L))

Check for
updat

Original Article

Accelerated Cartesian cardiac T2 mapping based on a
calibrationless locally low-rank tensor constraint

Juan Gao', Yiwen Gong’, Xin Tang’, Haiyang Chen', Zhuo Chen', Yiwen Shen’, Zhongjie Zhou’,
Yixin Emu', Ahmed Aburas', Wei Jin’, Sha Hua’, Chenxi Hu'

'School of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai, China; *Department of Cardiovascular Medicine, Heart Failure
Center, Ruijin Hospital Lu Wan Branch, Shanghai Jiao Tong University School of Medicine, Shanghai, China; *Shanghai United Imaging Healthcare
Co., Ltd., Shanghai, China

Contributions: (I) Conception and design: C Hu, ] Gao; (II) Administrative support: ] Gao; (III) Provision of study materials or patients: C Hu, S Hua,
W Jin; (IV) Collection and assembly of data: ] Gao, Y Shen, Z Zhou; (V) Data analysis and interpretation: ] Gao, C Hu, S Hua; (VI) Manuscript
writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Sha Hua, MD. Department of Cardiovascular Medicine, Heart Failure Center, Ruijin Hospital Lu Wan Branch, Shanghai
Jiao Tong University School of Medicine, 149 South Chongqing Road, Shanghai 200025, China. Email: drshahua@163.com; Chenxi Hu,
PhD. School of Biomedical Engineering, Shanghai Jiao Tong University, 415 S Med-X Center, 1954 Huashan Road, Shanghai 200030, China.
Email: chenxi.hu@sjtu.edu.cn.

Background: Cardiac T2 mapping is a valuable tool for diagnosing myocardial edema, inflammation,
and infiltration, yet its spatial resolution is limited by the single-shot balanced steady-state free precession
acquisition and duration of the cardiac quiescent period, which may reduce sensitivity in detecting focal
lesions in the myocardium. To improve spatial resolution without extending the acquisition window, this
study examined a novel accelerated Cartesian cardiac T2 mapping technique.

Methods: We introduce a novel improved-resolution cardiac T2 mapping approach leveraging a
calibrationless space-contrast-coil locally low-rank tensor (SCC-LLRT)-constrained reconstruction
algorithm in conjunction with Cartesian undersampling trajectory. The method was validated with phantom
imaging and iz vive imaging that involved 13 healthy participants and 20 patients. The SCC-LLRT
algorithm was compared with a conventional locally low-rank (LLR)-constrained algorithm and a nonlinear
inversion (NLINV) reconstruction algorithm. The improved-resolution T2 mapping (1.4 mm x 1.4 mm) was
compared globally and regionally with the regular-resolution T2 mapping (2.3 mm x 1.9 mm) according to
the 16-segment model of the American Heart Association. The agreement between the improved-resolution
and regular-resolution T2 mappings was evaluated by linear regression and Bland-Altman analyses. Image
quality was scored by two experienced reviewers on a five-point scale (1, worst; 5, best).

Results: In healthy participants, SCC-LLRT significantly reduced artifacts (4.50£0.39) compared with
LLR (2.31+0.60; P<0.001) and NLINV (3.65x0.56; P<0.01), suppressed noise (4.12+0.35) compared with
NLINV (2.65+0.50; P<0.001), and improved the overall image quality (4.38+0.40) compared with LLR
(2.54£0.41; P<0.001) and NLINV (3.04+0.50; P<0.001). Compared with the regular-resolution T2 mapping,
the proposed method significantly improved the sharpness of myocardial boundaries (4.46+0.60 vs. 3.04+0.50;
P<0.001) and the conspicuity of papillary muscles and fine structures (4.46+0.63 vs. 2.65+0.30; P<0.001).
Myocardial T2 values obtained with the proposed method correlated significantly with those from regular-
resolution T2 mapping in both healthy participants (r=0.79; P<0.01) and patients (r=0.94; P<0.001).
Conclusions: The proposed SCC-LLRT-constrained reconstruction algorithm in conjunction with
Cartesian undersampling pattern achieved improved-resolution cardiac T2 mapping of comparable accuracy,
precision, and scan-rescan reproducibility compared with the regular-resolution T2 mapping. The higher

resolution improved the sharpness of myocardial borders and the conspicuity of image fine details, which
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may increase diagnostic confidence in cardiac T2 mapping for detecting small lesions.
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Introduction

Cardiac T2 mapping has become an established method
for the assessment of myocardial edema, inflammation,
and infiltration in various cardiac diseases, including
myocarditis, acute myocardial infarction, hypertrophic
cardiomyopathy (HCM), amyloidosis, Fabry disease,
and autoimmune cardiomyopathies (1-4). However, the
commonly used single-shot balanced steady-state free
precession (bSSFP) T2 mapping technique has a relatively
low spatial resolution (~2 mm, especially along the phase-
encoding direction) since the scan time for each image is
limited by the duration of the cardiac quiescent period.
Increasing spatial resolution without an extension of the
acquisition window may improve the sensitivity in detecting
localized myocardial damage (4,5).

Several high-resolution cardiac T2 mapping methods
have been developed based on either three-dimensional
(3D) imaging or two-dimensional (2D) non-Cartesian
imaging (6-10). Bustin ez /. (6) devised a free-breathing
3D whole-heart T2 mapping technique with an isotropic
1.5-mm’ resolution, leveraging a Cartesian variable density
trajectory and a patch-based low-rank reconstruction.
Dorniak ez al. (7) developed a respiratory motion-registered
whole-heart T2 mapping with a 1.6-mm’ resolution via
a 3D radial bSSFP readout. Due to the superior signal-
to-noise ratio (SNR) of 3D imaging, 3D T2 mapping
approaches can achieve isotropic high-resolution imaging
over the whole heart. However, these methods often cause
a substantially increased scan time, which limits their use
in clinical practice. Alternatively, increasing the in-plane
resolution of 2D cardiac T2 mapping can be achieved
without lengthening the scan time. For example, Hamilton
et al. (8) developed simultaneous T'1 and T2 mapping using
cardiac magnetic resonance fingerprinting with a variable-
density spiral trajectory, yielding a resolution of 1.6 mm x
1.6 mm. Darcot et 4l. (9) introduced a golden-angle radial
spoiled gradient echo (GRE) sequence to accelerate 2D
cardiac T2 mapping, improving the resolution to 1.17 mm
x 1.17 mm. Shao et a/. (10) introduced a simultaneous

© AME Publishing Company.

myocardial T'1 and T2 mapping technique with a resolution
of 1.7 mm x 1.7 mm based on a radial GRE sequence. Note
that a shared feature for these above-mentioned methods
is the use of non-Cartesian trajectories, such as radial and
spirals, in accelerating the k-space sampling. However, it
is well-known that these trajectories are more susceptible
to reconstruction errors caused by eddy currents, gradient
delay, and off-resonance effects (9,11). Cartesian sampling
is less susceptible to these hardware-related defects, yet its
application in high-resolution cardiac T2 mapping has not
been fully studied. If Cartesian sampling can be used to
increase the spatial resolution of cardiac T2 mapping, the
technique with the Cartesian sampling may be more easily
deployed in clinical practice.

A challenge for accelerating Cartesian cardiac T2
mapping, in particular uniform Cartesian undersampled
cardiac T2 mapping, is that the undersampling artifacts
are not incoherent and thus more difficult to mitigate
than are those generated from non-Cartesian sampling.
Furthermore, cardiac T2 mapping has a small number of
raw images (3—4 images) and a relatively low SNR due to
T2-weighting, both of which make precise reconstruction
of the T2 maps more challenging. Traditionally,
sparsity-based regularization (12,13) and low-rank-
based regularization (14,15) have been used to accelerate
parameter mapping. These methods leverage the sparsity
of the image in a certain transform domain and the internal
correlation of signals in the spatial domain to accelerate
parameter mapping. Recently, learning-based methods
have emerged as the new state of the art (16-18). Various
data-driven (17) and model-driven (19) supervised methods
have been applied to accelerate parameter mapping and
have further improved the mapping quality compared with
that of traditional methods. However, supervised learning
methods (16,20) require fully sampled data to train the
model, which is currently lacking in the application of high-
resolution cardiac parameter mapping. Unsupervised or
self-supervised learning methods (21,22) are alternatives
to supervised methods and do not require fully sampled
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data for training. However, although these methods have
demonstrated promising initial results, they remain in the
exploratory stages and require further validation of their
effectiveness and reliability. Therefore, the development
of iterative methods with novel quality-improving image
constraints remains critical to the task of refining high-
resolution cardiac parametric mapping.

We thus developed a novel improved-resolution
Cartesian cardiac T2 mapping method based on a
calibrationless space-contrast-coil locally low-rank tensor
(SCC-LLRT) constraint. The constraint was inspired by
multiple recent works in which the enforcement of low
rankness over multiple dimensions was demonstrated
to improve the reconstruction performance (15,23,24)
compared with that of typical spatial-contrast low-
rank enforcement. To undersample k-space, we use shift
undersampling improves parametric mapping efficiency
and resolution (SUPER), which is a uniform Cartesian
undersampling pattern that has been applied in cardiac (25)
and brain T'1 mapping (26).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and was
approved by the institutional review boards of Shanghai
Jiao Tong University (No. E20230312I) and the Ruijin
Hospital Lu Wan Branch (2016 Clinical Trial Ethics
Review No.133). All participants provided written informed
consent before the scan.

Pulse sequence

Figure 14 shows the proposed pulse sequence, which was
modified from the T2-prepared single-shot bSSFP T2
mapping sequence with linear phase encode ordering (27).
The sequence is electrocardiography (ECG)-triggered,
and each echo train is acquired during diastole. Each
bSSFP readout is preceded by five radiofrequency
pulses with linearly increasing flip angles (FAs). Four-
fold undersampling was performed based on the nested
SUPER-sensitivity encoding (SENSE) pattern (25) with an
additional 87.5% partial Fourier acquisition. This pattern
involves nesting a shift undersampling pattern within a
static undersampling pattern, in which sampling lines 1, 5,
and 9 are used at odd contrast points while lines 3, 7, and
11 are used at even contrast points. Previous studies (25)
have demonstrated that the nested SUPER-SENSE pattern
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effectively reduces aliasing artifacts in achieving four-fold
acceleration for T'1 mapping as compared to conventional
shift undersampling. The central 24 k-space lines are fully
sampled at every contrast. The sequence consists of four
images acquired with a T2-prepared time of 0, 24, 40, and
55 ms.

SCC-LLRT-constrained reconstruction

Unlike previous locally low-rank (LLR) reconstruction
algorithms that only leverage the low- rankness of the
spatial-contrast signals (28), the proposed SCC-LLRT
constraint assumes the multicontrast multicoil signal
collected in a local area of the image is a low-rank three-way
tensor. The cost function for the SCC-LLRT constrained
reconstruction problem is given by the following:

o1 2
min 5||y — DFx"F (]

s.t. ||Bbx

<rn,k=123;beQ

core,k

where y is the measured k-space data, D is the
undersampling operator, F is the discrete Fourier
transform, x is the multicontrast multicoil images, |, is the
matrix Frobenius norm, Q is a set of nonoverlapping image

blocks in the spatial domain, B, is the tensor extraction
operator that reshapes the image block # into a 3-way

tensor, |, is the number of nonzero elements along the

kth mode in the core tensor, and # is the corresponding
limit of the nonzero elements. We solve the problem in
Eq. [1] using a projection onto convex sets (POCS)
algorithm that alternates between the ensurance of data
fidelity and the enforcement of the SCC-LLRT property.
In each iteration, the algorithm sequentially executes the
following steps:

% Step 1: given x', the initial guess, employ the
higher-order singular value decomposition
(HOSVD) algorithm to generate a rank (1’1,1’2,1’3)
Tucker decomposition (29) for B,x". Perform soft-
thresholding of the core tensor by the threshold o to
further enforce the tensor low rankness (Figure 1B).
[¢':4',B,C"|= HOSVD

T (Bbxi), beQ [2]
(zi =shrink<€i,a) [3]

% Step 2: synthesize the three-way tensor and assemble
the tensor blocks.
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Figure 1 A conceptual illustration of the proposed pulse sequence and the SCC-LLRT-constrained reconstruction. (A) The sequence
is modified from the T2-prepared single-shot bSSFP T2 mapping sequence with linear phase encode ordering for four TEs. Fourfold
undersampling is performed based on the nested SUPER-SENSE pattern with the central 24 k-space lines fully sampled. (B) In each
iteration, each selected block from the multicontrast multicoil images is reshaped into a three-way tensor, which is followed by HOSVD to
generate a rank (r), r,, r;) Tucker decomposition and soft thresholding of the core tensor. After that, the multicontrast multicoil images are
updated based on the new tensor. ECG, electrocardiography; T2 prep, T2 preparation; RO, readout; TE, echo time; PE, phase encoding;
HOSVD, higher-order singular value decomposition; SCC-LLRT, space-contrast-coil locally low-rank tensor; bSSFP, balanced steady-state
free precession; SUPER-SENSE, the combination of SUPER and SENSE; SUPER, shift undersampling improves parametric mapping

efficiency and resolution; SENSE, sensitivity encoding.
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#=B](E'x A%, B C), beQ (4]

% Step 3: enforce data consistency by replacing the data
in the sampled k-space locations with the measured
data as follows:

XM= [(1 ~D'D)F% +D" y] 5]

where (I—DTD) is the zero filling in the sampled
k-space locations, and p” is the augmentation of the

vector into full-sized k-space by zero-filling. In Step

1, the set of nonoverlapping blocks are randomly
shuffled to avoid blocky artifacts, as suggested by
Zhang et al. (28). Note that the proposed algorithm
is calibrationless, as it does not involve coil sensitivity
encoding in the formulation. The calibrationless
formulation simplifies the reconstruction process
and may improve its robustness in the presence of a

limited field of view (FOV) (30).

Implementation

To accelerate the reconstruction, the multicoil raw data
were compressed to 12 virtual coils based on principal
component analysis (PCA). In Step 1 of SCC-LLRT, the
multi-contrast multi-coil images were initialized with
generalized autocalibrating partially parallel acquisition
(GRAPPA) (31) reconstruction. Image reconstruction
quality was optimized empirically by a tuning of the
parameters. After parameter tuning, the SCC-LLRT
algorithm employed a 5x5 block size, a rank (6,4,4) Tucker
decomposition for the LLRT enforcement, 300 iterations
for the POCS algorithm, and a threshold of 0.001 for the
soft-thresholding operator.

We compared the performance of our algorithm with
that of GRAPPA, LLR, and nonlinear inversion (NLINV)
in reconstructing the improved-resolution T2 maps.
The LLR reconstruction method only considers low
rankness in the spatial-contrast domain and uses the self-
calibration formulation for embedded parallel imaging. The
algorithm was implemented using the code provided by
Zhang et al. (28). The NLINV algorithm simultaneously
reconstructs the coil sensitivity maps and the images by
imposing separate regularizations over the two variables
without using contrast information. The algorithm was
implemented using the code provided by Uecker ez 4l. (32).
The reconstruction parameters of these methods were
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separately optimized to maximize the reconstruction quality
and ensure fair comparisons.

For all methods, after the reconstruction of the multicoil
multicontrast images, coil sensitivities were estimated based
on eigenvector maps (30) through use of the reconstructed
images, which were then merged along the coil
dimension by a least squares estimation. Nonrigid image
registration (33) was used to register all images and was
followed by voxel-wise curve fitting to generate the T2
maps. All reconstructions were performed offline with
MATLAB R2022a (MathWorks, Natick, MA, USA) on a
Linux server equipped with four 24-core Xeon Platinum
8260 CPUs (Intel, Santa Clara, CA, USA). For LLR and
NLINYV, the reconstruction time for a single improved-
resolution T2 map was 139 and 219 s, respectively.

Phantom imaging

Phantom imaging was performed to compare the accuracy
and precision of the improved-resolution SUPER T2
mapping with those of regular T2 mapping. Phantoms were
prepared using two different mixed solutions of NiCl, and
agar gel to approximate the T2 values of a normal (1T2=48
ms) and edematous (T2=61 ms) myocardium. The T2
value of each vial was measured by a spin-echo sequence
with 6 TEs (from 9 to 80 ms). The spin-echo sequence
protocol was conducted under the following parameters:
repetition time (TR) =10,000 ms, FOV =120 mm x
168 mm, matrix size =68x96, and bandwidth =600 Hz/pixel.
Imaging was performed on a 3-T scanner (uMR790, United
Imaging Healthcare, Shanghai, China) with a 32-channel
head coil. The improved-resolution SUPER T2 mapping
sequence was conducted under the following parameters:
TR/TE =3.05 ms/1.41 ms; FOV =300 mm x 360 mm;
slice thickness =8 mm; matrix size =212x256; acquisition
window =195.2 ms; FA =70°; bandwidth =1,085 Hz/pixel;
T2-prepared time =0, 24, 40, 55 ms; phase resolution
=100%; partial echo factor =83 %; partial Fourier factor
=87.5%; and lines acquired per heartbeat =64. The regular
T2 mapping sequence was conducted under the following
parameters: TR/TE =2.77 ms/1.28 ms; FOV =300 mm
x 360 mm; slice thickness =8 mm; matrix size =160x192;
phase resolution =80%; GRAPPA factor =2; autocalibration
signal lines =24; acquisition window =188.4 ms; FA =35°
T2-prepared time =0, 30, 55 ms; and lines acquired per
heartbeat =68. Other parameters were the same between
the two sequences. Simulated heart rates ranged from 60 to
100 beats per minute (bpm). The improved-resolution T2
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map was reconstructed with SCC-LLRT, while the regular-
resolution T2 map was reconstructed with GRAPPA (31).
We quantitatively compared the T2 precision of GRAPPA,
LLR, NLINV, and SCC-LLRT according to their
reconstructed improved-resolution T2 maps. Precision
was considered to be the average of the mean standard
deviations (SDs) of T2 values within the two-vial phantom
over different simulated heart rates.

Healthy participants

A total of 13 healthy participants (7 males; age 25+
3 years) were imaged under breath-holding on a 3-T scanner
(uMR790, United Imaging Healthcare) with a 12-channel
torso coil and 24-channel spine coil. Both the proposed
SUPER T2 mapping and the regular T2 mapping techniques
were completed in three short-axis slices under the same
parameters as those of the phantom study. The acquisition
resolution for SUPER T2 mapping was 1.4 mm x 1.4 mm
(interpolated to 0.7 mm x 0.7 mm), whereas that for regular
T2 mapping was 2.34 mm x 1.88 mm (interpolated to
0.94 mm x 0.94 mm). To test the reproducibility of the
proposed method, 8 healthy participants (5 males) underwent
2 scans spaced 7-10 days apart.

SCC-LLRT was compared with GRAPPA, LLR, and
NLINV in the reconstruction of the improved-resolution
images. The image quality of these reconstruction
algorithms was assessed through qualitative scoring by
experienced readers. For comparison of improved-resolution
T2 mapping against regular-resolution T2 mapping, the
mean T2 value, precision, and test-retest reproducibility of
each myocardial segment were evaluated according to the
American Heart Association (AHA) model. Precision was
assessed as the SD of the measured T2 in each segment.
The reproducibility was assessed by the absolute difference
between the mean T2s measured at the two time points.

Patients

A total of 20 patients (8 females; age 51+17 years) were
imaged under breath-holding on a 3-T scanner (uMR890,
United Imaging Healthcare) with a 12-channel torso
coil and 32-channel spine coil in Ruijin Hospital Lu
Wan Branch. Clinical indications included hypertensive
cardiomyopathy (n=8), HCM (n=2), dilated cardiomyopathy
(n=2), Fabry disease (n=1), cardiac amyloidosis (n=1),
athletic heart syndrome (n=1), ischemic cardiomyopathy
(n=1), arrhythmia (n=1), and others (n=3). Both the
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proposed SUPER T2 mapping and the regular T2
mapping techniques were completed in three short-axis
slices. Late gadolinium enhancement (LGE) imaging was
performed 10 minutes after contrast agent injection. The
improved-resolution SUPER T2 mapping sequence was
conducted under the following parameters: TR/TE =
3.08 ms/1.55 ms, FOV =340 mm x 380 mm, slice thickness
=8 mm, matrix size =228x256, acquisition window
=187.9 ms, FA =35°, bandwidth =1,200 Hz/pixel, partial
Fourier factor =75%, and lines acquired per heartbeat =61.
The regular T2 mapping sequence was conducted under
the following parameters: TR/TE =2.72 ms/1.29 ms, FOV
=340 mm x 380 mm, slice thickness =8 mm, matrix size
=172x192, FA =35°, phase resolution =75%, acquisition
window =209.4 ms, and lines acquired per heartbeat =77.
The other parameters were the same as those used for two
sequences in scanning healthy participants. Changes of the
above parameters were made to match the protocol of the
clinical T2 mapping sequence. The LGE imaging sequence
was conducted under the following parameters: TR/TE
=5.25 ms/2.17 ms, FA =15°, FOV =340 mm x 380 mm,
slice thickness =8 mm, matrix size =258x288, in-plane
resolution =1.32 mm x 1.32 mm, phase resolution =100%,
GRAPPA factor =2, autocalibration signal lines =24, and the
acquisition window during diastasis =152.25 ms.

Qualitative scoring

Qualitative scoring was performed to evaluate the
performance of the different reconstruction methods
and the different T2 mapping techniques. To objectively
compare LLR, NLINV, and SCC-LLRT, T2 maps
generated from these methods were randomized for
each healthy participant. Two experienced readers (H.C.
and Z.C., both with more than 3 years’ experience in
cardiovascular magnetic resonance) who were blinded to
the randomization order independently evaluated each T2
map to grade the severity of artifacts, noise, and the overall
image quality. A five-point scale (1, nondiagnostic; 2, poor;
3, fair; 4, good; 5, excellent) was used for the evaluation. To
compare regular-resolution T2 mapping with improved-
resolution T2 mapping, three criteria, namely the sharpness
of myocardial boundaries, the conspicuity of the papillary
muscles and fine structures, and artifacts, were graded
by the same readers using the same five-point scale. This
assessment was performed in both healthy participants and
patients. The scores from the two readers were averaged to
obtain the final score.
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Table 1 T2 relaxation times (ms) for the two-vial phantom across various simulated heart rates (bpm)

Vial Reference T2 Method HR 60 HR 70 HR 80 HR 90 HR 100
1 48+0.4 Regular-Res 55+0.7 54+0.6 53+0.6 52+0.6 51+0.6
Improved-Res 54+0.7 52+0.6 50+0.6 49+0.7 48+0.6
2 61+0.5 Regular-Res 68+1.0 67+0.9 65+1.0 66+1.0 64+0.9
Improved-Res 65+0.6 63+0.5 60+0.5 60+0.5 59+0.5

Data are presented as mean + standard deviation. bpm, beats per minute; HR, heart rate; Res, resolution.

Statistical analysis

The paired 7 test was used to assess statistical differences
in regional T2 mean, SD, and the T2 difference between
two scans (7-10 days apart) for different methods or
measurements. The Wilcoxon signed-rank test was used to
assess statistical differences in qualitative scores. Intraclass
correlation coefficient (ICC) analysis was used to assess
interreader agreement. Bland-Altman and linear regression
analyses were performed to assess the agreement between
the improved-resolution SUPER T2 mapping and the
regular T2 mapping results for both healthy participants
and patients. A P value less than 0.05 was considered
statistically significant.

Results
Phantom imaging

Table 1 lists the T2 values of the two-vial phantom measured
by the regular-resolution T2 mapping and improved-
resolution SUPER T2 mapping at different heart rates.
The difference between the T2 values measured by the two
techniques was less than 6 ms across different heart rates.
Higher heart rates caused a reduction in T2 value for both
methods due to the incomplete signal recovery at high heart
rates (34). The difference in T2 value between the highest
and lowest heart rates for the improved-resolution T2
mapping was 6 ms for both vials. The T2 values measured
by the improved-resolution technique were slightly closer to
the reference values measured by the spin-echo sequences.
SCC-LLRT exhibited lower mean T2 SDs (0.95+0.18 ms)
for the two-vail phantom compared to GRAPPA (1.57+
0.50 ms; P=0.005), LLR (1.23+0.57 ms; P=0.196), and
NLINV (2.31£0.25 ms; P<0.001), suggesting a superior
noise suppression performance of SCC-LLRT.

© AME Publishing Company.

Healthy participants

Figure 2 shows the results of the three short-axis slices
reconstructed by GRAPPA, LLR, NLINV, and SCC-
LLRT for the improved-resolution T2 mapping data from
one healthy participant. In this example, SCC-LLRT
more effectively suppressed aliasing artifacts as compared
to GRAPPA and LLR. Additionally, it appears that SCC-
LLRT better suppressed noise as compared to NLINV.
The results of qualitative comparisons between LLR,
NLINV, and SCC-LLRT for the 13 healthy participants
are summarized in Tzble 2. SCC-LLRT significantly
reduced artifacts (4.50+0.39) as compared with LLR
(2.3120.60; P<0.001) and NLINV (3.65+0.56; P<0.01),
better suppressed noise (4.12+0.35) as compared with
NLINV (2.65+0.50; P<0.001), and improved the overall
image quality (4.38+0.40) as compared with LLR (2.54+0.41;
P<0.001) and NLINV (3.0420.50; P<0.001). The ICCs
of the two readers were 0.87 [95% confidence interval
(CI): 0.75-0.93] for artifacts, 0.70 (95% CI: 0.43-0.85)
for noise, and 0.84 (95% CI: 0.69-0.92) for overall image
quality; meanwhile, the interreader agreement of each
reconstruction method (LLR, NLINV, and SCC-LLRT)
for these three criteria was 0.69 (95% CI: 0.41-0.84),
0.81 (95% CI: 0.63-0.90), and 0.65 (95% CI: 0.41-0.86),
respectively.

Figure 3 shows a comparison of the regular-resolution
and improved-resolution T2 mapping techniques in three
short-axis slices for one healthy participant. The results of
qualitative comparisons between the two methods over 13
healthy participants are listed in Table 3. The improved-
resolution T2 maps, compared to the regular resolution,
significantly improved the sharpness of myocardial
boundaries (4.46+0.60 vs. 3.04+0.50; P<0.001) and the
conspicuity of the papillary muscles and fine structures
(4.46£0.63 vs. 2.65+0.30; P<0.001). There was no significant
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Figure 2 In vivo results reconstructed by GRAPPA (Row 1), LLR (Row 2), NLINV (Row 3), and SCC-LLRT (Row 4) from the accelerated
T2 mapping data for one representative healthy participant. (A) Raw T2-weighted images at the midventricular slice. (B) T2 maps at three
short-axis slices. SCC-LLRT better suppressed the aliasing artifacts compared to GRAPPA and LLR. Moreover, SCC-LLRT appeared to
suppress noise more effectively than NLINV. T2p, T2-prepared time; GRAPPA, generalized autocalibrating partially parallel acquisitions;

LLR, locally low rank; NLINV, nonlinear inversion; SCC-LLRT, space-contrast-coil locally low-rank tensor.

Table 2 Qualitative comparison between the LLR, NLINV, and
SCC-LLRT algorithms for 13 healthy participants on a scale of 1
(worst) to 5 (best)

Method Artifacts Noise Overall quality
LLR 2.31+0.60* 4.23+0.50" 2.54+0.41*
NLINV 3.65+0.56* 2.65+0.50* 3.04+0.50*
SCC-LLRT 4.50+0.39" 4.12+0.35 4.38+0.40"

Data are presented as mean =+ standard deviation. *, significant
difference compared to SCC-LLRT. , the method with the best
performance. LLR, locally low rank; NLINV, nonlinear inversion;
SCC-LLRT, space-contrast-coil locally low-rank tensor.

difference in the suppression of image artifacts between
the improved-resolution and regular-resolution T2 maps
(4.54+0.36 vs. 4.46+0.53; P=0.79). The ICCs of the two
readers for the sharpness of myocardial boundaries, the

© AME Publishing Company.

conspicuity of papillary muscles and fine structures, and
artifacts were 0.83 (95% CI: 0.63-0.92), 0.87 (95% CI:
0.71-0.94), and 0.73 (95% CI: 0.48-0.86), respectively.
Figure 4 shows the result of correlation and Bland-Altman
analysis of 13 healthy participants in global T2 values.
The T2 values estimated by the improved-resolution T2
mapping significantly correlated with those of the regular-
resolution T2 mapping (r=0.79; P<0.01). A mean bias of
-0.38 ms was found between the two techniques. Figure 5
shows the average of the T2 values (panel A), T2 SDs (panel
B), and the T2 difference between two scans (7-10 days
apart; panel C) in the 16 AHA myocardial segments of all
healthy participants. There was no significant difference
in terms of mean T2 values for the whole myocardium
between the improved-resolution and regular-resolution T2
mapping techniques (41.5+2.1 vs. 41.9£2.0 ms; P=0.36). The
T2 SD for the whole myocardium was slightly higher for
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Regular res

Improved res

Medial Apical

Figure 3 Representative T2 maps obtained by the regular-resolution T2 mapping (Row 1) and the improved-resolution SCC-LLRT T2
mapping (Row 2) in one healthy participant. The proposed method improves the sharpness of the myocardial boundary and the conspicuity
of fine structures. Res, resolution; SCC-LLRT, space-contrast-coil locally low-rank tensor.

Table 3 Qualitative comparison between regular-resolution and improved-resolution T2 mapping for 13 healthy participants on a scale of 1 (worst)

to 5 (best)

Criterion Regular resolution Improved resolution P value
Sharpness of myocardial boundaries 3.04+0.50* 4.46+0.60" <0.001
Conspicuity of papillary muscles and fine structures 2.65+0.30" 4.46+0.63" <0.001
Artifacts 4.46+0.53 4.54+0.36" 0.79

Data are presented as mean = standard deviation. *, significant difference compared to improved resolution. ', the method with the best

performance.

the improved-resolution T2 mapping technique (4.8+1.4 vs.
4.5+1.0 ms; P=0.09). Although the interscan T2 difference
appeared slightly higher for the improved-resolution
T2 mapping technique in most segments, the interscan
absolute T2 difference for the whole myocardium was not
significantly different between the two methods (2.0£0.5

© AME Publishing Company.

vs. 1.620.5 ms; P=0.27). Figure 6 shows the correlation and
agreement of global T2 values over the test-retest scans in 8
healthy participants. The global T2 values of the two scans
were significantly correlated for both regular-resolution 12
mapping (r=0.90; P=0.002) and improved-resolution T2
mapping (r=0.83; P=0.011). The mean bias between the two
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Figure 4 The results of correlation and Bland-Altman analysis of 13 healthy participants. (A) The myocardial global T2 measured by the

improved-resolution SCC-LLRT T2 mapping significantly correlated with that measured by the regular-resolution T2 mapping (r=0.79). (B)

A bias of -0.38 ms was observed between the improved-resolution T2 mapping and the regular-resolution T2 mapping. Res, resolution; SD,

standard deviation; SCC-LLRT, space-contrast-coil locally low-rank tensor.

scans was —0.30 ms for the regular-resolution T2 mapping
technique and -0.12 ms for the improved-resolution T2
mapping technique.

Patients

Figure 7 shows the T2 maps and slice-matched LGEs
acquired in two patients. Patient 1 was a 74-year-old female
with ischemic cardiomyopathy and asymmetrical septal
hypertrophy, and patient 2 was a 66-year-old female with
cardiac amyloidosis. The improved-resolution T2 map
technique exhibited a clearer delineation of the high-T2
area (arrowheads) in patient 1 as compared with the regular-
resolution T2 mapping technique. For patient 2, there was a
slight and diffuse T2 increase in the septum compared with
the lateral wall myocardium (improved-resolution: 49x1.3
vs. 41+1.4 ms; regular resolution: 50+2.8 vs. 44£2.1 ms),
potentially due to inflammation caused by amyloidosis (3).
The results of qualitative comparisons between the regular-
resolution and improved-resolution 12 mapping techniques
over 20 patients are listed in 7zble 4. The improved-
resolution T2 maps, compared those of the regular-
resolution sequence, significantly improved the sharpness
of myocardial boundaries (4.97+0.11 vs. 3.70+0.21;
P<0.001) and the conspicuity of papillary muscles and fine
structures (4.95+0.21 vs. 3.55+0.42; P<0.001); however,
there was no significant difference in suppression of image
artifacts between the two methods (4.75+0.38 vs. 4.55+0.42;
P=0.72). The ICCs of the two readers for the sharpness of

© AME Publishing Company.

myocardial boundaries, the conspicuity of papillary muscles
and fine structures, and artifacts were 0.81 (95% CI:
0.57-0.91), 0.74 (95% CI: 0.38-0.88), and 0.71 (95% CI:
0.45-0.85).

Figure § shows the result of the correlation and Bland-
Altman analysis of the patients. The T2 values estimated
by the improved-resolution T2 mapping significantly
correlated with those of the regular-resolution T2 mapping
(r=0.94; P<0.001). A mean bias of -1.7 ms was found for
the improved-resolution T2 mapping with respect to the
regular-resolution T2 mapping.

Discussion

In this paper, we propose a novel technique for cardiac 12
mapping that combines Cartesian SUPER undersampling
and a calibrationless reconstruction based on the SCC-
LLRT constraint. Reconstructions in healthy participants
demonstrated that T2 maps obtained with SCC-LLRT
had fewer artifacts and improved overall image quality as
compared those obtained with the NLINV reconstruction
and the conventional LLR-constrained reconstruction.
In vivo imaging showed that as compared with the
regular T2 mapping, the proposed method exhibited
sharper myocardial boundaries and better depiction
of fine structures, with similar accuracy, precision, and
reproducibility.

Compared to previously described 2D high-resolution
cardiac T2 mapping methods (8-10), our method offers
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T2 Mean
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Figure 5 Mean T2 values (A), mean T2 standard deviation (B), and mean T?2 difference (C) between two scans (7-10 days apart) measured
in 13 healthy participants with the regular-resolution T2 mapping (left column) and the improved-resolution SCC-LLRT T2 mapping (right
column). The averaged value over the whole myocardium is shown in the center of each bull’s-eye plot. SD, standard deviation; SCC-LLRT,

space-contrast-coil locally low-rank tensor.

several advantages. First, we use Cartesian sampling
and bSSFP readouts, whereas other methods employ
radial/spiral sampling and GRE readouts, which can
lead to stronger eddy currents, off-resonance effects,
streak artifacts, and low SNR and often entail a more
complex reconstruction. Second, we use the SCC-LLRT
constraint for reconstruction, which demonstrated superior

© AME Publishing Company.

performance in suppressing aliasing artifacts and noise
compared with several alternative methods. Finally, the
LLR tensor constraint in the space-contrast-coil domain
enables a calibrationless reconstruction, which simplifies the
reconstruction workflow and eliminates errors caused by
inaccurate coil sensitivity estimation.

Another high-dimensional low-rankness-based
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Figure 6 The results of correlation and Bland-Altman analysis of global T2 values over the test-retest scans using (A) the regular-resolution

sequence and (B) the improved-resolution sequence in 8 healthy participants. Global T2 values from the two scans showed significant

correlations for both the regular-resolution T2 mapping (r=0.90; P=0.002) and the improved-resolution T2 mapping (r=0.83; P=0.011).

A mean bias between the two scans was -0.30 ms for the regular-resolution T2 mapping and -0.12 ms for the improved-resolution T2

mapping. SD, standard deviation.

algorithm, high-dimensionality undersampled patch-
based reconstruction (HD-PROST) (24) was previously
proposed for accelerating multicontrast magnetic resonance
imaging (MRI). Our algorithm shares similarities to HD-
PROST, for instance, the use of the low-rank constraint
of 3D tensors. However, how the 3D tensor is constructed
differs substantially between the two methods. HD-
PROST constructs a 3D tensor that encompasses space,
patch, and contrast dimensions, using local and nonlocal
patch similarity as a regularization constraint to improve
the reconstruction. This strategy entails a search of similar
patches within spatial domain, which can increase the
computational time. Furthermore, HD-PROST requires

© AME Publishing Company.

that the coil sensitivity calibration incorporate SENSE
into the reconstruction. In contrast, SCC-LLRT leverages
the joint low-rank property over space, contrast, and coil
dimensions, which integrates parallel imaging with low-
rank constrained reconstruction. Because parallel imaging
is integrated, SCC-LLRT does not require a separate coil
sensitivity calibration. Moreover, SCC-LLRT does not
search for similar patches in each iteration, facilitating a
relatively rapid execution.

The improved-resolution cardiac T2 mapping technique
can potentially benefit a variety of clinical situations that
involve the development and resolution of focal edema,
such as in the treatment of myocarditis, acute myocardial
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Figure 7 The regular-resolution T2 maps (Column 1), the improved-resolution T2 maps (Column 2), and slice-matched LGE images
(Column 3) for two representative patients. Patient 1 was a 74-year-old female with ischemic cardiomyopathy showing asymmetrical septal
hypertrophy, and patient 2 was a 66-year-old female with cardiac amyloidosis. For patient 1, the improved-resolution T2 map exhibited
a clearer delineation of the high-T?2 area (arrowheads) than did the regular-resolution T2 mapping. For patient 2, there was a slight
and diffuse T2 increase in the septum compared with the lateral wall myocardium (improved-resolution: 49+1.3 vs. 41x1.4 ms; regular-

resolution: 50+2.8 vs. 44+2.1 ms) potentially due to inflammation caused by amyloidosis. Data are presented as mean = standard deviation.
Res, resolution; LGE, late gadolinium enhancement.

Table 4 Qualitative comparison between regular-resolution and improved-resolution T2 mapping for 20 patients on a scale of 1 (worst) to 5 (best)

Criterion Regular resolution Improved resolution P value
Sharpness of myocardial boundaries 3.70+0.21* 4.97+0.11" <0.001
Conspicuity of papillary muscles and fine structures 3.55+0.42* 4.95+0.21" <0.001
Artifacts 4.55+0.42 4.75+0.38" 0.72

Data are presented as mean = standard deviation. *, significant difference compared to improved resolution. ', the method with the best
performance.
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Figure 8 The results of correlation and Bland-Altman analysis of 20 patients. (A) The myocardial global T2 measured by the improved-

resolution SCC-LLRT T2 mapping significantly correlated with that measured by the regular resolution T2 mapping (r=0.94). (B) A bias of

-1.7 ms was observed between the improved-resolution T2 mapping and the regular-resolution T2 mapping. SD, standard deviation; SCC-

LLRT, space-contrast-coil locally low-rank tensor.

infarction, and HCM and the postablation monitoring
of patients. Myocarditis often causes focal T2 elevations,
typically in the subepicardial layer, due to the presence of
myocardial inflammation (2,35). After treatment, the T2-
elevated area gradually shrinks over a period of several
months, during which a higher-resolution T2 mapping
can serve as a means to monitoring the progress (36).
As has been reported by Amano et a/., HCM can also
cause focal edemas (5). In their study, 54 patients with
HCM were examined, 21 of whom had edema, which
was frequently located outside the regions of LGE and
had a focal appearance. Thus, an improved-resolution T2
assessment can be particularly important for an accurate
assessment of myocardial injury in these patients. Finally,
edema can be detected in MRI-guided left ventricular
ablation by T2 mapping soon after the ablation has begun,
with the edematous area quickly expanding within a few
hours (37). Improved-resolution T2 mapping can provide
imaging guidance in determining where the ablation has
been successfully performed and whether the extent of
ablation is sufficient for the patient. Traditionally, clinicians
have preferred dark-blood turbo spin echo (TSE) for
the assessment of focal edemas, mainly due to its higher
resolution and a better contrast compared with regular 12
mapping. However, T2 mapping is quantitative and less
affected by artifacts (27). A robust and accurate higher-
resolution cardiac T2 mapping method has superior
performance in detecting focal edemas and thus may reduce
the need for separate applications of dark-blood TSE and

© AME Publishing Company.

T2 mapping for the detection of focal and diffuse edemas,
respectively.

In addition to reconstruction methods, there are new
sequences that may also improve the resolution and scan
efficiency of cardiac T2 mapping. For example, Zhu et al.
proposed a novel cardiac imaging method based on bSSFP
with wave encoding to accelerate imaging (38). They
reported that wave-bSSFP in cardiac T'1 mapping provided
improved resolution. By combining this novel sequence
framework with our SCC-LLRT reconstruction algorithm,
we can likely further improve the resolution or reduce the
duration of the acquisition window. Furthermore, several
recent studies have employed deep learning to accelerate
MR parametric mapping (39-41). In cardiac MR parametric
mapping, obtaining fully sampled data for training labels
is challenging. Therefore, the images reconstructed using
our proposed method from undersampled data can serve as
a proxy to fully sampled data for the training of learning-
based reconstruction networks. A benefit of learning-based
methods is the fast computation. Currently, our algorithm
requires 8.64 minutes of reconstruction to reconstruct
a single T2 map. Although this computational time is
reasonable for an iterative algorithm that involves tensor
decomposition, it is still too long for clinical deployment.
The training of learning-based methods, such as unrolling
network learning tensor low-rank priors (17,42), has the
potential to significantly improve reconstruction efficiency
and render the improved-resolution cardiac T2 mapping
technique more feasible for routine clinical applications.
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Our proposed method and related study involved several
limitations which should be mentioned. First, despite the
mitigation of noise by the proposed SCC-LLRT algorithm,
the method still shows a lower precision when compared
with regular T2 mapping. Further optimization of the
algorithm or the image acquisition schemes is needed
to improve the precision of the T2 maps at such a high
resolution. However, we note that a slight decrease of
precision is unlikely to significantly affect the clinical
assessment of edema. Second, motion correction was not
incorporated into the reconstruction process but rather
applied after the raw images were reconstructed. We found
that an approach using separate reconstruction and motion
correction can yield a decent T2 mapping quality in our
dataset despite the common occurrence of motion across
the patient cohort. However, motion can theoretically
decrease the signal correlation between neighboring voxels,
potentially compromising the reconstruction quality of the
proposed approach. Further exploration into the effects
of severe motion on the performance of this approach is
essential, and the development of integrated approaches that
combine motion correction with reconstruction techniques
is critical. Third, the proposed technique merely increases
the in-plane resolution. Since the slice thickness is 8 mm,
there is still large room for improvement in the through-
plane resolution. To this end, a fast and accurate 3D T2
mapping technique with which the SCC-LLRT algorithm
can still be used to reduce scan time may be useful. Fourth,
as a proof-of-concept study, we only validated the method
by scanning a small sample size of 13 healthy participants
and 20 patients on two scanners. Additional multicenter
studies with a greater number of patients are necessary to
confirm the broader application of this novel method.

Conclusions

We propose the combination of a SCC-LLRT-constrained
reconstruction algorithm with Cartesian SUPER
undersampling to accelerate cardiac T2 mapping. The
results from our study showed that the proposed method
can achieve an overall similar accuracy, precision, and scan-
rescan reproducibility as compared the regular-resolution
T2 mapping while improving image resolution. The higher
resolution increases the sharpness of myocardial borders
and the conspicuity of fine details, which may have the
potential to improve the diagnostic confidence of cardiac
T2 mapping for small lesions.

© AME Publishing Company.
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