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Abstract

Coronary magnetic resonance angiography (CMRA) could
potentially offer a safe, non-invasive alternative for the
anatomical assessment of coronary artery disease (CAD),
which is free of ionizing radiation and iodinated contrast
agents. However, image acquisition with conventional
free-breathing CMRA frameworks is limited by long and
unpredictable scan times, whilst image degradation due

to respiratory motion remains a challenge. Here we outline
a CMRA framework, that aims to overcome some of

these challenges by incorporating a highly undersampled
Cartesian acquisition with a two-dimensional (2D) image
navigator to enable 100% respiratory scan efficiency,

2D translational motion correction, and three-dimensional
(3D) non-rigid motion estimation, which is then fully
reconstructed using a 3D patch-based low-rank regulariza-
tion framework (PROST)'. We recently validated this frame-
work against coronary computed tomography angiography
(CCTA) in a single-center trial of 50 patients with suspected
CAD. Diagnostic image quality was obtained in 95% of

all coronary segments. The sensitivity, specificity, and
negative predictive value were as follows: per-patient,
100%, 74%, and 100%; per-vessel, 81%, 88%, and 97%;
and per-segment, 76%, 95%, and 99%, respectively. These
findings emphasize the growing potential of this CMRA
framework as a viable alternative to CCTA and invasive
X-ray angiography for the anatomical assessment of CAD.

Introduction

Cardiovascular disease is the leading cause of mortality
worldwide [1]. Among all causes of cardiovascular
disease, atherosclerotic coronary artery disease (CAD)
accounts for approximately half of all cases [1]. The

early detection and long-term monitoring of CAD enable
targeted risk stratification and prophylactic treatment of
patients most at risk of progressing toward acute coronary
syndromes. Invasive X-ray coronary angiography and
non-invasive coronary computed tomography angiography
(CCTA) are the gold standard imaging modalities for the
assessment of CAD [2-7]. Despite being highly diagnostic,
X-ray coronary angiography is limited by invasive complica-
tions (e.g., death, stroke, myocardial and vascular injury,
pain, and bleeding), whilst both X-ray coronary angiogra-
phy and CCTA are limited by the risks from ionizing
radiation and contrast-mediated nephropathy. There is
therefore a clear need for an alternative imaging modality
for the early detection and long-term monitoring of CAD,
which is free of the risks associated with X-ray coronary
angiography and CCTA.

Coronary magnetic resonance angiography

Cardiovascular magnetic resonance (CMR) could be a safe,
non-invasive alternative for the imaging of coronary artery
stenosis without ionizing radiation or iodinated contrast

"Work in progress. The application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Motion Compensated Reconstruction

n Schematic overview of the proposed accelerated free-breathing 3D CMRA acquisition with sub-millimeter isotropic resolution, 100% scan
efficiency, and non-rigid motion-compensated PROST reconstruction. (1A) CMRA acquisition is performed with an undersampled 3D variable
density spiral-like Cartesian trajectory with golden angle between spiral-like interleaves (VD-CASPR), preceded by 2D image navigators (iNAV)
to allow for 100% scan efficiency, and beat-to-beat translational respiratory-induced motion correction of the heart. (1B) Foot-head respirato-
ry signal is estimated from the 2D iNAVs and used to assign the acquired data to 5 respiratory bins and translation-corrected respiratory bins.
Subsequent reconstruction of each bin is performed using soft-gated SENSE, and 3D non-rigid motion fields are then estimated from the
5 reconstructed datasets. (1C) The final 3D whole-heart motion-corrected CMRA image is obtained using the proposed 3D patch-based
(PROST) non-rigid motion-compensated reconstruction.
Abbreviations: CMRA = coronary magnetic resonance angiography; PROST = patch-based undersampled reconstruction;
ADMM = alternating direction method of multipliers.

Adapted and reproduced with permission from Bustin et al. [22].
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agent. Large multi-center studies have demonstrated the
clinical potential of coronary magnetic resonance angiog-
raphy (CMRA) against X-ray coronary angiography for the
anatomical assessment of CAD with per-patient sensitivity,
specificity, and negative predictive value of up 94%, 82%,
and 92% respectively [8—10]. However, widespread clinical
implementation of CMRA is currently limited to suspected
anomalous coronary arteries, suspected coronary artery
aneurysms (e.g., Kawasaki's disease), coronary artery graft
patency assessment, assessment of the proximal coronary
arteries, and patients with renal impairment who are
unable to receive iodinated contrast [11-13]. The very
limited and specific clinical use of CMRA is due to long and
unpredictable acquisition times, cumbersome scan plan-
ning, lower spatial resolution (usually 1-2 mm anisotro-
pic), and motion-related (cardiac, respiratory, and patient)
degradation of image quality.

In a similar fashion to CCTA, CMRA overcomes cardiac
motion artifacts by using prospective electrocardiographic
(ECG) gating to acquire data during the quiescent phase
of the cardiac cycle when coronary artery motion is
minimal [11], usually in mid-to-late diastole. In cases
of cardiac arrhythmias and variable heart rates, which
disproportionately impact the diastolic phase of the
cardiac cycle, systolic imaging is the preferred option [11].
An alternative retrospective ECG gating approach is to
continuously acquire data throughout the cardiac cycle
and then reconstruct multiple cardiac phases and select
the phase with the sharpest images or fewest motion
artefacts [14, 15].

To compensate for the respiratory motion artifacts
during free-breathing acquisitions, conventional CMRA
estimates the respiratory displacement and deformation
of the heart and surrounding tissues using the diaphrag-
matic 1D navigator approach [11, 16—-18]. Here the liver-
diaphragm interface lends itself for motion tracking,
with the increased signal-to-noise ratio (SNR) of the
right hemi diaphragm used as a surrogate to track the
superior-inferior motion of the heart during the respiratory
cycle, and with respiratory gating enabled to obtain image
data at the quiescent phase of end of expiration [16, 19,
20, 17]. However, there is a non-linear relationship
between the displacement of the diaphragm and the
heart, requiring a patient-specific correction factor, which
is usually set at 0.6 (population average) when gating is
combined with respiratory motion correction [16]. Further-
more, only data within a small (end-expiration) respiratory
gating window is accepted, significantly reducing scan
efficiency and leading to prolonged and unpredictable
acquisition times [21]. Moreover, prospective or retrospec-
tive translational motion compensation can only be applied
in the superior-inferior direction [21]. Finally, this approach

MAGNETOM Flash (79) 2/2021

adds complexity as detailed scan planning and defining
separate imaging parameters for the navigator acquisition
are required, further increasing scan time and costs [16]. In
addition, a fully sampled 3D whole-heart CMRA acquisition
at high spatial resolution is associated with long acquisition
times (up to 30 minutes), regardless of cardiac and respira-
tory motion gating, which leads to patient discomfort and
patient-related motion artifacts.

To overcome these limitations, we have leveraged
recent advances in CMR technology including trajectory
design, motion correction, and undersampled reconstruc-
tion techniques — to propose a novel, highly accelerated,
high-spatial-resolution (sub-1 mm?3), free-breathing,
non-contrast, 3D whole-heart CMRA framework in a
clinically feasible and 100% predictable acquisition time.

Proposed coronary magnetic resonance
angiography framework

The proposed CMRA framework was developed on a
1.5T CMR scanner (MAGNETOM Aera, Siemens Healthcare,
Erlangen, Germany) with a dedicated 32-channel spine
coil and an 18-channel body coil. It combines a highly
undersampled variable-density Cartesian acquisition
with an image navigator (iNAV) to enable model-free
2D translational and 3D non-rigid motion estimation,
and finally deploys a motion-corrected 3D patch-based
low-rank image reconstruction (PROST) algorithm' to
reconstruct the undersampled acquisition. These steps
are outlined in more detail in the following sections and
in the article by Bustin et al. [22].

Accelerated CMRA acquisition

An undersampled (3- to 4-fold) free-breathing 3D whole-
heart, balanced steady-state free-precession (bSSFP)
sequence with a 3D variable-density spiral-like Cartesian
trajectory (VD-CASPR) with golden-angle step was
employed as previously proposed [23] (Fig. 1). A low-
resolution 2D iNAV preceded each spiral-like interleave
to allow 100% scan efficiency, predictable scan time,
and 2D translational motion estimation of the heart

on a beat-to-beat basis. The 2D iNAVs were obtained

by spatially encoding the startup profiles of the bSSFP
sequence [24]. A spectrally selective SPIR (Spectral
Presaturation with Inversion Recovery) fat saturation
pulse with a constant flip angle (FA) of 130° was used
to improve coronary depiction and minimize fat-related
aliasing artifacts. An adiabatic T2 preparation pulse [25,
26] was played at each heartbeat in order to enhance
the contrast between blood and cardiac muscle and to
avoid the use of extracellular contrast agents.

"Work in progress. The application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Beat-to-beat 2D translational motion estimation
Beat-to-beat 2D translational motion correction was
performed as previously proposed in [27, 28]. Briefly,
foot-head (FH) and right-left (RL) translational respiratory
motion of the heart was extracted from the iNAVs using
a template-matching algorithm with normalized cross-
correlation as similarity measure [24]. The reference
template was manually selected during scan planning

on a region encompassing the subject’s heart. The FH
respiratory signal was used to sort the acquired data into
five respiratory states or bins. Intra-bin 2D translational
motion estimation was performed by correcting the data
for each bin to the same respiratory position (taken as
the bin center) (Fig. 1). This correction was implemented
by modulating the k-space data with a linear phase

shift according to the previously estimated respiratory
motion [27].

Bin-to-bin non-rigid motion estimation

In this framework, the acquired 3D CMRA data is under-
sampled (3- to 4-fold), with the resulting binned k-spaces
being highly accelerated (~15- to 20-fold). Soft-gating
iterative sensitivity encoding reconstruction [27] was
employed to reconstruct each respiratory bin. Bin-to-bin
3D non-rigid motion estimation was subsequently
performed using spline-based free-form deformation
[29], considering the end-expiration bin as reference
image (Fig. 1).

3D patch-based non-rigid motion-compensated
reconstruction (non-rigid PROST)

Following this step, the estimated 3D non-rigid motion
fields are then directly incorporated into a general matrix
description reconstruction framework [30, 31]. In contrast
to previous CMRA studies where the data are acquired
either fully sampled [27] or with modest undersampling
factors [28], our proposed high-resolution (0.9 mm3)
CMRA framework exploits higher undersampling factors
(3- to 4-fold) to reach approximately 10-minute acquisition
time. 3D patch-based low-rank undersampled reconstruc-
tion (3D PROST) has been proposed to highly accelerate
sub-mm CMRA imaging with translational motion correc-
tion only [23]. 3D PROST reconstruction exploits the
inherent redundancies of the complex 3D anatomy of

the coronary arteries on a local (i.e., within a patch)

and non-local (i.e., between similar patches within a
neighborhood) basis, through an efficient iterative low-
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rank decomposition and singular value thresholding. The
proposed non-rigid PROST framework combines 3D PROST
with the matrix formalism for non-rigid motion correction,
and can be formulated as the unconstrained optimization
(found at the bottom of the page), where X is the non-
rigid motion-corrected 3D CMRA volume (or “motion-free”
image), K is the 2D translational motion-corrected k-space
data, E is the encoding operator composed of: A, the
sampling matrix for bin b, F the 3D Fourier transform,

S, the coil sensitivities for coil ¢, U, the estimated 3D
non-rigid motion fields for bin b and N,, . the number of
respiratory bins. ||.||. and ||.||. denote the Frobenius and
nuclear norms respectively, Pp(.) is the patch-selection
operator at voxel p. Equation (1) can be efficiently solved
by operator-splitting via alternating direction method of
multipliers (ADMM).

Results from a single-center clinical study

The proposed CMRA framework was assessed in a cohort
of patients with suspected CAD at Guy's and St Thomas’
Hospitals, London, UK. The full results of this clinical study
are described in the article by Hajhosseiny et al. [32]. In
summary, 50 consecutive patients between 35 and 77
years of age who were referred for a clinically indicated
CTCA were invited to undergo a CMRA within the proposed
framework. In the absence of contraindications, each
patient was treated with intravenous metoprolol in 5 mg
increments with a maximum dose of 30 mg, aiming for a
target heart rate (HR) < 65 bpm in order to maximize the
diastolic acquisition window, reduce HR variability and
cardiac motion artefacts. All patients were given 800 mg
of sublingual glyceryl trinitrate to promote coronary
vasodilation. To assess diagnostic performance, significant
coronary stenosis was visually defined as luminal narrow-
ing of = 50% in each of the coronary segments using an
intention-to-read approach. The image quality of CMRA
images (3D whole-heart dataset and individual vessels)
was evaluated using the following scale: 0, non-diagnostic;
1, poor (limited coronary vessel visibility or noisy image);
2, average (coronary vessel visible but diagnostic confi-
dence low); 3, good (coronary artery adequately visualized
and diagnostic quality image); and 4, excellent (coronary
artery clearly depicted).

All CMRA acquisitions were successfully completed in
an imaging time of 10.7 = 1.4 min (range 8.0-13.3 min),
with 100% respiratory scan efficiency. All CMRA acquisi-
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tions were performed in diastole with an average acquisi-
tion window of 88 = 8 ms (range 81-111 ms). Mean age
was 55 + 9 years, 33/50 (66%) were male, and 12/50 (24%)
had significant CAD on CTCA.

In total, 95% of CMRA segments were deemed diag-
nostic, while all left main stem segments were diagnostic
on CMRA. Furthermore, 97%, 96%, and 87% of right
coronary artery, left anterior descending artery, and left
circumflex artery segments were diagnostic on CMRA.
Finally, 97%, 97%, and 90% of proximal, middle, and distal
CMRA segments were of diagnostic quality.

The sensitivity, specificity, positive predictive value,
negative predictive value, and diagnostic accuracy of CMRA
for detecting significant CAD were as follows:

* per-patient
100% (95% Cl: 76—-100%), 74% (95% Cl: 58-85%),
55% (95% Cl: 35-73%), 100% (95% Cl: 88-100%), and
80% (95% Cl: 67-89%) respectively;

Coronary MR
Angiography

Coronary CT
Angiography
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* per-vessel
81% (95% Cl: 57-93%), 88% (95% Cl: 82-93%),
46% (95% Cl: 30-64%), 97% (95% Cl: 93-99%), and
88% (95% Cl: 81-92%) respectively;

* per-segment
76% (95% Cl: 55-89%), 95% (95% Cl: 92-97%),
44% (95% Cl: 30-60%), 99% (95% ClI: 97-99%), and
94% (95% Cl: 91-96%) respectively.

Example images from selected patients with suspected
CAD are shown in Figures 2-8.

The proposed CMRA framework (without PROST
regularization) has been implemented in-line in the
scanner software, providing non-rigid motion corrected
reconstructions in ~2-=5 min (CPU).

Non-contrast whole-heart sub-millimeter isotropic CMRA images of a 53-year-old male patient with normal coronary arteries.
Accelerated free-breathing CMRA images acquired and reconstructed with the proposed framework are shown in the top row, revealing the
LAD, RCA, and LCX territories. The corresponding reformatted images obtained with contrast-enhanced CCTA are shown in the bottom row.
3D volume-rendered images for both modalities are shown in the right-hand column.

Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery; RCA = right coronary artery; LCX =left circumflex artery; PDA = posterior descending artery;

PA = pulmonary artery; Ao = aorta.
Adapted and reproduced with permission from Bustin et al. [22].
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Coronary MR Angiography Coronary CT Angiography

H Reformatted non-contrast whole-heart sub-millimeter isotropic CMRA (left) and contrast-enhanced CCTA (right)
images along the LCX (top) and RCA (bottom) are shown for a 54-year-old male patient. The CCTA images demon-
strate mild (< 50%) disease with a calcified plaque within the proximal RCA, severe disease (> 50%) with a partially
calcified plaque in the mid-segment of the RCA (red arrows), and mild (< 50%) disease with calcified plaque in the
mid-segment of the LCX. Luminal narrowing is seen on the cross-sectional views at the sites of coronary plaque on
the CMRA images (yellow arrows).

Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography
angiography; LAD = left anterior descending artery; RCA = right coronary artery; LCX = left circumflex artery;
Ao = aorta.

Adapted and reproduced with permission from Bustin et al. [22].

siemens-healthineers.com/magnetom-world

55



Clinical - Cardiovascular Imaging MAGNETOM Flash (79) 2/2021

Coronary MR
Angiography

Coronary CT
Angiography

n Non-contrast whole-heart sub-millimeter isotropic CMRA images of a 35-year-old male patient with normal coronary arteries.
The CMRA images acquired and reconstructed with the proposed framework are shown in the top row, revealing the LAD and RCA.
The corresponding reformatted images obtained with contrast-enhanced CCTA are shown in the bottom row. The 3D volume-rendered
images are shown in the right-hand column, which were both correctly visualized on the CMRA images.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery; RCA = right coronary artery; LCX = left circumflex artery; LM = left main stem;
PDA = posterior descending artery; PA = pulmonary artery; Ao = aorta.
Adapted and reproduced with permission from Bustin et al. [22].

3D Volume-Rendered

Curved multiplanar reformat and 3D volume-rendered non-contrast CMRA and contrast-enhanced CCTA in a 54-year-old male with
no significant stenosis.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
RCA =right coronary artery; LAD = left anterior descending artery; D1 = first diagonal artery; LCX = left circumflex artery.
Adapted and reproduced with permission from Hajhosseiny et al. [32].
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3D Volume-Rendered

n Curved multiplanar reformat and 3D volume-rendered non-contrast CMRA and contrast-enhanced CCTA in a 44-year-old male with > 50%
non-calcified stenosis in the ostial RCA (red arrows). This can also be seen in the 3D volume-rendered images (white arrows). The yellow
arrows represent a > 50% stenosis in the proximal/mid LCX.

Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
RCA =right coronary artery; LAD = left anterior descending artery; LCX = left circumflex artery.
Adapted and reproduced with permission from Hajhosseiny et al. [32].

3D Volume-Rendered

Curved multiplanar reformat and 3D volume-rendered non-contrast CMRA and contrast-enhanced CCTA in a 60-year-old male with > 50%
partially calcified stenosis in the proximal-to-mid LAD on either side of the first diagonal artery (yellow arrows). The red arrows point to a focal
calcified < 50% stenosis just distal to the second diagonal artery.

Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery. Adapted and reproduced with permission from Hajhosseiny et al. [32].
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B Curved multiplanar reformat non-contrast CMRA and contrast-enhanced CCTA in a 57-year-old male with > 50% partially calcified stenosis
in the proximal LAD (yellow arrows). The red arrows point to focal < 50% stenosis in the proximal and distal ramus intermedius artery.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery; IM = ramus intermedius artery. Adapted and reproduced with permission from Hajhosseiny et al. [32].

Conclusions

In this initial single-center clinical study, we have intro-
duced a robust, contrast-free, sub-millimeter CMRA frame-
work with predictable and clinically feasible scan times of
approximately 10 minutes, achieving highly diagnostic
image quality and diagnostic accuracy for excluding signifi-
cant disease in patients with suspected CAD. This is the
first clinical study to assess the diagnostic performance of
a 3D contrast-free CMRA approach that enables a predict-
able scan time of approximately 10 minutes for 0.9 mm3
spatial-resolution. This was achieved by employing a robust
motion corrected free-breathing acquisition with 100%
respiratory scan efficiency, using image navigation for

2D translational motion estimation and respiratory data
binning combined with 3D non-rigid motion compensated
undersampled reconstruction employing a 3- to 4-fold
undersampled Cartesian acquisition and a patched-based
low-rank reconstruction. Future work will focus on multi-
center clinical assessment of this novel framework to
determine its clinical applicability in a larger cohort of
patients with a wider spectrum of CAD.
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