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Abstract

Purpose—A five-dimensional (5D) whole-heart sparse imaging framework is proposed for
simultaneous assessment of myocardial function and high-resolution cardiac and respiratory
motion-resolved whole-heart anatomy in a single continuous non-contrast MR scan.

Methods—A non-ECG-triggered 3D golden-angle radial b-SSFP sequence was employed for
data acquisition. The acquired 3D k-space data were sorted into a 5D dataset containing separated
cardiac and respiratory dimensions using a self-extracted respiratory motion signal and a recorded
ECG signal. Images were then reconstructed using XD-GRASP, a multidimensional compressed
sensing technique exploiting correlations/sparsity along cardiac and respiratory dimensions. 5D
whole-heart imaging was compared with respiratory motion-corrected 3D and 4D whole-heart
imaging in nine volunteers for evaluation of the myocardium, great vessels and coronary arteries.
It was also compared to breath-held, ECG-gated 2D cardiac cine imaging for validation of cardiac
function quantification.

Results—5D whole-heart images received systematic higher quality scores in the myocardium,
great vessels and coronary arteries. Quantitative coronary sharpness and length were always better
for the 5D images. Good agreement was obtained for quantification of cardiac function compared
to 2D cine imaging.

Conclusion—Five-dimensional whole-heart sparse imaging represents a robust and promising
framework for simplified comprehensive cardiac MRI without the need for breath-hold and motion
correction.
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Introduction

Cardiac MRI, particularly imaging of small vessels such as the coronary arteries, remains a
challenging task (1-3). Major challenges include: i) motion of the heart during the cardiac
and respiratory cycles, ii) the complexity of cardiovascular anatomy, and iii) limitations
related to comparatively slow imaging speed. These factors have led to a complex and time-
consuming clinical workflow for traditional cardiac imaging, in which a series of 2D
imaging acquisitions are employed during multiple breath-holds (4-7). These acquisitions
must be individually tailored and adjusted, in a manner that is highly dependent on operator
experience and on patients’ ability and capacity to hold their breath.

3D cardiac MRI can overcome some of the abovementioned problems and is an attractive
alternative to conventional tailored 2D scans. 3D cardiac imaging can provide
comprehensive information with minimum scan planning, allowing a multifaceted
assessment of the cardiovascular system (8-11). It offers increased signal-to-noise ratio,
large spatial coverage, and the ability to reconstruct images in any desired orientation.
However, a major challenge associated with 3D data acquisition is comparatively long scan
time, which makes it difficult to meet competing demands of spatial resolution, temporal
resolution and volumetric coverage. 3D acquisition also requires reliable cardiac and
respiratory motion compensation strategies to avoid image blurring. For the coronary
arteries, a 3D cardiac scan must also provide good vessel contrast, in order to discriminate
arteries from surrounding epicardial fat and myocardium (3,12). Due to these limitations, 3D
cardiac MRI is currently limited to a subset of specific applications in routine clinical setting
such as MR angiography (MRA).

During the past decade, a variety of four-dimensional (4D) cardiac MRI techniques have
been proposed (13-23), where time-resolved 3D volumes are acquired covering the entire
cardiac cycle. 4D MRI allows cardiac motion-resolved reconstruction and does not require
setup of ECG trigger delay times. However, respiratory motion still remains a challenge.
Existing strategies to handle respiratory motion in 4D cardiac MRI can be roughly divided
into two categories. In the first category, “gating” is usually performed using motion signals
extracted from external devices such as respiratory bellows or intrinsically acquired self-
navigator (18,23). Despite its simple implementation and robust performance, such
approaches suffer from reduced scan efficiency, since only part of the data acquired in a
specific temporal window (e.g., end-expiration) is used to reconstruct final images. The
second category aims at improving the scan efficiency by combining images at different
respiratory phases using an image registration algorithm, which models the movement of
heart during respiration as translation (24-29), affine (20,30-34) or non-rigid (35)
transformation.
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Recently, a different approach for handling respiratory motion called eXtra-Dimensional
Golden-angle RAdial Sparse Parallel MRI (XD-GRASP) (36) has been proposed. Instead of
either removing or correcting for motion, XD-GRASP sorts the acquired data into multiple
undersampled motion states and then reconstructs them as a multidimensional image series
with full information. This approach does not rely on assumptions about motion models
(e.g., translation, affine, or non-rigid) as in registration-based correction methods, maintains
high scan efficiency, and provides access to additional physiologic information of potential
clinical value (37). Successful applications of XD-GRASP have been demonstrated for free-
breathing liver MRI (36,38), whole-heart coronary MRA (39) and cardiac cine MRI
(36,40,41).

The purpose of this work is to extend the idea of XD-GRASP for 4D whole-heart imaging to
reconstruct a 5D motion-resolved image series and test the framework in a first proof-of-
concept volunteer study. The five dimensions in this framework include the three spatial
dimensions (x-y-z) plus two distinct temporal dimensions representing cardiac and
respiratory phases, respectively. The proposed framework was compared against 3D and 4D
whole-heart imaging approaches for assessment of the myocardium, great vessels and
coronary arteries. It was also compared to breath-held, ECG-gated multislice 2D cardiac
cine imaging for validation of cardiac function quantification.

5D Whole-Heart Sparse MRI Framework

Components of the proposed framework, including pulse sequence, sampling scheme,
motion extraction and image reconstruction are described in this section.

Pulse Sequence—A prototype free-running non-ECG-triggered 3D golden-angle radial
balanced steady-state free precession (b-SSFP) sequence (22) that was based on a previously
proposed whole-heart coronary MRA approach (25,42) is employed for continuous whole-
heart MR data acquisitions covering a large number of cardiac cycles. The 3D radial
sampling scheme, as shown in Figure 1a&b, is segmented into multiple interleaves based on
the spiral phyllotaxis pattern (42), in which each interleave is rotated by the golden-angle
about the z-axis with respect to the previous interleave. Each interleave starts with a readout
oriented along the superior-to-inferior (SI) direction for respiratory self-navigation (24) and
is preceded by fat saturation. Because the steady-state is periodically interrupted by fat
saturation pulses (~25ms duration), additional ten linearly increasing start-up angles (LISA)
RF pulses, which are also known as ramp-up pulses, are inserted before the data acquisition
in each interleave. The golden-angle sampling scheme enables continuous k-space coverage
without the need to predefine cardiac phases within the acquisition protocol. When
compared against a conventional ECG-triggered data acquisition, the continuous sampling
strategy not only eliminates the need for setup of ECG trigger delay times, but also enables
simultaneous assessment of myocardial function and the whole-heart anatomy at different
cardiac phases.

Motion Extraction—Reliable respiratory and cardiac motion signals are needed to sort the
acquired data. The self-navigation k-space profiles acquired at the beginning of each
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interleave (red lines in Figure 1b) can be used to extract respiratory motion signal using a
principal component analysis (PCA) approach that was previously validated for whole-heart
MRI (20) and DCE-MRI (36,38). Specifically, a 1D partition-direction fast Fourier
transform (FFT) is performed on these self-navigation profiles (thus obtaining a series of Sl
projections of the whole volume), followed by PCA along the concatenated z+coil
dimension to determine the most common signal variation mode. A principal component
with the highest ratio between its peak in the respiratory motion frequency range (0.1-
0.5Hz) and its peak in the cardiac motion frequency range (0.5-1.5Hz) is selected to
represent the respiratory motion signal. Figure 1c shows a representative respiratory motion
signal that is superimposed on an example series of Sl projections. The cardiac motion
signal is extracted retrospectively from the recorded ECG time stamps that are synchronized
with data acquisitions as described in (22).

Data Sorting—Given the extracted respiratory and cardiac motion signals, the series of
continuously acquired 3D radial lines can be sorted into a 5D dataset (kx-k),-k,-cardiac-
respiratory) as shown in Figure 2. Specifically, the series of 3D radial lines is first binned
into different cardiac phases with a desired temporal resolution using the cardiac motion
signal, and each cardiac phase is further sorted into multiple respiratory phases spanning
from end-expiration to end-inspiration using the estimated respiratory motion signal. The
data sorting process is performed such that the number of spokes grouped in each temporal
frame is the same, as performed in our prior XD-GRASP works (36,39).

XD-GRASP Reconstruction—5D image reconstruction is performed by solving the
following optimization problem that enforces i) sparsity along both cardiac and respiratory
dimensions and ii) multicoil data consistency:

m=argmin||F - C - m—d||54 | De - m||,+Ae | Dy - 1

Here, Fis the non-uniform FFT (NUFFT), mis the 5D image (x-y-z-cardiac-respiratory) to
be reconstructed, Cis the estimated coil sensitivities and d'is the sorted k-space data (kx-k-
k-cardiac-respiratory-coil). D,and D,are the first-order differences (difference between
consecutive frames) along the sorted cardiac dimension and respiratory dimension,
respectively. These differences are employed as sparsifying transforms to exploit cardiac and
respiratory correlations and thus to reconstruct the undersampled multidimensional data. A,
and A are corresponding regularization weights that control the tradeoff between data
consistency and sparsity constraints.

Data Acquisition

Imaging was performed in nine healthy volunteers (age=28+4 years, 5 males) at the
University of Lausanne and was approved by the Institutional Review Board. Written
informed consent was obtained from all subjects before MR scans. Three types of MR scans
were performed in all subjects on a 1.5T MR scanner (MAGNETOM Aera, Siemens
Healthcare, Erlangen, Germany) without contrast injection, including i) free-breathing non-
ECG-triggered whole-heart MR, ii) free-breathing ECG-triggered and self-navigated
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whole-heart MRI, and iii) breath-held, ECG-gated multislice 2D cardiac cine MRI. In
addition, conventional ECG-triggered and navigator-gated free-breathing 3D Cartesian
whole-heart MRI was also performed in two subjects in two separate visits and this was
included for visual comparison only.

Free-Breathing Non-ECG-Triggered Whole-Heart MRI—Free-breathing non-ECG-
triggered whole-heart MRI was performed using the sequence described in the “Pulse
Sequence” section (22). Relevant imaging parameters included: TR/TE = 3.1/1.56 ms, FOV
=220 mm3, matrix size = 1923, voxel size = 1.15 mm3, and flip angle = 90°. Data
acquisition featured non-slice-selective RF pulses and a total number of 126478 spokes were
acquired in each subject in 14 minutes and 17 seconds, including 5749 golden-angle-rotated
interleaves with 22 spokes each. Each interleave was preceded by a CHESS fat saturation
pulse and ten ramp-up RF pulses. The average specific absorption rate (SAR) of the scans
was ~97% of the SAR limit in the “first level” mode (4 W/kg, as defined in the international
standard IEC 60601-2-33).

Free-Breathing ECG-Triggered and Self-Navigated Whole-Heart MRI—Free-
breathing ECG-triggered whole-heart MR/ was performed using a prototype 3D radial b-
SSFP sequence with the same spiral phyllotaxis golden-angle rotation scheme, which was
previously tested in both volunteer and patient studies (25,27,43). Data acquisition was
performed without respiratory gating, and the acquisition window was placed at the mid-
diastolic phase to minimize cardiac motion-induced effects. Relevant imaging parameters
included: TR/TE = 3.1/1.56ms, FOV = 220 mm3, matrix size = 1923, voxel size = 1.15 mm3
and flip angle = 115°. Data acquisition featured non-slice-selective RF pulses and a total
number of 12064 spokes were acquired in each subject, including 377 interleaves with 32
spokes each. Each interleave was preceded by a 7, preparation module, a CHESS fat
saturation pulse and ten ramp-up RF pulses. Each interleave started with a spoke oriented
along the Sl direction for self-navigation. The scan time was 377 heart-beats long, and, thus,
it was dependent on the heart rate of each subject.

Free-Breathing ECG-Triggered and Navigator-Gated Whole-Heart MRI—Free-
breathing ECG-triggered and navigator-gated whole-heart MRI was performed using a 3D b-
SSFP Cartesian imaging protocol described by Sakuma H et al in (44). Key imaging
parameters include: FOV = 280 x 280 x 120 mm3, matrix size = 256 x 256 x 80, voxel size
=1.09 x 1.09 x 1.5 mm3, number of segment = 35 and flip angle = 90°. Each segment was
preceded by a 7, preparation module, a CHESS fat saturation pulse and ten ramp-up RF
pulses. The acceptance window for navigator-gating was £2.0 mm. Data were acquired with
a GRAPPA factor of 2 and the total scan time was dependent on respiratory pattern (one
subject with 5:59 min and the other subject with 6:43 min). Image were reconstructed with
half of the acquired voxel size (0.55 x 0.55 x 0.75 mm3).

Multislice 2D Cardiac Cine MRI—Breath-held and retrospective ECG-gated multislice
2D cardiac cine MRI was performed in a short axis (SAX) orientation. Relevant imaging
parameters included: TR/TE=3.06/1.28ms, voxel size = 1.2 x 1.2 mm?2, FOV = 300 x 171
mm?2, matrix size = 256 x 146, slice thickness = 8 mm and flip angle = 80°. A total of 12
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slices were acquired in each subject covering the entire left ventricle and each slice was
acquired during one breath-hold. Images were acquired and reconstructed with 25 cardiac
phases with a GRAPPA factor of 2, resulting in a temporal resolution of under 50 ms. The
scan time was 11:47 + 2:32 min including the SAX scout scanning.

Image Reconstruction

5D Whole-Heart Sparse Image Reconstruction—The non-ECG-triggered whole-
heart datasets were reconstructed using the 5D XD-GRASP reconstruction framework as
described above. Specifically, each dataset was first sorted into 20 cardiac phases using the
cardiac signal, generating an image series with temporal resolution of about 40-50 ms. The
number of cardiac phases was selected such that the resulting temporal resolution was
adequate for quantification of global cardiac function (45). In the next step, each cardiac
phase was further sorted into four respiratory motion phases spanning from end-expiration to
end-inspiration using the respiratory motion signal, thus generating a 5D dataset with a
matrix size of 192x192x192x20x4. The number of respiratory phases was selected
according to our prior experiences with XD-GRASP for motion-resolved DCE-MRI (36)
and coronary MRA (39). In both studies, it was concluded that four respiratory phases were
adequate to resolve respiratory motion.

The sorted 5D whole-heart images were reconstructed using a non-linear conjugate gradient
algorithm (46,47). Coil sensitivity maps were calculated using the adaptive combination
approach (48) and were estimated from a 3D image volume reconstructed using all the
acquired k-space data. In order to speed up image reconstruction, the NUFFT operation was
implemented using parallel computing in graphics processing units (GPUSs) (49), and was
called in the main reconstruction program implemented in MATLAB (Mathworks, MA). All
reconstructions were performed in a server equipped with two 16-core CPUs, 256 GB RAM,
and two 6-Gb NVIDIA GPU cards.

Based on our prior experience with sparse cardiac MRI, first-order differences for
minimizing the total variation along the temporal dimensions were employed separately
along the cardiac and respiratory dimensions. The corresponding regularization parameters
were systematic evaluated and were empirically determined as previously performed in (39).
In addition, quantitative measure of coronary sharpness was also compared in one
representative dataset for a range of different values. The parameters that achieved the best
combination of vessel sharpness and visual image quality were then empirically selected and
then applied to all subsequent 5D image reconstructions.

4D Whole-Heart Sparse Image Reconstruction—For comparison, the same datasets
used for 5D image reconstruction were also reconstructed using a respiratory motion-
corrected GRASP (Golden-angle RAdial Sparse Parallel imaging) approach (47) with
sparsity constraint along the cardiac motion dimension only (50). As described in (22,25),
the respiratory motion signal was extracted by performing cross-correlation on the self-
navigation projection, and the resulting 1D Sl displacement was then used for correcting
each data interleave before image reconstruction by directly applying an angle-specific
phase shift to all k-space readouts (24). The respiratory motion-corrected k-space data were
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then sorted into 20 cardiac phases and the 4D whole-heart images (192x192x192x20) were
reconstructed using GRASP (47,50). The selection of regularization parameter was
performed in the same manner as previously described for the XD-GRASP reconstruction.

Self-Navigated 3D Whole-Heart Image Reconstruction—The ECG-triggered and
self-navigated 3D whole-heart datasets were reconstructed directly on the MR scanner using
a 3D gridding algorithm. The respiratory motion detection and correction were the same as
for the 4D sparse image reconstruction, with more details described in (25,27).

Image Analysis

Image Quality Assessment—For each subject, one end-systolic and one mid-diastolic
cardiac phase were retrospectively selected from the 4D whole-heart and the end-expiratory
phase of the 5D whole-heart image sets. All images, including the self-navigated 3D whole-
heart images (diastole only) and the selected cardiac phases (one end-systole and one mid-
diastole) of 4D and 5D whole-heart images, were pooled and randomized for blinded
assessment. A radiologist (R.P.L.) and a cardiologist (P.G.M) with 11-years’ and 10-years’
experience in cardiovascular MRI scored the image quality of the myocardium, ascending
aorta (Asc Aorta), descending aorta (Desc Aorta), main pulmonary artery (MPA), right
pulmonary arteries (RPA), left pulmonary arteries (LPA) and superior vena cava (SVC) on a
0-4 scale as follows: 0 = non-diagnostic, 1 = poor, 2 = adequate, 3 = good, 4 = excellent.
The same readers also scored the image quality of right coronary artery (RCA), left main
coronary artery (LM) and left anterior descending coronary artery (LAD) on a 0-4 scale,
which classified the definition of the vessel borders as follows: 0 = not visible, 1 = markedly
blurred, 2 = moderately blurred, 3 = mildly blurred, and 4 = sharply defined. Any coronary
artery with a grade higher than 0 was considered visible.

Quantitative Evaluation of Coronary Arteries—The vessel sharpness (conspicuity) of
the proximal segment and mid segment of the RCA and LAD (51), as well as the visible
vessel length of RCA and LM+LAD, were measured for the self-navigated 3D whole-heart
images (diastole only) and the selected cardiac phases (one end-systole and one mid-
diastole) of 4D and 5D whole-heart images. Soap-bubble software (52) was used for all
coronary artery reformatting and quantitative measurement.

Evaluation of Cardiac Function—End-Systolic Volume (ESV), End-Diastolic Volume
(EDV), and Ejection fraction (EF) were compared between the 5D whole heart images (end-
expiratory phase) and the breath-held 2D cine images. For 5D images, quantification was
performed using a tool developed in MATLAB. The end-systolic 3D volume when the
myocardium reaches the maximal contraction and a diastolic 3D volume when the
myocardium reached the maximal relaxation were visually selected and reformatted to the
same orientation as corresponding 2D slices using orientation information extracted from the
DICOM header of 2D images. The blood-myocardium boundary was then manually
segmented in each slice of the selected 3D volume, and the left ventricular volume was
calculated by multiplying the segmented left ventricular area (number of voxels) by the
voxel volume (1.15 mm3). The EF was calculated as
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EDV—-ESV « 100

EF=
EDV [2]

For multislice 2D cardiac cine images, the cardiac function was measured using commercial
Argus VF software (Syngo Argus, Siemens Medical Solutions, Germany). Validation of the
4D whole-heart imaging technique was previously reported (50) and thus it was not included
in this study.

Statistical Analysis

Results

A nonparametric paired two-tailed Wilcoxon signed-rank test was used to compare the
reported image quality scores for 5D whole-heart v.s. 4D whole-heart in both diastole and
systole and 5D whole-heart v.s. self-navigated 3D whole-heart in diastole. A Pvalue smaller
than 0.05 was considered statistically significant. For great vessels, the scores of different
arteries were considered together for each imaging technique. For coronary arteries, the
scores of different segments were considered together for each imaging technique. The inter-
reader variability was assessed using Bland—Altman analysis.

A two-tailed paired Student’s t-test was used to compare the measured coronary vessel
sharpness and length on a per-vessel basis for 5D whole-heart v.s. 4D whole-heart in both
diastole and systole and 5D whole-heart v.s. self-navigated 3D whole-heart in diastole. A P
value smaller than 0.05 was considered statistically significant. Bland—Altman analysis was
used to compare cardiac function measure between 5D whole-heart and 2D cine imaging.

All images were reconstructed successfully. The average reconstruction time was 407.79
+ 18.86 min for the 5D whole-heart sparse images and was 173.53 + 10.56 min for the 4D
whole-heart sparse images.

Table 1a summarizes averaged reader scores for image quality of the myocardium and great
vessels, and the sharpness of the coronary arteries. 5D whole-heart images achieved
systematic higher scores than respiratory motion-corrected 4D and self-navigated 3D whole-
heart images. The improvement reached statistical significance (£<0.05) in all assessments.
Table 1b summarizes the measured coronary sharpness and vessel length. As was the case
for the qualitative comparison, 5D whole-heart images achieved systematically improved
sharpness. Statistical significance (P<0.05) was reached in all comparisons except for 5D
v.s. 4D in the systolic RCA. For the measures of vessel length, significant improvement
(P<0.05) was achieved for 5D v.s. self-navigated 3D in the diastolic RCA and 5D v.s. 4D in
the systolic LM+LAD. The Bland-Altman plot of inter-reader variability is shown in the
Supporting Materials (Figure S1). The mean score differences for the great vessels/
myocardium and the coronary arteries were 0.3 and 0.4, respectively.

Figure 3 shows slices of the ventricular chambers and the aorta in end-expiration in one
representative volunteer, derived from the 5D whole-heart images. Good delineation of the
myocardial wall and aorta can be obtained in both diastolic and systolic phases. Figure 4
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shows a comparison between 4D whole-heart images and 5D whole-heart images in coronal
and sagittal planes from another volunteer. The white lines overlaid atop the diaphragm in
the 5D whole-heart images demonstrate that respiratory motion can be resolved using the
proposed method. A zoomed view of the myocardium from the same dataset is shown in
Figure 5, where residual respiratory motion blurring can be found in the myocardium and
papillary muscle of the 4D whole-heart images (white arrows).

Figure 6a shows a comparison of the myocardium and reformats of the coronary arteries for
different imaging techniques (5D whole-heart, 4D whole-heart and self-navigated 3D whole-
heart imaging) in diastolic phase in one subject. 5D whole-heart images (end-expiratory
phase) achieved improved visual delineation of the myocardial wall and different segments
of the coronary arteries (white arrows) over 4D whole-heart images, and improved
delineation of the LAD over self-navigated 3D whole-heart images. Comparison of the
systolic phase from this subject is shown in the Supporting Materials (Figure S2), where 5D
whole-heart images shows similar improvement. Figure 6b shows the corresponding
respiratory motion pattern extracted from the continuous acquired whole-heart dataset in this
subject.

Figure 7a shows the same comparison as in one volunteer with deep breathing pattern during
data acquisition. In this subject, motion-related blurring was found in both 3D and 4D
images with poor visualization of the coronary arteries. In contrast, the 5D whole-heart
images showed adequate image quality, with far greater segmental visualization of the
coronary arteries. Figure 7b shows the corresponding deep and irregular respiratory motion
pattern extracted from the continuous acquired whole-heart dataset in this subject.

Figure 8 shows comparison of ECG-triggered and navigator-gated free-breathing 3D
Cartesian whole-heart images with 5D whole-heart images in two subjects. While the
visualization of the RCA is comparable between both techniques, the delineation of the
LAD, particularly for the side branches, is still better in the navigator-gated 3D results.
Meanwhile, despite reduced visual noise level, the 5D images suffer from certain loss of
details due to sparse regularization. However, 5D whole-heart images shows improvement of
overall image quality in the myocardium and great vessels with less artifacts.

Figure 9 shows the comparison of ESV, EDV and EF between 5D whole-heart imaging and
breath-held, ECG-gated multislice 2D cardiac cine imaging. Corresponding Bland-Altman
analysis in the Supporting Materials (Figure S3) suggested good agreement for
quantification of cardiac function. The mean differences of 5D whole-heart v.s. 2D cine for
ESV, EDV and EF were 3.3 ml, 1.1 ml and —2.0%, respectively.

Discussion

MRI is regarded as the only single modality that can achieve a comprehensive cardiac
imaging examination, including assessment of ventricular function, myocardial perfusion
and viability, cardiovascular anatomy and hemodynamics. However, the overall
implementation of cardiac MRI into clinical practice has been relatively slow, largely due to
constraints on MR imaging speed and the influence of physiologic motion. In order to
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optimize clinical scan time, breath-hold imaging protocols tailored to answer specific
clinical question are usually performed in a sequential fashion, leading to a complex and
cumbersome imaging paradigm that requires operator experience and, often, physician
supervision. Although various fast imaging approaches, such as parallel imaging (53-55)
and compressed sensing (46,56,57), have been applied to accelerate cardiac MR scans
(7,11,58-62), they have had relatively little impact in reducing the complexity of imaging
workflow. 4D cardiac MRI enables greatly improved scan efficiency with significantly
simplified imaging workflow, allowing for assessment of cardiac function and whole-heart
anatomy at different cardiac phases (20,22,23). However, respiratory motion can still be a
significant challenge, particularly for patients with deep breathing.

In this work, we proposed a 5D cardiac and respiratory motion-resolved whole-heart sparse
MRI framework employing a single continuous data acquisition and reconstruction of
anatomical and functional information without the need for motion correction. The 5D
imaging approach combines a continuous 3D golden-angle radial sampling scheme with a
multidimensional compressed sensing technique for reconstruction of separated cardiac and
respiratory dimensions with high spatial resolution (1.15 mm isotropic) and temporal
resolution (~40-50 ms per cardiac phase). It requires no patient co-operation beyond lying
generally still, no planning of scan planes or tailoring to the ECG trace, and no motion
correction during image acquisition and reconstruction. It can be completed in about 14
minutes without contrast injection and can provide both functional and anatomical
information with not merely corrected but actively resolved cardiac and respiratory motion
in a single continuous MR scan.

The performance of 5D whole-heart MRI was compared against 3D and 4D whole-heart
MRI with translational respiratory motion correction in a first volunteer study. Our results
showed that 5D whole-heart MRI achieved better delineation of whole-heart anatomy,
including both myocardium and assorted vessels. It also achieved higher vessel sharpness in
coronary arteries, suggesting that less vessel blurring and thus better vessel contrast can be
obtained. More importantly, since respiratory motion correction was not required in the 5D
whole-heart MR, it can be more robust to deep breathing.

The proposed 5D sparse cardiac imaging framework can be combined with various golden-
angle sampling schemes in both radial and Cartesian trajectory (20,22,63-65). Golden-angle
sampling pattern ensures continuous k-space coverage and offers the possibility of quasi-
arbitrary retrospective data sorting with approximately uniform k-space coverage. In this
work, we chose to evaluate our framework using a 3D golden-angle radial b-SSFP sequence
since this combination would deliver a new simple and motion-robust whole-heart MRI
framework without the need of contrast media, thus further simplifying patient preparation
and avoiding the side-effect of contrast injection.

The current implementation of the 5D whole-heart MRI framework has several limitations
that warrant discussion. First, a continuous b-SSFP data acquisition is associated with
increased SAR and compromised performance in fat suppression. The need to periodically
employ fat saturation module, together with additional ramp-up pulses after that for
restoring a steady-state, in turn led to a long scan time (~14 min). In addition, such a data
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acquisition scheme also resulted in acquisition of self-navigation spokes every ~150 ms (fat
saturation pulse, 10 ramp pulses and the 22 spokes in each interleave as shown in Figure 1a),
making it challenging for self-navigation of cardiac motion. A possible solution to solve
these problems is to switch the RF excitation to frequency selective excitation (e.g., water-
excitation), and to acquire the self-navigation spokes more frequently, as proposed by Pang
et al in (20). This can allow maintenance of true steady-state during the entire scan,
detection of cardiac motion signal from acquired k-space data, and improved fat saturation.
It can also enable reduced SAR by eliminating fat saturation and ramp-up pulses.
Implementation of 5D whole-heart MRI framework with such sampling schemes is currently
under development, and its extension with other novel sampling strategies will also be
explored more in future work. Second, the current sequence demands relatively long image
reconstruction times, which is partly due to increased image dimensionality as well as the
preliminary implementation of reconstruction algorithm in MATLAB, which was intended
to show feasibility of the proposed technique. Once the value of our new whole-heart
imaging approach is demonstrated, further and dedicated efforts will be directed towards
translate this technique for clinical utilization. Moreover, different solutions, such as the
Gadgetron and Yarra framework (66,67), have already been proposed towards clinical use of
highly computationally demanding reconstruction techniques. These can be further
incorporated into our future implementation. Third, the reconstructed 5D images contain
substantial dynamic information. Thus, it is desirable to develop a software tool that can
flexibly extract useful information to answer specific clinical questions, particularly for
measurement of cardiac function (68).

It is another limitation of our work that 5D whole-heart imaging was only compared with 4D
and 3D whole-heart imaging with 1D translational motion correction. Although 1D
translational motion correction has been previously tested in both patient and volunteer
studies in our center (25,27,43), additional comparison with other respiratory motion
correction schemes, such as 3D affine or non-rigid motion correction, would be necessary to
further validate the value of the proposed framework. On the other hand, 3D motion
correction and motion-resolved reconstruction are complementary techniques that could be
combined to further increase motion robustness (69). In addition, conventional ECG-
triggered and navigator-gated 3D Cartesian images was performed in two subjects only. In
the next step, it would be necessary fully evaluate the clinical utility of this framework in
patient study by comparing with conventional reference approach, and to test whether the
5D imaging approach can enable better visualization of more distal coronary arteries and the
left circumflex artery (LCX), both of which have traditionally been challenging to image.
Our first patient studies, including evaluation of the RCA, LAD and LCX, are currently
underway and preliminary results have already been reported in (70).

In addition to assessment of myocardial function, great vessels and the coronary arteries, the
proposed 5D whole-heart MRI framework can also be extended to other cardiac MR
applications such as myocardial parameter mapping (71,72) or 4D flow imaging (73). As
recently shown in (72), additional dimensions provide extra correlations that can be
exploited to further improve the performance of sparse image reconstruction. Moreover,
these different types of cardiac scans may be potentially combined as a synergistic free-
breathing whole-heart imaging framework that can enable the ultimate goal of “one-stop-
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shopping” comprehensive examination of the cardiovascular system, with diverse
information streaming in continuously. Such an imaging and reconstruction strategy entails
more than just acceleration of existing imaging protocols, and it could facilitate a shift of the
day-to-day clinical workflow from conventional time-consuming and tailored acquisitions of
carefully targeted slabs towards rapid, continuous and comprehensive volumetric
acquisitions, with user-defined reconstructions that can be adapted retrospectively for
different clinical needs (74). It would then have the potential to change the entire experience
of cardiac MRI for physicians, for technologists and for patients.

Conclusion

The 5D whole-heart sparse MRI framework developed in this work enables easy-to-use free-
breathing cardiac and respiratory motion-resolved whole-heart MR imaging at high spatial
and temporal resolution using a multidimensional compressed sensing technique. Instead of
removing motion corrupted data measurements or correcting for motion, 5D whole-heart
images containing separated cardiac and respiratory motion dimensions are reconstructed,
allowing for assessment of myocardial function in arbitrary orientation and visualization of
high resolution coronary arteries at multiple cardiac phases without the need for motion
correction. This imaging framework has the potential to enable simplification of MRI
workflow and increase the utilization, efficiency and efficacy of cardiac MR examinations.
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Figure 1.
Data acquisition scheme and respiratory motion extraction for non-ECG-triggered whole-

heart imaging. (a) A 3D radial b-SSFP sequence that is segmented into multiple interleaves
(purple lines) is employed for MR data acquisition. Each interleave starts with a spoke
oriented along the superior to inferior direction for self-navigation (red lines) and is
preceded by fat saturation (blue lines). Ten additional ramp-up RF pulses (yellow lines) are
deployed between the fat saturation module and the data acquisition window in order to
restore restoring steady-state at each interleave. (b) 3D radial sampling trajectory based on
the spiral phyllotaxis pattern. Each interleave is rotated by the golden-angle (137.51°) about
the z-axis, starting with a self-navigation spoke (red lines) for respiratory motion extraction.
(c) An extracted respiratory motion signal is superimposed to the 1D FFT of an example
series of Sl readouts.
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The acquired k-space is sorted into a 5D dataset (ky-k)-k,-cardiac phase-respiratory phase)
using respiratory motion signal extracted from self-navigators and cardiac motion signal
obtained from recorded ECG time stamp. The datasets are first binned into different cardiac
phases with a desired temporal resolution, then each cardiac phase is further sorted into
multiple respiratory motion phases spanning from end-expiration to end-inspiration. The
data sorting process is performed such that the number of spokes grouped in each temporal

phase is the same.
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Transverse Coronal Sagittal SAX 3CH Aorta

Diastole

Systole

Figure 3.
Slices through the ventricular chambers and the aorta in both diastolic (top) and systolic

(bottom) phases, derived from the end-expiratory phase of one representative 5D whole-
heart image set. Images can be retrospectively reformatted into any desired orientation for
visualization.
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Figure 4.
Comparison of respiratory motion-corrected 4D whole-heart images with 5D whole-heart

images in coronal and sagittal planes. White lines overlaid atop the diaphragm in the 5D
whole-heart images suggest that respiratory motion can be resolved using the proposed 5D
image reconstruction method.
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Figure5.
Zoomed view of the myocardium of the same dataset as shown in Figure 4. Residual

respiratory motion blurring can be noticed in the myocardium and papillary muscles of 4D
whole-heart images, while 5D whole-heart images achieved better image quality and
improved image sharpness, as indicated by the white arrows. The end-expiratory phase is
shown for the 5D whole-heart images.
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Figure®6.
(a) Comparison of the myocardium, the right (RCA) and left anterior descending (LAD)

coronary arteries for different imaging techniques in one subject. 5D whole-heart images
(end-expiratory phase) achieved improved visual delineation of the myocardial wall and
different segments of the coronary arteries (white arrows) over 4D whole-heart images, and
improved delineation of the LAD over self-navigated 3D whole-heart images. (b)
Corresponding respiratory motion pattern extracted from the continuous acquired whole-
heart dataset in this subject.
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Figure7.
(a) Comparison of the myocardium, the right (RCA) and left anterior descending (LAD)

coronary arteries for different imaging techniques in one subject with deep breathing pattern
during data acquisition. Residual motion-induced blurring was seen in both 3D and 4D
whole-heart images, while 5D whole-heart images showed better delineation of both the
myocardial wall and different segments of the coronary arteries (white arrows). (b)
Corresponding deep and irregular respiratory motion pattern of this subject during
continuous data acquisition.
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Figure8.
Comparison of ECG-triggered and navigator-gated free-breathing 3D Cartesian whole-heart

images with 5D whole-heart images in two subjects. The visualization of the RCA is
comparable between both techniques while the delineation of the LAD is relatively better in
the navigator-gated 3D imaging approach. However, the 5D whole-heart images show
improvement of overall image quality in the myocardium and great vessels with less noise
and artifacts.
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Figure.
Comparison of ESV, EDV and EF between 5D whole-heart imaging and breath-held, ECG-

gated multislice 2D cardiac cine imaging.
Abbreviations: ESV: End-Systolic Volume; EDV: End-Diastolic Volume; EF: Ejection
fraction.
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