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Abstract

Purpose: To develop a continuous-acquisition cardiac self-gated spiral pulse sequence and a
respiratory motion-compensated reconstruction strategy for free breathing cine imaging.

Methods: Cine data were acquired continuously on a 3T scanner for 8 seconds per slice without
ECG gating or breath-holding, using a golden-angle gradient echo spiral pulse sequence. Cardiac
motion information was extracted by applying principal component analysis on the gridded 8x8 -
space center data. Respiratory motion was corrected by rigid registration on each heartbeat.
Images were reconstructed using a low rank and sparse (L+S) technique. This strategy was
evaluated in 37 healthy subjects and 8 subjects undergoing clinical cardiac magnetic resonance
(CMR) studies. Image quality was scored (1-5 scale) in a blinded fashion by two experienced
cardiologists. In 13 subjects with whole heart coverage, left ventricular ejection fraction (LVEF)
from SPARCS was compared to that from a standard ECG gated breath-hold balanced steady-state
free precession (hSSFP) cine sequence.

Results: The self-gated signal was successfully extracted in all cases and demonstrated close
agreement with the acquired ECG signal (mean bias —0.22 ms). The mean image score across all
subjects was 4.0 for reconstruction using the L+S model. There was good agreement between the
LVEF derived from SPARCS and the “gold-standard” bSSFP technique.
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Conclusions: SPARCS successfully images cardiac function without the need for ECG gating or
breath-holding. With an 8-second data acquisition per slice, whole heart cine images with
clinically acceptable spatial and temporal resolution and image quality can be acquired in less than
90 seconds of free-breathing acquisition.
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Introduction

Cardiac magnetic resonance cine imaging is widely regarded as the “gold-standard”
technique for the non-invasive assessment of cardiac function. Typically, images are
acquired using breath-held 2D segmented ECG-gated balanced steady-state free precession
(bSSFP) pulse sequences. The approach of using ECG triggering and breath-hold acquisition
has several limitations. Firstly, the ECG signal can be distorted, particularly at higher field
strengths (3T), due to the magnetohydrodynamic effect (1), rapid switch of magnetic-field
gradients (2), as well as radiofrequency interference (3,4) resulting in mis-triggering.
Furthermore, optimal placement of the ECG leads increases the time to prepare the patient
for the CMR exam. Additionally, a significant number of patients are not able to adequately
hold their breath during cine acquisition, resulting in motion artifacts and the need to repeat
image acquisition of the same slice location on subsequent breath-holds. Even if the patient
can perform good breath-holds, this approach is inefficient as it requires 10-12 breath-holds
to cover the left ventricle (LV), which can take longer than 10 minutes, and requires
coordination between the operator and the patient. Real-time imaging techniques, which do
not require ECG gating or breath-holding can be used clinically; however, some of these
techniques may sacrifice spatial and/or temporal resolution (5-7). Thus, there is a growing
interest in free-breathing and self-gated approaches that can acquire images with excellent
quality that have high temporal and spatial resolution.

A number of methods have been used to enable ECG-gated free breathing cine
examinations. Diaphragmatic navigator-echo based methods have been used to track
respiratory motion (8-11). However, they typically preclude retrospective ECG gating, and
the total scanning time is prolonged depending on respiratory gating efficiency. Projection
navigators acquired during bSSFP acquisitions have been successfully utilized to perform
respiratory tracking without the need for a separate diaphragmatic navigator (12), but this
approach is still limited by navigator gating efficiency. Recent studies (13-18) have used the
acquired data itself to derive the respiratory gating signal. Data were then separated into
different respiratory states (16,19,20) and reconstruction was performed using data from a
subset of the respiratory states, or by using motion correction to combine data from different
respiratory states.

Cardiac “self-gated” techniques (21,22) have been proposed to eliminate the need for ECG
synchronization by acquiring and processing additional MR signals to derive cardiac cycle
timing information resulting in decreased imaging efficiency. These studies have extracted
the cardiac “self-gating” signal from the acquired data during breath-holds (23-25) or free-
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breathing (19,20,26). Previously reported cardiac self-gating approaches have used the 4
space center point (22,27) or center 4-space line (5,13,14,23) as navigator signals. Some
techniques (23,28) also used image-based methods to obtain self-gating signals.

In terms of sampling strategy, most studies have utilized Cartesian or radial trajectories (13—
15,21-23,28). Spiral acquisitions are more time efficient than Cartesian or radial
acquisitions as they cover a greater extent of A-space each repetition time (TR). The TR for
spiral cardiac imaging at 3T can be twice as long as that used for Cartesian or radial imaging
resulting in an increase of the flip angle that can be used, thus providing a signal-to-noise
(SNR) advantage. Assuming a T1 of myocardium of 1200 ms, an increase in the TR from 4-
5 ms to 8 ms would increase the Ernst angle by 25-40%. Increasing the flip angle results in
a corresponding increase in SNR. This increased TR also allows for more time for inflow of
unsaturated blood as compared to other acquisition strategies. The enhanced inflow effect
should also result in high SNR for the blood-pool and higher blood-myocardial contrast-to-
noise (CNR) (29). Because each spiral interleaf starts from the center of &-space, spiral
imaging is also robust to flow and motion artifacts (7). Taking advantage of these properties
of a spiral acquisition which fully samples the center of A-space on each interleaf, self-gating
can be performed without any need for additional navigator lines or projections. A recent
study has used a breath-held cardiac self-gated spiral technique to quantify coronary artery
vasodilation (25). To date, no studies have explored the use of free-breathing cardiac and
respiratory self-gated golden angle spiral trajectories for the evaluation of cardiac anatomy
and function.

Despite a number of recent advances, there are still several limitations to be overcome.
Firstly, for imaging at 3T, bSSFP sequences typically require frequency-scouts and careful
shimming to avoid off-resonance artifacts such as banding artifact and thus may be less
robust for automatic free breathing acquisition. To address this issue, our SPiral Acquisition
with Respiratory correction and Cardiac Self-gating (SPARCS) utilized a gradient echo
pulse sequence (GRE) with data acquired using a single spiral interleaf rotated by the
golden-angle (137.51°) in time. While spiral pulse sequences are sensitive to blurring from
off-resonance, short spiral readout durations can be used to mitigate this issue. Self-gating
approaches usually require careful selection of receive coil elements to obtain self-gating
signals as each coil has different sensitivity to cardiac motion and respiratory motion. Here,
the cardiac self-gating signal was extracted using principal component analysis (PCA) on a
gridded 8x8 central region of A-space for each spiral, which eliminates the process of
selecting coils that contribute significant aliasing artifacts in the heart region. This also
improves the performance of coil compression and image reconstruction. Finally, as it is
inefficient to discard data acquired at different respiratory phases, we utilized rigid
registration of the data from each heartbeat to correct the breathing motion to obtain 100%
data acquisition efficiency. Images were reconstructed with a rigid-motion compensated low
rank and sparse (L+S) technique (30). SPARCS was designed to provide whole heart
coverage with clinically relevant spatial (1.25 mm x 1.25 mm) and temporal (< 40 ms)
resolution from a self-gated free breathing acquisition of less than 90 seconds.
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Cardiac Self-Gating Strategy

The automatic pipeline that we developed for cardiac self-gating is shown in Figure 1. Self-
gating cardiac signals were determined by gridding an 8x8 fully sampled central region of A
space for each spiral interleaf for all receiver coils (Figure 1(a)), followed by low-pass
temporal filtering to eliminate the high frequency component caused by the golden-angle
sampling pattern. Next, PCA was performed on this data. The first 5 temporal-basis
functions, which typically explained greater than 90% of total variance, were used for
further processing (Figure 1(b)). To extract and determine the cardiac self-gating signal, a
band-pass filter with a passband from 0.5 Hz to 2 Hz was applied to the 5 temporal-basis
functions. Then, frequency spectrum analysis was used to find the cardiac motion-related
component by determining which basis function had the highest amplitude in the cardiac
motion frequency range (Figure 1(c)). Finally, the cardiac self-gating triggers were extracted
by performing peak detection on this filtered temporal-basis function. To exclude potential
artifactual peaks that are unrelated to cardiac motion, a signal threshold was set by taking the
mean of all the peaks and troughs (Figure 1(d)). Since the cardiac trigger from self-gating
signal is based on the A-space center intensity, rather than on the physiological ECG signal,
the triggers derived from SPARCS are typically not at the same time as the triggers derived
from an ECG signal, as shown in Supporting Information Figure S1. However, as the signal
fluctuation varies reproducibly between systole and diastole, the SPARCS gating signal is
consistent from beat to beat. Thus, the R-R interval of the SPARCS gating signal and the
ECG signal were very similar. As the heart shape varies between different slices the exact
position of the trigger within the cardiac cycle may be different at the different slice
locations. To compare gating data across all subjects and slice positions, we compared the
recorded ECG R-R interval length versus the cardiac cycle length as determined by the time
interval between subsequent SPARCS triggers. When determining ejection fraction (EF),
end-diastole and end-systole were determined visually for each slice, and the images from
each slice were aligned. This is a limitation of all non-ECG gated techniques including non-
gated free breathing techniques. A respiratory gating signal can also be obtained from the
PCA data using a band-pass filter with a frequency range from 0.05 Hz to 0.5 Hz (Figure
1(e)). While in SPARCS we use registration to correct for respiratory motion, this PCA
respiratory gating signal, or the displacements derived from registration, could be used for
self-gating to reject data that is outside of a desired “self-gating” window.

Once the cardiac triggers were detected, the data were retrospectively binned to a fixed
number of phases across the cardiac cycle. This number of phases was determined by
dividing the average cardiac trigger interval (cardiac cycle length) by a fixed temporal
resolution of 39 ms, corresponding to 5 spiral interleaves (Figure 2(a)). This resulted in 25—
35 cardiac phases depending on the average length of the cardiac cycle.

Respiratory Motion Correction

We developed a fully automated strategy (31) to detect an 80x80 pixel region of interest
(ROI) containing the heart. Using a Non-Uniform Fast Fourier Transform (NUFFT)
reconstruction (32) of the retrospectively binned cardiac data, the heart was detected
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automatically based on the fact that, in cine imaging, the heart region has the largest
magnitude changes in signal intensity due to cardiac motion. Thus, the ROI containing the
heart was automatically detected by finding the largest connected region of high standard
deviation on a standard deviation map, whose signal intensity was calculated from the whole
dynamic dataset (Figure 2(a)).

To correct the respiratory motion, it was assumed that the respiratory position does not vary
considerably during each R-R interval. Based on this assumption, the A-space data over each
R-R interval was combined to create a static image for each heartbeat (Figure 2(b)). Rigid
registration was performed over the heart ROI to determine the in-plane displacements
required to compensate for the bulk changes in heart position resulting from respiratory
motion. While breathing results in non-rigid motion of structures of the chest, the motion of
a small square ROI around the heart on a cardiac gated short-axis image can be reasonably
approximated by in-plane rigid motion in the head-foot and anterior-posterior directions
(31). Rigid translational registration was performed by using mutual information as a metric
to determine the rigid transformation from the source image to that of the target image (33)
(Figure 2(b)). Images from all frames were first registered to the image from the first
acquired heartbeat to derive the relative displacements due to respiratory motion. The end-
expiration state image was then determined by finding the most positive head-foot and
anterior-posterior shift along the curve. The displacement information was adjusted by
treating the end-expiration image as the target image, and this displacement was used to
derive the appropriate 4-space linear phase shifts to register the heart. The difference
between registering the images to end-inspiration and to end-expiration can be appreciated
in Supporting Information Figure S2. These linear phase shifts derived from each R-R
interval combined images were applied to the acquired raw A-space data for each frame
within that R-R interval as previously described (31).

Image Reconstruction

Unlike in Cartesian imaging where the aliasing manifests as wrapping in the phase encoding
direction, for spiral imaging aliasing appears as swirling artifacts on the opposite side of the
unsupported portion of the field of view (FOV), which could affect image quality within the
heart region. Therefore, we developed a strategy to automatically select coils based on a
spiral aliasing artifact ratio within the automatically detected heart ROI (Figure 2(c)). Our
method was inspired by several studies (34,35) that have developed techniques for automatic
coil selection to reduce streaking artifacts in radial acquisitions. By using golden-angle
sampling, increasing the temporal window for reconstruction results in an increase in the
supported FOV such that a completely unaliased image (Refxq4) can be recovered. By
comparing this to an image that does not support the whole FOV (i.e. smaller temporal
window, /mgnears), We can characterize the aliasing pattern and assess its impact on the
desired FOV. An artifact ratio was defined over the heart ROI for the k" coil (ry) as:

”Refheart(k) — const X Imgheart(k)”F FelLN] (Ea.D)
= , c , .
Tk [Re heard®] i

Magn Reson Med. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 6

where N is the number of coils, Refyq4+is an aliasing-free multi-coil magnitude (reference)
image that was reconstructed by using 100 continuous-acquired spirals, /mgpezr: indicates an
under-sampled multi-coil magnitude image with aliasing artifacts reconstructed using only
30 spirals, and const is a constant value calculated based on the energy difference of the
reference and aliasing images, which is the ratio between the number of spirals that were
used to generate the reference and under-sampled images. lI*ll zindicates the Frobenius-
norm. To eliminate coils which predominantly contribute aliasing artifacts over the heart
region, while still having an adequate number of coils for parallel imaging, coils with an
artifact ratio lower than 0.3 were retained. This threshold was chosen by screening the
selection of coils in 10 subjects. After coil selection, we used PCA-based coil compression
to decrease the number of coils to reduce computations during reconstruction.

Images were reconstructed using low rank and sparse decomposition (30) as follows:

min, L [[EL+5) - dl + 2, |L]. + 2|7s]l,  (Eq.2)

where E'is the encoding operator, d'is the under-sampled 4-space data, L and Sare space-
time matrices corresponding to low rank and sparse representations respectively, 7'is a
sparsifying transform, and A; and A sare coefficients to trade off the weight of data
consistency for the low rank and sparse terms. Temporal finite difference was used as the
sparsifying transform. This method can reconstruct highly accelerated dynamic MRI
datasets by separating the background static-information from the dynamic information. In
the reconstruction, the iterative SENSE algorithm (36) was adopted to enforce joint multi-
coil low rank (L) and sparsity (S) simultaneously to exploit inter-coil correlations. Data
compression in the L model was performed by truncating the singular value decomposition
(SVD) representation of the dynamic image series while in the S model it was done by
discarding low-value coefficients in the temporal total variation domain. Coil sensitivity
maps were computed from the temporal average of binned data using the adaptive coil
combination technique (37). Reconstruction parameters were chosen based on providing
images with adequate reduction in aliasing artifacts with minimal visual temporal blurring of
the endocardial border. To determine appropriate values for A; and A5, SPARCS cine data
from 3 subjects were reconstructed with A, and A s varied over a range from 0.000001 to
0.1. An experienced cardiologist chose the combination of A; and A swhich resulted in
images with reduced aliasing artifacts and no obvious temporal blurring. The parameters A,
of 0.01 and A 5of 0.00001 were chosen and used to reconstruct all datasets. Data were also
reconstructed using kt-SLR (38) following similar methodology for selection of
regularization parameters.

Human Imaging

Continuous spiral cine imaging was performed in 45 subjects. The subjects included 37
healthy volunteers and 8 patients undergoing clinical CMR studies. Written informed
consent was obtained from all subjects, and imaging studies were performed under
institutional review board (IRB) approved protocols. Scanning was performed on a 3T
scanner (MAGNETOM Prisma or Skyra, Siemens Healthineers, Erlangen, Germany) at the
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University of Virginia Medical Center. Image datasets were acquired using the standard
body phased-array RF coil. Pulse sequence parameters included: FOV =320 mm, TR =7.8
ms, TE = 1 ms, voxel size = 1.25x1.25 mm?, slice thickness = 8 mm, flip angle = 15°. A
dual density (DD) spiral readout trajectory was rotated by the golden angle between
subsequent TRs for data acquisition. The DD spiral had a fermi-function transition region
with a k-space density of 0.2 times Nyquist for the first 20% of the trajectory and an ending
density of 0.02 times Nyquist (39). This density was chosen such that the center of A-space
would be approximately fully sampled and the outer-region of A-space would have a
maximum acceleration factor of approximately 8x for the combination of 5 spiral interleaves
(39 ms temporal resolution). Data were acquired for 8 seconds per slice.

For 32 subjects, continuously acquired spiral data were obtained at a single short-axis
location. During the acquisition, the ECG signal was also recorded. The R-R interval length
from the ECG signal and extracted cardiac trigger from SPARCS were compared using
Bland-Altman (40) and linear regression plots. Images were reconstructed from 8 seconds
worth of data (1000 spirals) using NUFFT and L+S techniques. The first 200 spirals in the
acquired data were discarded to allow the signal to achieve steady state. To evaluate
quantification of LVEF, slices covering the whole heart in short-axis were collected in 13
subjects including: 10 healthy volunteers and 3 clinical subjects. EF was determined by
manual tracing of the endocardial borders by an experienced cardiologist. The calculated
LVEF was compared to that from the standard clinical breath-hold ECG gated bSSFP
sequence.

Image quality for all datasets was assessed by 2 experienced cardiologists blinded to the
reconstruction technique. Image quality was evaluated on a 5-point scale ranging from 1
(poor and not usable) to 5 (clinically excellent). A score of 3 would be clinically acceptable,
but with some artifacts. Comparison between the scores from the different techniques were
compared using Friedman’s test and Wilcoxon signed-rank tests for the comparisons
between individual reconstruction techniques. The EF comparison between the techniques
was performed using a two-way ANOVA analysis with Tukey’s Studentized Range test to
correct for multiple comparisons. Statistical analysis was performed using SAS software 9.4
(SAS Institute Inc., Cary, NC).

Cardiac Self-Gating

R-R interval length was compared between the recorded ECG signals and the extracted
cardiac “self-gated” trigger signals as shown in Figure 3. The mean difference between the
ECG and self-gating cardiac cycle lengths for the patients with measured ECG data was
-0.22 ms, with a 95% confidence interval of 61.95 ms to —62.38 ms. There was a good
correlation, /2 = 0.96, between the R-R interval length from ECG and self-gated cardiac
signals without a significant bias (p = 0.92, paired sample ftest).

As the self-gated cardiac trigger and ECG signals performed similarly, the self-gating
strategy provides a reasonable surrogate. While ECG gating techniques have improved
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significantly, ECG gating can sometimes be unreliable at 3T, particularly in patients with
high BMI (as shown in Supporting Information Figure S3 and Video S1).

Respiratory Motion Correction

Figure 4 shows the rigid registration performance from one representative subject. After the
heart region was automatically detected (Figure 4(a)), images from each self-gated cardiac
interval were registered to correct for respiratory motion. The anterior-posterior (x) and
head-foot (y) displacements extracted from rigid registration are plotted in Figure 4(b). The
registration performance can be seen by comparing the x-t and y-t (Figure 4(d)) profiles
before and after rigid registration, where the crossing lines on x and y directions are shown
in Figure 4(c). After registration, both x-t and y-t profiles (Figure 4(d)) are sharper and less
corrupted by respiratory motion.

Evaluation of Cine Images

Figure 5 demonstrates the automatic coil selection results. Coil images in a region around
the heart are shown in Supporting Information Figure S4. As expected, the coils that have a
high SNR and low aliasing in the heart region rank higher. With a threshold of artifact
energy of 0.3, coils whose images are circled in green were retained while the ones in red
were discarded. Figure 5(a) and 5(b) show the NUFFT image results before and after
automatic coil selection, respectively. The difference image of these is shown in Figure 5(c),
with a 10-fold scaling factor. In this particular case, the aliasing artifacts caused by remote
coils started from the bottom right (red arrow) and extended all the way into the heart region.
Automatic coil selection significantly reduced aliasing artifacts.

Figure 6 shows reconstructed short-axis cine images from a healthy volunteer. The first row
(Figure 6(a-c)) shows cine images reconstructed with NUFFT while the second row (Figure
6(d-f)) shows the L+S reconstructed images. The third row (Figure 6(g-i)) shows the
clinically used breath-hold ECG-gated bSSFP images. End-diastolic and end-systolic images
are shown in the first and second columns respectively. X-t profiles for the reconstructed
images along the profile denoted by the dashed line in Figures 6(a), (d) and (g) show
preserved temporal fidelity of the SPARCS technique. Figure 7 demonstrates images from a
subject in the patient group. In this clinical subject, mild susceptibility artifacts are seen in
the bSSFP images (indicated by red arrows) in Figure 7(g-i). As the NUFFT technique
reconstructs each frame independently, it is free of temporal blurring between frames, but
less effective at reducing aliasing artifacts (e.g., red arrows in Figure 6) as compared to the L
+S reconstruction. The difference in image quality can be more easily appreciated in
Supporting Information Videos S2 and S3. The X-t profiles from the L+S reconstruction
show the reduction of residual aliasing artifacts without introducing significant visual
temporal blurring as compared to NUFFT.

Image-quality scores (N = 42) from the 2 cardiologists are shown in Figure 8. Here, the 3
subjects that were used to tune L+S reconstruction parameters were excluded. The mean (+
standard deviation) image-quality scores of SPARCS NUFFT, SPARCS L+S and breath-hold
ECG-gated bSSFP images were 3.2 (+ 0.7), 4.0 (£ 0.7) and 4.5 (x 0.6). The L+S
reconstruction was graded significantly higher than the SPARCS NUFFT reconstruction (p <
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0.001), and breath-hold ECG-gated bSSFP was graded significantly higher than SPARCS
NUFFT and L+S reconstruction (p < 0.001). SPARCS images with kt-SLR reconstruction
performed similar to SPARCS with L+S reconstruction (Supporting Information Figure S5,
Videos S2, S3). Given the relatively short readout duration per interleaf, the SPARCS
images had minimal blurring or signal dropout artifacts due to off-resonance. Fine
trabeculations were clearly visualized in the right and left ventricles in the SPARCS images.

Figure 9 shows the L+S reconstructed images from one subject with 10 slices covering the
left ventricle. Figure 9(a) corresponds to end-diastolic frames and Figure 9(b) are end-
systolic frame images. Movies of a subject’s whole-heart coverage using L+S reconstruction
are shown in the Supporting Information Video S4. Across all studies with whole ventricular
data (N = 13), the mean (z standard deviation) LVEF for NUFFT and L+S were 58.5 (+ 7.6)
and 57.3 (£ 7.9), respectively, for the SPARCS technique as compared to 58.3 (+ 7.7) for the
standard bSSFP cine images. A Bland-Altman plot comparing EF between Cartesian bSSFP
images and SPARCS NUFFT spiral images is shown in Figure 10(a), and one comparing
Cartesian bSSFP images and SPARCS L+S spiral images is shown in Figure 10(b). A
blocked ANOVA test showed no significant difference among the 3 groups (p = 0.09),
demonstrating the accuracy of calculating LVEF using the proposed SPARCS strategy.

Discussion

In this work a free-breathing, continuous-acquisition, respiratory and cardiac self-gated,
golden-angle spiral-cine strategy (SPARCS) was proposed and developed. The method used
the 8x8 k-space center region from the acquired data to derive a cardiac trigger signal
without the need for ECG gating.

To enable free-breathing acquisition with 100% sampling efficiency, a rigid registration
strategy was implemented to correct respiratory motion between heartbeats. While currently
there are more complex techniques for non-rigid registration(41,42), their performance is
sensitive to image quality related factors, and their implementation for non-Cartesian
trajectories significantly increases reconstruction time and complexity. Since most cardiac
motion caused by breathing is in the head-foot and anterior-posterior directions, a rigid
registration can be used. We have previously demonstrated the robustness of this motion-
correction strategy for myocardial perfusion imaging (31).

As SPARCS registers data acquired at different respiratory phases, residual uncorrected
respiratory motion could cause some loss of spatial resolution. This is true of all techniques
which achieve 100% navigator efficiency using registration. Our approach assumes that
respiratory motion within each heartbeat is relatively small. The difference in respiratory
position in the head-foot direction between beats across all subjects typically fell within a
+ 2-4 mm window, which is in the range of typical diaphragmatic navigator acceptance
windows of 4-8 mm (10,43). Correction of residual respiratory motion with each heartbeat
may be feasible using a sliding window approach to assess the respiratory position
throughout the cardiac cycle. However, such an algorithm would have to account for changes
in the heart position due to cardiac contraction and would add additional complexity to the
reconstruction. Blurring due to residual respiratory motion could be a disadvantage of self-
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gating techniques as compared to real-time techniques and requires further investigation.
This strategy also does not account for through-plane motion or potential differences in
cardiac morphology between inspiration and expiration. As the respiratory phase of each
heartbeat is known, discordant data could be rejected either using a self-gating window as
we have used for free-breathing T1 mapping (44), or based on an image correlation metric as
has been used for free-breathing LGE imaging (45). The trade-off for rejecting data would
be a reduction in acquisition efficiency. As the R-R interval duration for each heartbeat is
also known, heartbeats with significantly different durations can also be rejected, again at
the cost of acquisition efficiency.

At relatively low acceleration factors (2—-3x), non-Cartesian SPIRIT (46) and non-Cartesian
SENSE (47) perform well for spiral imaging. For more highly accelerated spiral techniques,
compressed sensing approaches have been shown to improve reconstruction performance
(39). The L+S reconstruction method can provide a decomposition of low rank and sparsity
components to separate background and dynamic components in an image. The L
component captures static and periodic motion in the background among cardiac phases,
while the S component contains the dynamic cardiac motion information. Since the
background has been suppressed, the S component has a sparser representation than the
original matrix (30). By exploiting the spatial and temporal correlation of the dynamic
image series with an iterative SENSE implementation, the L+S method offers an efficient
and robust reconstruction. L+S reconstruction with inappropriate regularization parameters
could suffer from temporal blurring. We chose the smallest regularization parameters for the
L+S reconstruction that visually reduced spatial blurring without obvious loss of temporal
fidelity. Furthermore, we intentionally compared L+S to NUFFT so that we could directly
assess the effects of temporal regularization on the temporal fidelity of the L+S
reconstruction. Our assessment of LVEF with L+S reconstruction as compared to NUFFT
reconstruction of the SPARCS data and the breath-held cine bSSFP data demonstrates that
the respiratory motion correction and temporal regularization do not result in significant
biases in determination of the LVEF. This is important as LVEF remains a key parameter for
clinical decision making. However, we note that some reduction in spatial resolution due to
residual respiratory motion may not greatly impact the measured EF. Other reconstruction
techniques, such as kt-SLR could also be used with the SPARCS self-gating and respiratory
motion correction framework (Supporting Information Videos S2 and S3). The comparison
of EF measurements between SPARCS and the “gold-standard” Cartesian method had no
significant bias, and clinically acceptable limits of agreement. Prior studies (48,49) have
demonstrated similar limits of agreement for intra-observer, inter-study EF measurements as
-5.191t0 6.33.

Although bSSFP sequences are typically used for cine imaging due to improved contrast to
noise ratio, a gradient echo strategy may have advantages for simplifying 3T cine imaging.
As the spiral-trajectory implementation has a relatively long TR, there is more time for
inflow-enhancement of the LV blood pool resulting in a contrast which is similar to
Cartesian bSSFP imaging rather than that seen with short-TR Cartesian GRE imaging. As
the sequence is spoiled GRE-based rather than SSFP-based, a frequency scout, which is
often needed for bSSFP acquisition to avoid banding artifacts and out of plane flow artifacts,
is not required. While spiral techniques may be sensitive to off-resonance artifacts, for cine
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applications at 3T we have found that a readout duration of 5 ms or less produces acceptable
results without off-resonance correction. The SPARCS technique is compatible with off-
resonance deblurring techniques (50), and spectral-spatial excitation (51) could be used to
further eliminate the signal from fat. With 8 seconds of data acquisition per slice, the whole
ventricle can be covered in about 90 seconds. The approach described in this manuscript
could potentially also be applied to spiral bSSFP imaging at 1.5T (7) or 3T.

The idea of self-navigation was first pioneered by Larson et al. (23) for cardiac cine imaging
using radial 4-space sampling and a breath-hold SSFP sequence, where the self-gated signal
was extracted from the echo-peak magnitude, kymogram and 2D correlation. This idea was
further explored by using the center A-space point (22), center k-space line (5) or processed
center k-space data (25). These cardiac “self-gated” methods typically use breath holds to
avoid the complexity of separating cardiac motion and respiratory motion. Some studies also
focused on free breathing imaging using navigator signals (16,17,52). A respiratory and
cardiac self-gated method using a multi-echo 3D hybrid radial SSFP acquisition strategy was
proposed by Liu et al. (19), where coils were selected based on the smallest variance of
either the R-R intervals or respiratory positions for each individual coil. In our technique,
PCA is used to separate combinations of coils which correspond predominantly to the
respiratory and cardiac signals. The optimal PCA basis functions for the cardiac and
respiratory self-gating signal were determined by choosing the basis functions which had the
highest amplitude in the cardiac or respiratory frequency ranges after band-pass filtering.
Another study by Pang et al. (17) retrospectively binned the data into different cardiac and
respiratory phases based on information extracted from self-gated projections, and the
different respiratory states were reconstructed to perform motion correction. This approach
could have potential issues with subjects that have irregular breathing patterns resulting in
some respiratory bins with not enough data to reconstruct a reasonable quality image to do
motion correction between bins. Thus, the performance of binning the data into different
respiratory bins might vary in individuals with different breathing patterns. In the proposed
SPARCS method, respiratory motion was corrected for each R-R interval, which should
provide robustness to irregular breathing patterns. SPARCS provides cine images with
similar spatial and temporal resolution to current clinical breath-hold techniques with a short
free-breathing self-gated acquisition. In the future this technique could be compared to other
free-breathing and/or self-gated techniques.

While previous real-time techniques required a sacrifice of spatial and/or temporal
resolution, newer real-time techniques, such as real-time compressed sensing (CS) cine
imaging, are becoming clinically available and are demonstrating real-time imaging with
high spatial and temporal resolution. The current clinically available real-time compressed-
sensing technique still requires an ECG to define the R-R interval (53), and the manufacturer
recommends that this real-time technique is performed during a breath-hold. The L+S model
we used in SPARCS is similar to the real-time CS reconstruction. Unfortunately, we could
not compare SPARCS directly to this real-time CS technique, as it was not available on our
scanner. A future comparison between SPARCS and such techniques is warranted.

There are also several limitations for the current SPARCS strategy. Firstly, the spiral based
acquisitions may be more sensitive to off-resonance artifacts than Cartesian GRE.
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Nonetheless, with short spiral readouts, there is relatively little spiral-induced blurring or
dropout artifacts. Additionally, off-resonance correction can be applied to further improve
off-resonance performance. GRE based acquisitions have lower CNR and SNR as compared
to SSFP techniques. This is partially compensated for in the SPARCS technique by using a
longer TR and higher flip angles. Our group has previously demonstrated that SSFP-based
spiral imaging is also feasible at 1.5T and a prior study showed it could be performed at 3T
(54). Compared with the ECG signal trigger, which always corresponds to the beginning of
systole, the SPARCS extracted cardiac trigger can vary within the cardiac cycle. Moreover,
this technique involves binning of data and could be sensitive to arrhythmias. To overcome
this issue, data from R-R intervals that differ significantly from the mean R-R interval can be
rejected, and data acquisition time could be extended if needed. Our filter cut-off frequency
was set to support a maximum heart rate of 120 bpm. For all subjects scanned, the maximum
heart rate was < 120 bpm, which justified a filter cutoff frequency of 2 Hz as reasonable
when extracting the cardiac trigger. However, in pediatric patients or other patients with high
heart rates, increasing the cutoff frequency to 3 Hz would support maximum heart rates of
180 bpm. The current computation times to run the SPARCS pipeline using unoptimized
MATLAB (The Mathworks Inc., Natick, MA) code with NUFFT or L+S reconstruction is 3
minutes or 6 minutes per slice, respectively, using a 2.4-GHz 8-core Intel Xeon CPU and
128 GB of RAM. The reconstruction time can be further improved by implementing the
reconstruction in C++ and utilizing GPUs.

To summarize, the SPARCS technique can obtain 2D cine images with clinically acceptable
spatial and temporal resolution, and adequate image quality, in a short free-breathing self-
gated acquisition. In the future, this idea can be extended to a 3D or simultaneous multi-slice
(SMS) acquisition. Although it might result in reduced contrast between the blood-pool and
myocardium, an approach similar to that used for GRE-based coronary angiography at 3T,
where images were acquired after administration of contrast, could also be utilized.

Conclusions

A free-breathing, continuous-acquisition, respiratory and cardiac self-gated, golden-angle
spiral-cine imaging strategy, SPARCS, was presented. It enables cardiac cine imaging
without ECG leads and with free breathing, which provides a simpler and more efficient
protocol for clinical CMR imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Pipeline of cardiac self-gating.
(@) In the first step, the 8x8 center region of A-space is gridded across all coils through time.
(b) Principal component analysis is then performed across this data to derive temporal-basis

functions. (c) Frequency spectrum analysis is performed to separate the cardiac and
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respiratory components. (d) Extracted filtered cardiac motion component and peak detection
is performed to detect the cardiac triggers. (e) A respiratory motion component can also be

derived and used for self-gating as alternative to rigid registration.
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Figure 2: Pipeline of respiratory motion correction.
In the first step (a), retrospective cardiac binning of the data across multiple R-R intervals,

was performed so that the heart could be located based on the variation in signal intensity
due to cardiac motion throughout the cardiac cycle. Once the heart ROI was selected, further
processing used only this defined ROI and data were averaged over part of individual
heartbeats. In the second step (b), by using all of the spiral interleafs for each heartbeat, a
single static image was created for each heartbeat and these images were registered to
determine the respiratory motion. For the automatic coil selection (c), a reference image
(blue) was reconstructed from a single heartbeat using a large temporal window and an
aliased image (red) was reconstructed using a small temporal window. The images
reconstructed from these two temporal windows provided an assessment of the artifact
power, and coils with high SNR and low artifact power (circled by green dashed line) were
selected appropriately.
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Figure 3: Cardiac gating consistency.

(a) Bland-Altman plot indicates a non-significant bias of —0.22 ms for the R-R interval

length difference between self-gated signals and ECG signals across all the subjects. (b)

There is a strong positive correlation relationship (R2 = 0.96) between self-gated and ECG

R-R interval lengths.
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Figure 4: Motion correction performancein arepresentative subject.
(a) A static image was reconstructed from each heartbeat to generate the images used for

respiratory motion compensation. (b) The rigid registration displacement in x (anterior-
posterior: A-P) and y (head-foot: H-F) directions was determined and used to correct the
respiratory position. X-t and Y-t profiles before and after registration in the H-F and A-P
directions (c) are shown in (d). The heart borders are more closely aligned following
respiratory motion correction.
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(a) Unselected coils (b) Selected coils (c) Difference x10

Figure5: Automatic coil selection.
(@) and (b) show the reconstructed images before and after the proposed coil selection

method, respectively. (c) is the difference image between (a) and (b), with 10-fold scaling to
better visualize aliasing artifacts. The red arrow indicates aliasing caused by remote coils.
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end-diastole end-systole x-t profile

NUFFT

L+S

Cartesian
BH ECG-gated
SSFP

Figure 6: Short axis SPARCS images from a healthy volunteer.
The first and second rows show SPARCS reconstructed images using NUFFT and L+S,

respectively. The third row shows the clinically used breath-hold ECG-gated bSSFP images
for comparison. End diastolic and end systolic images are shown in the first and second
columns, respectively, and x-t profiles are shown in the last column. X positions are
indicated as dashed yellow lines in end-diastolic images. Red arrows indicate aliasing
artifacts that are obvious in NUFFT images but are reduced by the L+S technique. The
image-quality scores for this subject from 2 cardiologists were: 4 and 3 for SPARCS NUFFT
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images; 5 and 4.5 for SPARCS L+S images; and 5 and 5 for breath-hold ECG-gated bSSFP
images.
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Figure 7: Short axis SPARCSimages from a clinical patient subject.
The first and second rows show SPARCS reconstructed images using NUFFT and L+S,

respectively. The third row shows the clinically used breath-hold ECG-gated bSSFP images
for comparison. End-diastolic and end-systolic images are shown in the first and second
columns, respectively, and x-t profiles are shown in the last column. X positions are
indicated as dashed yellow lines in end-diastolic images. Red arrows indicate susceptibility
artifacts that often occur in clinical bSSFP images. The image-quality scores for this subject
from 2 cardiologists were: 4 and 3.5 for SPARCS NUFFT images; 5 and 4.5 for SPARCS L
+S images; and 3 and 3.5 for breath-hold ECG-gated bSSFP images.
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Image quality assessment
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Figure 8: Blinded image quality scoresfor all subjects.
The bar plot shows the scores for SPARCS images using NUFFT and L+S, as well as breath-

hold ECG-gated bSSFP images, graded in a blinded fashion by 2 cardiologists. * indicates a
significant difference (p < 0.001).
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End-diastole

(b)

Figure 9: Whole-heart reconstruction results.
(@) The top 2 rows of images are L+S diastolic frames across all slices. (b) The bottom 2

rows of images are L+S systolic frames across all slices.
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EF Bland-Altman Plot

(Cartesian + L+S)/2 [%]

Figure 10: Bland-Altman plots of EF for the subjectswith whole-heart coverage.
(a) Bland-Altman plot of EF calculated from Cartesian bSSFP image results (Cartesian) and

SPARCS NUFFT image results (NUFFT). (b) Bland-Altman plot of EF calculated from
Cartesian bSSFP image results and SPARCS L+S image results (L+S).
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