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TECHNICAL NOTE

Magnetic Resonance in Medicine

MR Multitasking-based multi-dimensional assessment of
cardiovascular system (MT-MACS) with extended spatial
coverage and water-fat separation
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Purpose: To extend the MR MultiTasking-based Multidimensional Assessment
of Cardiovascular System (MT-MACS) technique with larger spatial coverage
and water-fat separation for comprehensive aortocardiac assessment.
Methods: MT-MACS adopts a low-rank tensor image model for 7D imag-
ing, with three spatial dimensions for volumetric imaging, one cardiac
motion dimension for cine imaging, one respiratory motion dimension for
free-breathing imaging, one T2-prepared inversion recovery time dimension for
multi-contrast assessment, and one T2*-decay time dimension for water-fat sep-
aration. Nine healthy subjects were recruited for the 3T study. Overall image
quality was scored on bright-blood (BB), dark-blood (DB), and gray-blood (GB)
contrasts using a 4-point scale (0-poor to 3-excellent) by two independent read-
ers, and their interreader agreement was evaluated. Myocardial wall thickness
and left ventricular ejection fraction (LVEF) were quantified on DB and BB
contrasts, respectively. The agreement in these metrics between MT-MACS
and conventional breath-held, electrocardiography-triggered 2D sequences were
evaluated.

Results: MT-MACS provides both water-only and fat-only images with excellent
image quality (average score = 3.725/3.780/3.835/3.890 for BB/DB/GB/fat-only
images) and moderate to high interreader agreement (weighted Cohen’s kappa
value = 0.727/0.668/1.000/1.000 for BB/DB/GB/fat-only images). There were
good to excellent agreements in myocardial wall thickness measurements (intr-
aclass correlation coefficients [ICC] = 0.781/0.929/0.680/0.878 for left atria/left
ventricle/right atria/right ventricle) and LVEF quantification (ICC = 0.716)
between MT-MACS and 2D references. All measurements were within the
literature range of healthy subjects.
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1 | INTRODUCTION

Cardiovascular diseases, such as congenital heart dis-
eases, cardiac masses (i.e., cardiac thrombi or tumors),
and aortic vasculopathy, are common causes of mortal-
ity and morbidity globally.> Diagnosis, risk stratification,
and planning of intervention or surgery require accurate
evaluation of cardiovascular anatomy and function.®> As
a versatile imaging modality, cardiovascular MR has the
potential to provide such a comprehensive assessment. For
example, bright-blood (BB) and dark-blood (DB) imaging
enables complementary visualization of cardiac chambers
and great thoracic vessels,* phase-resolved cine imaging
is considered the gold standard for assessment of cardiac
function,® and water-fat separation based on Dixon meth-
ods allows additional fat quantification, which could be
clinically relevant.®’

Despite the aforementioned benefits, cardiovascu-
lar MR is still not widely adopted in current clinical
practice.® This is mainly owing to three typical chal-
lenges: (a) long imaging time associated with the needs
for large spatial coverage and high spatial resolution;
(b) cumbersome imaging paradigm in which multiple
scans, often with non-standard imaging plane prescrip-
tion, are required for delineating the complex anatomy
and function; and (c) nontrivial imaging setup and inef-
ficiency in compensating for cardiac and respiratory
motion during data acquisition, such as electrocardiog-
raphy (ECG) triggering and respiratory navigator gating
or breath-holding. Hence, cardiovascular MR is highly
time-consuming and dependent on operator experience
and patient cooperation.’

Multi-dimensional imaging strategies have recently
been developed to mitigate the above challenges. Feng
et al. proposed a 5D extra-dimensional golden-angle
radial sparse parallel (XD-GRASP) framework to achieve
whole-heart anatomical evaluation at different cardiac
phases.” Ginami et al. developed a 3D simultaneous
BB and DB phase sensitive (BOOST) to provide com-
plementary image contrasts.! More recently, a 3D MR
MultiTasking based Multi-dimensional Assessment of
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Conclusion: The refined MT-MACS technique provides multi-contrast,
phase-resolved, and water-fat imaging of the aortocardiac systems and allows
evaluation of anatomy and function. Clinical validation is warranted.

MR Multitasking, multi-contrast imaging, multi-dimensional imaging, phase-resolved
imaging, water-fat separation, whole-heart MR

Cardiovascular System (MT-MACS) technique has been
proposed for multi-contrast, cardiac phase-resolved imag-
ing of the thoracic aorta without the need for ECG trig-
gering or respiratory navigation.!! Based on the MR Multi-
tasking framework,'> MT-MACS exploits the image corre-
lation along and across different physiological and physi-
cal time dimensions, and thus requires dramatically fewer
imaging raw data to resolve multiple overlapping dynam-
ics and construct images with adequate quality.

In this work, we refine the MT-MACS technique from
the following aspects. First, the acquisition orientation
is switched to a standard coronal view. Unlike the pre-
vious oblique sagittal orientation determined using the
3-point tool on localizer images, which requires ECG
triggering and several breath-holds, data acquisition in
the coronal view gets rid of the complicated localiza-
tion process and would largely simplify the overall work-
flow. Second, the spatial coverage and resolution are
adapted from 275X 220x72mm?3, 1.4mm isotropic to
224 x 224 x 162.4mm>3, interpolated to 1.4 mm isotropic,
which achieves comprehensive assessment of not only the
thoracic aorta but also the whole heart. Third, we adopt the
tiny-golden-angle stack-of-stars k-space trajectory rather
than the previous Cartesian sampling. It has been shown
that the stack-of-stars trajectory is more motion-robust
since the k-space center is densely sampled, which is more
suitable in the whole-heart imaging scenario where more
complicated cardiac motion is a roadblock. In addition, the
tiny-golden-angle scheme is used to reduce the eddy cur-
rent effects. Last but not least, the water excitation module
is replaced by the 2-point Dixon method for fat suppres-
sion, where the latter tends to provide sharper images due
to reduced echo time and also owns the potential for fat
imaging, which could offer another dimension for car-
diovascular system assessment. In summary, the newly
developed aortocardiac MT-MACS technique allows for
ECG- and respiratory navigator-free, multi-dimensional
(multiple contrast weightings, cine series, and water-fat
images) imaging with a single 10-min scan. We present
technical development and a proof-of-concept in vivo
study.
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FIGURE 1 Pulse sequence diagram for the MT-MACS technique and corresponding k-space sampling pattern. A, T2-prepared

inversion recovery (T2IR) magnetization preparations are applied at constant intervals followed by dual-echo stack-of-stars FLASH readouts.

Following each T2IR preparation module, RF pulse flip angles are 3° for the first 300 segments, and 1° for the next 200 segments. Auxiliary
data are interleaved with imaging data every six segments. B, Simplified illustration of k-space sampling strategy. The auxiliary data are
collected at the 0° radial spoke of the center partition. For the imaging data, randomized partition-encoding reordering following a
variable-density Gaussian distribution with the highest density at the center partition adopted in this sequence.

2 | METHODS

2.1 | Pulsesequence design

In this work, the MT-MACS technique was implemented
based on continuous dual-echo FLASH readouts with
tiny-golden-angle (W = 32.039°) stack-of-stars k-space
sampling. T2-prepared inversion recovery (T2IR) magne-
tization preparations are applied at constant intervals to
maximize the contrast between myocardium/vessel wall
and blood and to create flexible contrast weightings during
T1-dominant magnetization recovery.!’ Following each
T2IR preparation module, RF pulse flip angles are 3° for
the first 300 segments, and 1° for the next 200 segments.
Compared to a simple gap used in the recent work,!!
the 1° low-flip-angle excitations are adopted to better
track cardiac motion while minimally interfering magne-
tization recovery. Subspace auxiliary data are interleaved
with imaging data every six segments and are collected
at the 0° radial spoke of the center partition (Figure 1).
Partition-encoding ordering for the imaging data random-
ized with a variable-density Gaussian distribution with the
highest density at the center partition.

2.2 | Image reconstruction framework

The proposed MT-MACS method adopts a low-rank tensor
image model for 7D aortocardiac imaging with three

spatial dimensions for volumetric imaging, a cardiac phase
dimension for phase-resolved cine imaging, a respiratory
motion dimension for free-breathing imaging, a T2IR time
dimension for multi-contrast assessment, and a T2*-decay
time dimension for 2-point Dixon-based water-fat separa-
tion. Specifically, a 7D aortocardiac image I (r, t., t, t11, tg)
is modeled as a five-way multi-dimensional array (or “ten-
sor”) J with one voxel location dimension r = [x,y,z]"
indexing 3D spatial locations and four time dimensions
indexing cardiac motion ., respiratory motion f;, magne-
tization recovery fr;, and echo time fg, respectively. High
image correlation along and across different time dimen-
sions induces .J to be a low-rank tensor, such that it can be
separated in the following sense:

J =Cx1Ur X 2Vi X3sWi X 4Y;, X s5Zy, €))

where X;,, denotes n-mode multiplication; the columns of
factor matrix U; contain the spatial basis images and the
columnsof V; , W, ,Y, andZ, containthe temporal basis
functions for each corresponding time dimension.!3
Based on the MR Multitasking framework, MT-MACS
uses a mixed strategy that reconstructs the image tensor J
by directly recovering the core tensor and different factor
matrices, which can be divided into three steps'!4:

1. Generate ungated images with one mixed temporal
dimension representing elapsed time for image-based
cardiac and respiratory phase identification,'? placing
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the corresponding images into 20 cardiac bins and 6
respiratory bins.

2. Determine the inversion recovery basis functionsin Y, |
from a pre-generated dictionary of inversion-recovery
signals built from the Bloch equations with a range of
T1, T2, and B1 inhomogeneity values.

3. Estimate core tensor C and the basis functions along
the cardiac motion, respiratory phase, and echo time
dimensions, namely V; , W, and Z,_, respectively, from
the high-temporal-resolution auxiliary data. Recon-
struct the spatial coefficients U, by fitting the derived
tensor factors to the acquired imaging data.

Detailed multi-dimensional image reconstruction
strategies of MT-MACS are shown in Section A of the Sup-
porting Information. The MATLAB (R2018a, MathWorks,
Natick, MA) p-code for the reconstruction is available
upon request.

2.3 | Invivo study

The in vivo study for proof-of-concept was approved by
the local institutional review board, and all subjects pro-
vided written informed consent before participation. Nine
healthy volunteers (aged 28-79y, 5 females) were recruited
and scanned on a 3T clinical system (MAGNETOM Vida;
Siemens Healthcare) with a standard 18-channel body coil
and a 32-channel spinal coil.

MT-MACS imaging was prescribed based on an
axial scout scan to cover the whole heart and tho-
racic aorta with no ECG triggering or respiratory
navigator. Major imaging parameters were: coronal
orientation, FOV = 224x224x%162.4mm?, acquired
spatial resolution = 1.4x1.4x2.8mm? (interpolated
to 1.4 mm isotropic), T2 preparation duration = 60 ms,
TR/TE,/TE, = 3.94/1.23/2.46 ms, bandwidth = 1250 Hz/
pixel, total acquisition time = 10.3 min.

In addition, conventional ECG-triggered and
end-expiration breath-held sequences were acquired in
all subjects to serve as the references for morphological
(i.e., myocardial wall thickness for each cardiac cham-
ber) and functional (i.e., left ventricular ejection fraction
[LVEF]) quantification of the heart. Specifically, a 2D
T2-weighted DB turbo spin-echo (TSE) sequence was
performed in a four-chamber orientation with following
major imaging parameters: FOV = 360 X 360 mm?, matrix
size = 256 X 256, slice thickness = 5 mm, flip angle = 180°,
TR = 800ms, TE = 71ms, turbo factor = 17, band-
width = 849 Hz/pixel, ECG-triggered to the mid-diastole,
and acquisition time per slice = 14s. 2D cine imaging
based on a segmented balanced SSFP (bSSFP) sequence
was performed for 12 contiguous short-axis slices of the

left ventricle, with following major imaging parameters:
FOV = 300 x 300 mm?, matrix size = 224 x 224, slice thick-
ness = 8mm, flip angle = 36°, TR/TE = 3.01/1.31ms,
views per segment = 9, bandwidth = 1313 Hz/pixel, 25
phases based on retrospective ECG gating, and acquisition
time per slice = 7 s.

2.4 | Image analysis

Images acquired using MT-MACS were reconstructed
offline to generate water-only images with multiple con-
trast weightings (i.e., BB, DB, gray-blood [GB]), and cor-
responding cine series as well as fat-only images. The
DICOM-format MT-MACS images were loaded to a work-
station (LEONARDO; Siemens Healthcare) and reformat-
ted to match the 2D reference images in both location
and slice thickness. All quantitative analyses were per-
formed using cvi42 version 5.12.1 (Circle Cardiovascular
Imaging).

2.4.1 | Qualitative analysis

Subjective image quality assessments of both MT-MACS
water-only and fat-only image sets at mid-diastolic
end-expiratory phase as well as the corresponding refer-
ence sequences were performed by 2 independent radi-
ologists with at least 5 y of experience in cardiovascular
imaging. For MT-MACS water-only images, image quality
scores were recorded for two anatomic structures (cardiac
chambers and thoracic aorta) with three representative
image contrasts (BB, DB, and GB). For MT-MACS fat-only
images, overall image quality for the entire 3D volume
was graded for each image set. The criteria used for the
4-point image quality scale were listed in Section B of the
Supporting Information. In addition, to perform depiction
assessment of cardiac wall motion, the 3D BB, DB, and GB
MT-MACS volumes were reformatted to the short-axis ori-
entation. Temporal fidelity (or blurring) of both MT-MACS
and 2D cine balanced SSFP image stacks was graded on a
4-point scale: 1-poor, 2-fair, 3-good, 4-excellent.

2.4.2 | Quantitative analysis

To validate the accuracy of MT-MACS in quantifying mor-
phological parameters of the cardiac chambers, myocar-
dial wall thicknesses of the left atria (LA)/left ventricle
(LV)/right atria (RA)/right ventricle (RV) were measured
and compared with the conventional reference images.
Specifically, myocardial wall thickness of each cardiac
chamber was measured at the same location on the DB
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images of MT-MACS at the mid-diastolic end-expiratory
phase and corresponding matched 2D T2-TSE images,
respectively.

For the accuracy analysis of LVEF measurement, the
blood-myocardium boundary was manually contoured in
each slice of the MT-MACS BB images and correspond-
ing matched 2D cine images for both the end-diastolic and
end-systolic phases, respectively. LVEF was then calcu-
lated for each sequence using the following equation'®:

LVEDV — LVESV
LVEDV

LVEF =

x 100% 2)

where LVEDV and LVESV represents the end-diastolic and
end-systolic left ventricular volume, respectively.

To demonstrate the capability of MT-MACS in fat
quantification, manual tracings were performed to mea-
sure the fat volume between the myo-epicardial border
and visceral-parietal pericardial border.'® Specifically, the
fat volume was contoured on consecutive short-axis slices
at the end-diastole phase reformatted from the fat-only
images provided by MT-MACS (Figure S1 in Section C of
the Supporting Information).

2.5 | Statistical analysis

For qualitative analysis, weighted Cohen’s kappa (x) val-
ues were used to evaluate interreader agreement in image
quality scoring. For myocardial wall thickness measure-
ments of the LA/LV/RA/RV, a paired two-tailed Stu-
dent’s t-test, intraclass correlation coefficients (ICC), and
Bland-Altman analysis were used to measure the differ-
ence and agreement between MT-MACS and correspond-
ing matched 2D references. For LVEF measurement, linear
regression, ICC, and Bland-Altman analyses were adopted
to assess quantification agreement. All statistical analyses
were performed in SPSS version 24 (IBM Corp.). A p value
<0.05 was considered to indicate statistical significance.

3 | RESULTS

MT-MACS imaging was performed successfully on all sub-
jects. MT-MACS allowed the visualization of both static
anatomic and dynamic functional information (Section
D of the Supporting Information). Figure 2 shows slices
of the ventricular chambers (coronal view and short
axis view) and thoracic aorta (candy-cane view) at the
mid-diastolic end-expiration phase in two representative
healthy subjects. Both water-only and fat-only images gen-
erated by MT-MACS are displayed. For water-only images,
BB, DB, and GB image contrasts are shown for each slice
orientation.

For qualitative analysis, a total of 36 MT-MACS 3D
image sets (3 water-only contrasts and 1 fat-only), 9 2D
cine balanced SSFP image stacks, and 9 2D T2-TSE slices
were scored for image quality. Image quality scores given
by both readers are shown in Table 1. For MT-MACS, the
interreader agreements quantified by weighted Cohen’s
kappa were 0.727, 0.609, and 1.000 for BB, DB, and GB at
the cardiac chambers; 0.727, 0.727, and 1.000 for BB, DB,
and GB at the thoracic aorta; and 1.000 for fat-only images.
For reference sequences, the weighted Cohen’s kappa val-
ues were 0.625 for 2D cine images and 0.438 for 2D T2-TSE.
Temporal fidelity scoring was summarized in Table S3 in
Section E of the Supporting Information.

An illustration of myocardial wall thickness mea-
surements of the LA/LV/RA/RV is shown in Figure 3A.
The thicknesses were measured to be 2.52+0.19 vs
2.43 +£0.22mm (p = 0.437), 8.99 +0.53 vs 8.95+ 0.68 mm
(p = 0.324), 2.50+0.21 vs 246+ 0.14mm (p = 0.167),
and 4.32+0.78 vs 4.37 +0.77 mm (p = 0.783) for LA, LV,
RA, and RV by MT-MACS and 2D T2-TSE, respectively,
which are all within the normal anatomical range.!’-2
The cardiac structures on 2D T2-TSE images from two
subjects were substantially blurred due to respiratory
motion and were therefore excluded from analysis. Good
to excellent agreement in myocardial wall thickness mea-
surements was demonstrated with Bland-Altman plots
between MT-MACS and 2D T2-TSE in the remaining
seven subjects. The ICCs were 0.781/0.929/0.680/0.878 for
LA/LV/RA/RV, respectively (Figure 3B).

Comparison of LVEF measurement between
MT-MACS and 2D cine balanced SSFP is displayed in
Figure 4. Overall, MT-MACS provided slightly lower
LVEF measurements compared with the 2D cine
sequence (0.63+0.04 vs 0.66+0.04; regression line:
Y = 1.060X - 0.075; R? = 0.855, p <0.001; ICC = 0.716),
which may result from the contrast difference between
gradient-echo-based and SSFP-based sequences, but the
overall values were still within the physiological range.?!

For the quantification of fat volume, the measurement
result for each subject and corresponding gender, age, and
body mass index are shown in Table S2 in Section C of the
Supporting Information.

4 | DISCUSSION

Accurate assessment of morphology as well as function
of the aortocardiac system is crucial for diagnosis and
treatment planning in patients with cardiovascular dis-
eases. Cardiovascular MR is considered the only sin-
gle imaging modality that can achieve comprehensive
assessment.?2 However, cardiovascular MR is still not a
first-line study in today’s clinical practice, largely due
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FIGURE 2 Example MT-MACS images of the ventricular chambers (coronal view and short axis [SAX] view) and thoracic aorta at the
mid-diastolic end-expiration phase generated from a 28-y-old female subject (Subject 1) and a 65-y-old male subject (Subject 2). Water-only
images with multiple contrast weightings, including BB, DB, and GB, and fat-only images are displayed for each slice orientation.

TABLE 1 Image quality scores given by two independent radiologists over all nine healthy subjects

MT-MACS

Cardiac chambers Thoracic aorta

BB DB GB BB DB GB Fat 2D bSSFP 2D T2-TSE

R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
Subject1 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Subject2 4 4 4 4 4 4 4 4 3 3 4 4 4 4 4 4 4 4
Subject3 3 3 4 3 4 4 3 3 3 3 4 4 4 4 3 3 1 0
Subject4 3 3 3 3 4 4 4 4 3 4 3 3 4 4 3 2 1 2
Subject5 4 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Subject6 4 4 4 4 4 4 3 4 4 4 4 4 4 4 4 4 4 4
Subject7 4 4 4 4 4 4 3 3 4 4 4 4 3 3 3 4 4 4
Subject8 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Subject9 4 4 4 4 3 3 4 4 4 4 3 3 4 4 4 4 4 4
Mean 378 3.67 389 378 389 389 3.67 378 3.67 378 378 378 389 389 3.78 3.67 333 3.33
SD 042 047 031 042 031 031 047 042 047 042 042 042 031 031 063 067 124 133
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FIGURE 3

Mean RA Wall Thickness [mm]

Mean RV Wall Thickness [mm]

Quantification of myocardial wall thickness of the LA/ LV/ RA/ RV. A, Graphic illustration of measuring the myocardial

wall thickness of the LA/LV/RA/RV in a 40-y-old male subject. Myocardial wall thickness of each cardiac chamber was measured at the same

location on the DB images of MT-MACS at the mid-diastolic end-expiratory phase and corresponding 2D T2-weighted turbo spin-echo

images with matched location and slice thickness. B, Bland-Altman plots and ICCs comparing measurement agreements between these two

imaging techniques.

to the slow imaging speed and complex clinical work-
flow.>® To optimize clinical scan time and simplify imag-
ing workflow, in the past few years, various novel compre-
hensive cardiovascular MR approaches have been devel-
oped.*%?3-2> Feng et al. proposed a 5D cardiac and res-
piratory motion-resolved whole-heart imaging technique
based on extra-dimensional golden-angle radial sparse
parallel (XD-GRASP) framework, which can provide
whole-heart anatomical information at different cardiac
phases.” However, only a single BB image contrast is avail-
able through this technique, and this lumenography-based
imaging alone may not be optimal in myocardium or ves-
sel wall visualization.!! To generate complementary image
contrasts, a 3D simultaneous BB and black-blood phase
sensitive (BOOST) whole-heart MR sequence was devel-
oped by Ginami et al.' However, the DB volume was
retrospectively generated using two differently weighted
BB volumes after non-rigid motion correction; thereby
any residual motion artifacts would propagate into the
black-blood volume leading to image blurring.* In addi-
tion, the acquisition was ECG-triggered to mid-diastolic

resting period and thus cardiac functional parameters can-
not be evaluated with this technique.

A novel ECG- and respiratory navigator-free 3D
MT-MACS technique was recently published, and its tech-
nical feasibility was demonstrated on thoracic aortas.!!
To meet the clinical needs and address the drawbacks
of other comprehensive techniques, in this work, we
extended the spatial coverage of the previous MT-MACS
technique to assess the entire aortocardiac system. Com-
pared with previous comprehensive MR techniques tai-
lored for whole-heart assessment, the proposed method
has several advantages. First, MT-MACS provides multiple
co-registered images with different image contrast weight-
ings in a single 10.3-min acquisition. A T2IR preparation
module was adopted to maximize the contrast between
the myocardium/vessel wall and blood while acquiring
multiple image contrasts by retrospectively picking out
images at different time points along the magnetization
recovery time dimension. Specifically, three typical image
contrast weightings out of 300 FLASH readout segments
were selected, namely BB, DB, and GB image contrasts. In
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FIGURE 4 Quantification of LVEF. A, Graphic illustration of measuring LVEF in a 39-y-old male subject. The blood-myocardium

boundary was manually contoured in each slice of the MT-MACS BB images and corresponding 2D cine balanced SSFP images with matched
location and slice thickness for both the end-diastolic and end-systolic phases. B, Linear regression, ICCs, and Bland-Altman analyses
comparing the measurement results acquired by these two imaging techniques.

addition, it’s worth mentioning that with the T2IR mod-
ule, the proposed MT-MACS may hold the potential for
joint T1/T2 mapping.?® Second, by adopting a continuous
3D stack-of-stars sampling scheme, MT-MACS eliminates
the need for ECG triggering, respiratory navigators, or
breath-holds. This greatly improves the acquisition effi-
ciency and reduces the complexity of imaging workflow,
and, in the meantime, avoids unreliability or discomfort
induced by those external motion compensation meth-
ods. Moreover, by unfolding the five-way imaging tensor
along the cardiac motion dimension, MT-MACS can pro-
vide cardiac phase-resolved cine images for functional
imaging (i.e., LVEF quantification), which serves as an
important illustration for certain types of cardiovascu-
lar diseases.!> Third, the dual-echo acquisition scheme
allows MT-MACS to achieve water-fat separation based
on Dixon methods.?”-?® Specifically, by adopting a 2-point
Dixon method, MT-MACS potentially has the capability to
depict and quantify the relative composition of water and
fat in tissues, which could help form a more comprehen-
sive basis for assessment of the cardiovascular system since
fat volume has been linked to increased risk of certain
cardiovascular diseases.”’

Our study has some limitations. First, the proposed
MT-MACS achieves water-fat separation based on the orig-
inal 2-point Dixon method, which is under the assumption
of perfect BO field and negligible susceptibility. However,

with a shift in BO field, water and fat will accumulate an
additional phase shift, resulting in the mixtures of both
water and fat on the final water-only and fat-only images.
A possible solution would be to use the extended 2-point
Dixon*® or 3-point Dixon methods.>' Second, only quan-
titative metrics of the cardiac chambers were evaluated
in this work. This is because the quantitative analyses of
the thoracic aorta were performed in our recent work,!*
and we assume the extension here would not adversely
impact the aortic delineation in any way. Last, feasibility
of the proposed technique requires further validation on
patients. The MT-MACS technique could be used to assess
various cardiovascular diseases, such as congenital heart
diseases and intracardiac thrombus. Such patients need to
be recruited to investigate the sensitivity and specificity of
diagnosing different types of diseases.

5 | CONCLUSIONS

In this work, we refined the recently developed MT-MACS
technique to achieve comprehensive assessment of
the aortocardiac system. With a simple imaging setup,
MT-MACS allows for multi-dimensional imaging (multi-
ple contrast weightings, cine series, and water-fat images)
of the entire heart without the need for ECG triggering,
respiratory navigator gating, or breath holding. Further
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studies in the setting of various cardiovascular diseases are
warranted to validate the clinical utility of this technique.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Table S1. Image quality scoring criteria.

Table S2. Patient characteristics and corresponding fat
volume.

Table S3. Temporal fidelity scores given by 2 independent
radiologists overall all 9 healthy subjects.

Figure S1. Manual tracings of the fat volume on consec-
utive short-axis slices (here only base, mid, and apex are
displayed as examples) at the end-diastolic phase.
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Video S1. Video showing the cardiac motion for
water-only bright-blood, dark-blood, and gray-blood
image contrast weightings and fat-only images,
respectively.
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