressed sensing dynamic cardiac cine MRI
using learned spatiotemporal dictionary. IEEE Trans Biomed
Eng. 2014;61:1109-1120.

7. Usman M, Ruijsink B, Nazir MS, Cruz G, Prieto C. Free breath-
ing whole-heart 3D CINE MRI with self-gated Cartesian trajec-
tory. Magn Reson Imaging. 2017;38:129-137.

8. Aandal G, Nadig V, Yeh V, et al. Evaluation of left ventricular
ejection fraction using through-time radial GRAPPA. J Cardio-
vasc Magn Reson. 2014;16:79.

9. Ahmed AH, Zhou R, Yang Y, Nagpal P, Salerno M,
Jacob M. Free-breathing and ungated cardiac cine using
navigator-less spiral SToRM. IEEE Trans Med Imaging. 2020;
39:3933-3943.

10. Franson D, Dupuis A, Gulani V, Griswold M, Seiberlich N. A sys-
tem for real-time, online mixed-reality visualization of cardiac
magnetic resonance images. J Imag. 2021;7:274.

11. Saybasili H, Herzka DA, Seiberlich N, Griswold MA. Real-time
imaging with radial GRAPPA: implementation on a heteroge-
neous architecture for low-latency reconstructions. Magn Reson
Imaging. 2014;32:747-758.

12. Seiberlich N, Wright KL, Ehses P, Griswold M. Through-time 3D
radial GRAPPA for whole heart cardiac imaging. J Cardiovasc
Magn Reson. 2012;14:P279.

https://orcid.org/0000-0003-2415-2343
https://orcid.org/0000-0003-2415-2343
https://orcid.org/0000-0002-4463-481X
https://orcid.org/0000-0002-4463-481X


1254 AHAD et al.

13. Griswold M, Blaimer M, Heidemann R, et al. Rapid evalua-
tion of cardiac function using undersampled radial TrueFISP
with GRAPPA. Proc 12th Annual Meeting of the ISMRM, Kyoto,
Japan. 2004:737.

14. Seiberlich N, Ehses P, Duerk J, Gilkeson R, Gris-
wold M. Improved radial GRAPPA calibration for
real-time free-breathing cardiac imaging. Magn Reson Med.
2011;65:492-505.

15. Hamilton JI, Zuchold C, Seiberlich N. Reducing scan time for
calibration of through-time radial GRAPPA using PCA coil com-
pression. J Cardiovasc Magn Reson. 2015;17:Q41.

16. Zhang T, Pauly JM, Vasanawala SS, Lustig M. Coil compression
for accelerated imaging with Cartesian sampling. Magn Reson
Med. 2013;69:571-582.

17. Buehrer M, Pruessmann KP, Boesiger P, Kozerke S. Array
compression for MRI with large coil arrays. Magn Reson Med.
2007;57:1131-1139.

18. Chang Y, Wang H. Kernel principal component analysis of coil
compression in parallel imaging. Comput Math Methods Med.
2018;2018:1-9.

19. Huang F, Vijayakumar S, Akao J. Software compression for par-
tially parallel imaging with multi-channels. 2005 IEEE Engineer-
ing in Medicine and Biology 27th Annual Conference; Shanghai,
China: 2005:1348-1351.

20. Fessler J. Michigan Image Reconstruction Toolbox; 2012. http://
www.eecs.umich.edu/fessler/code

21. Walsh DO, Gmitro AF, Marcellin MW. Adaptive reconstruc-
tion of phased array MR imagery. Magn Reson Med. 2000;43:
682-690.

22. Huang F, Vijayakumar S, Li Y, Hertel S, Duensing GR. A soft-
ware channel compression technique for faster reconstruction
with many channels. Magn Reson Imaging. 2008;26:133-141.

23. Zhou Z, Han F, Ghodrati V, et al. Parallel imaging and convolu-
tional neural network combined fast MR image reconstruction:
applications in low-latency accelerated real-time imaging. Med
Phys. 2019;46:3399-3413.

24. Sandino CM, Lai P, Vasanawala SS, Cheng JY. Accelerating
cardiac cine MRI using a deep learning-based ESPIRiT recon-
struction. Magn Reson Med. 2021;85:152-167.

25. Vermersch M, Longère B, Coisne A, et al. Compressed sens-
ing real-time cine imaging for assessment of ventricular func-
tion, volumes and mass in clinical practice. Eur Radiol.
2020;30:609-619.

26. Bustin A, Fuin N, Botnar RM, Prieto C. From
compressed-sensing to artificial intelligence-based cardiac MRI
reconstruction. Front Cardiovasc Med. 2020;7:17.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Left: A series of boxplots indicating the signal
content remaining after coil compression to a specific vir-
tual coil count. Each boxplot represents information from

N=115 healthy subjects. The median is shown as a white
circle with a central blue dot, the interquartile range is
shown as a thick blue box, and the minimum and max-
imum values are shown as whiskers extending from the
interquartile range. Right: A series of boxplots indicating
the number of virtual coils required to yield a specific sig-
nal content threshold. The median is shown as a red line,
the interquartile range is shown as a blue box, and the
minimum and maximum are shown as whiskers extend-
ing from the interquartile range. Outliers beyond 1.5x the
interquartile range are shown as red pluses.
Video S1. Reconstructed timeseries from three healthy
subjects at an acceleration factor of 6. Optimized recon-
structions performed with 12 virtual coils, 16 calibration
frames, and a weight sharing factor of 8 are compared
to reconstructions performed with no coil compression,
80 calibration frames, and no weight sharing. In plane
resolution is 2.34x2.34mm2 and temporal resolution is
67ms/frame resulting in a 15 frame/s acquisition. The
acquisition time for the calibration data used in the opti-
mized reconstruction was 6.77s, average weight computa-
tion time was 3.13s and average weight application time
was 4.1s. In contrast, reconstructions with no coil com-
pression or weight sharing have a calibration acquisition
time of 34s, average weight computation time of 201s, and
average weight application time of 15.1s.
Video S2. Reconstructed timeseries from three healthy
subjects at an acceleration factor of 9. Optimized recon-
structions performed with 12 virtual coils, 16 calibration
frames, and a weight sharing factor of 8 are compared
to reconstructions performed with no coil compression,
80 calibration frames, and no weight sharing. In plane
resolution is 2.34x2.34mm2 and temporal resolution is
44ms/frame resulting in a 27.5 frame/s acquisition. The
acquisition time for the calibration data used in the opti-
mized reconstruction was 6.77s, average weight computa-
tion time was 2.0s and average weight application time was
4.9s. In contrast, reconstructions with no coil compression
or weight sharing have a calibration acquisition time of
34s, average weight computation time of 144s, and average
weight application time of 18.5s.
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