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ARTICLE INFO ABSTRACT

Purpose: To develop a free-running framework for 3D isotropic simultaneous myocardial T1/T2 mapping and
cine imaging.

Methods: Continuous data acquisition with 3D golden angle radial trajectory is used in conjunction with T2
preparation of varying echo times and inversion recovery (IR) pulses to enable simultaneous myocardial T1/T2
mapping and cine imaging. Data acquisition is retrospectively synchronized with ECG signal, and 1D respiratory
self-navigation signal is extracted from the k-space center of all radial spokes. Respiratory binning is performed
based on the estimated respiratory signal, enabling estimation and correction of 3D translational respiratory
motion. Using high-dimensionality patch-based undersampled reconstruction with dictionary-based low-rank
inversion, whole-heart T1/T2 maps and cine images can be generated with 2 mm isotropic spatial resolution. The
proposed technique was validated in a standardised phantom and ten healthy subjects in comparison to con-
ventional 2D imaging techniques.

Results: Phantom T1 and T2 measurements demonstrated good agreement with 2D spin echo techniques. Septal
T1 estimated with the proposed technique (1185.6 + 49.8 ms) was longer than with a conventional breath-hold
2D IR-prepared sequence (1044.3 + 26.7 ms), whereas T2 measurements (47.6 = 2.5ms) were lower than a
breath-hold 2D gradient spin echo sequence (52.0 = 1.8 ms). Precision of the proposed 3D mapping was higher
than conventional 2D mapping techniques. Ejection fraction measured with the proposed 3D approach
(63.8 = 6.8%) agreed well with conventional breath-held multi-slice 2D cine (62.3 + 6.4%).

Conclusions: The proposed technique provides co-registered 3D T1/T2 maps and cine images with isotropic
spatial resolution from a single free-breathing scan, thereby providing a promising imaging tool for whole-heart
myocardial tissue characterization and functional evaluation.
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1. Introduction

Cardiac magnetic resonance imaging provides a comprehensive
cardiac examination, including anatomy visualization, ventricular
function estimation and myocardial tissue characterization, and has
been used to diagnose and monitor a wide range of cardiac diseases
[1,2]. Cine imaging is the gold standard to quantify cardiac function
and enables cardiac wall motion assessment [3]. Parametric mapping of
T1 and T2 times provides myocardial tissue characterization, notably
manifesting fibrosis, edema and inflammation [4-8]. To measure car-
diac function and tissue characterization clinically, separate 2D scans
are usually performed sequentially under several breath-holds,

suffering from limited coverage, moderate spatial resolution, complex
scan planning, misregistration of different scans and patient fatigue. In
contrast, simultaneous 3D myocardial T1/T2 mapping and cine imaging
in a single free-breathing scan would simplify the imaging procedure
and image analysis, providing comprehensive cardiac evaluation. In
addition, co-registered myocardial T1 and T2 maps obtained in a single
scan has potential to improve sensitivity, specificity and reader con-
fidence for early diagnosis and treatment monitoring of cardiac diseases
[1,8].

Commonly used myocardial T1 and T2 mapping techniques [9-11]
adopt inversion recovery (IR), saturation recovery (SR) or T2 prepara-
tion (T2prep) pulses to generate T1 or T2 contrasts, followed by single-
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shot acquisition at diastolic cardiac phase. For parametric fitting, sev-
eral images with different T1 or T2 contrasts are acquired over several
cardiac cycles in a single breath-hold, limiting these approaches to 2D
imaging. Free-breathing 3D mapping techniques have been introduced
to achieve higher signal-to-noise ratio (SNR), whole-heart coverage and
better characterization of the spatial distribution of diffuse disease
[12-16]. However, the requirement of respiratory gating to minimise
breathing motion artifacts leads to long and unpredictable scan times.

Recently, 3D joint myocardial T1/T2 mapping techniques have been
proposed to obtain co-registered T1 and T2 maps. Kvernby et al. [17]
used interleaved T2 and IR prepared acquisitions in a single breath-hold
to achieve simultaneous T1 and T2 mapping. Free-breathing joint T1
and T2 mapping has been proposed using SR and T2 preparations with
respiratory gating [18]. However, to achieve whole-heart coverage with
acceptable acquisition time, these techniques acquire only a few short-
axis slices with a thick slice thickness (> 10 mm), and cardiac trig-
gering is required for diastolic acquisition, resulting in scans with low
acquisition efficiency.

Techniques for simultaneous T1 mapping and cine imaging have
been proposed to improve acquisition efficiency, where continuous data
acquisition is performed and T1 maps and cine images are re-
constructed from the same scan [19,20]. In addition, magnetic re-
sonance multitasking has shown great potential for motion-resolved
quantitative myocardial T1 and T2 imaging from continuous 2D radial
acquisition [21,22]. Although very promising, these techniques are still
limited to 2D imaging, which are subject to insufficient coverage and
through-plane motion.

A free-running 3D whole-heart myocardial T1 mapping technique
allowing for T1 mapping for multiple cardiac phases with isotropic
spatial resolution has recently been proposed [23]. Here we propose to
extend this approach to enable simultaneous 3D myocardial T1/T2
mapping and cine imaging with whole-heart coverage and isotropic
resolution from a single free-breathing scan. This is achieved by com-
bining a continuous 3D golden angle radial acquisition with T2 pre-
paration of varying echo times and IR pulses which generate different
T1 and T2 contrasts. Joint T1/T2 mapping is performed for a given
cardiac phase using the different T1/T2 contrasts, whereas 3D cine
images can be obtained by reconstructing all cardiac phases with one
contrast per cardiac phase. To reconstruct the highly undersampled 3D
radial data after retrospective cardiac binning, a novel high-di-
mensionality patch-based undersampled reconstruction (HD-PROST)
algorithm [24] is employed in concert with dictionary-based low-rank
inversion [25].

The proposed technique was validated in a standardised T1/T2
phantom and in ten healthy subjects against conventional 2D techni-
ques. The proposed 3D joint T1/T2 maps were compared with the 2D
T1 and T2 maps obtained with a modified Look-Locker inversion re-
covery (MOLLI) [9] and a gradient spin echo (GraSE) [26] technique,
respectively. Functional analysis obtained with the proposed 3D cine
images was compared to a conventional breath-hold 2D multi-slice cine
scan.

2. Methods
2.1. Free-running whole-heart multi-contrast imaging framework

2.1.1. Sequence design

The diagram of the proposed sequence is shown in Fig. 1A. The
continuous acquisition is performed with a 3D golden angle radial
sampling [23,27] to ensure pseudo-uniform distribution of radial
spokes in the respiratory and cardiac bins, which are assigned retro-
spectively. Interleaved IR and T2prep pulses are employed to generate
T1 and T2 contrasts. IR preparation only is performed for the first shot,
whereas T2prep-IR pulses with two different T2prep echo times are
performed in the following two shots. The 3-shot preparation pattern is
repeated throughout the entire acquisition. To improve robustness to
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BO and B1 inhomogeneities, the T2prep pulse is performed with two
adiabatic refocusing pulses [28]. Following magnetization preparation,
data acquisition is performed with low flip angle spoiled gradient-echo
(SPGR) readout and a second order binomial (1-2-1) water-selective
excitation pulse for fat suppression.

2.1.2. Motion extraction

Cardiac and respiratory motion signals are required for retro-
spective data binning. ECG time stamps are recorded and synchronized
with data acquisition to determine the cardiac delay time for each ra-
dial spoke. The multi-coil k-space center of all radial spokes is em-
ployed to extract the signal component that is most relevant to the 1D
superior-inferior respiratory motion using independent component
analysis. Example of the extracted independent components and the
self-navigated motion signal are provided in Supplemental Fig. S1.
Details of the respiratory motion extraction can be found in [23].

2.1.3. Retrospective data binning

Based on the respiratory motion signal, the whole k-space data is
binned into 5 equally populated respiratory phases from end-inspira-
tion to end-expiration. According to the cardiac motion signal, the data
at diastole is selected for each respiratory bin, from which 3D low-re-
solution diastolic images are reconstructed for each respiratory phase
by using self-calibrating GRAPPA operator gridding [29]. Example
short-axis images of the 5 respiratory phases are shown in Supplemental
Fig. S2. By rigid registration of the heart region in the low-resolution
diastolic images to that in the reference bin of end-expiration, the 3D
translational respiratory motion parameters can be estimated and used
to correct the corresponding k-space phase. The respiratory motion
corrected k-space data can be binned into multiple cardiac phases ac-
cording to the cardiac delay (cardiac binning), with each cardiac phase
containing spokes of different inversion recovery times (TI) and T2prep
durations, and thus different T1/T2 contrasts.

2.1.4. HD-PROST algorithm

After 3D translational motion correction and cardiac binning, the
dictionary-based low-rank inversion algorithm is adopted to efficiently
compress the T1/T2 contrasts to a few representative singular images
[25] for joint T1/T2 mapping and cine reconstruction (details are given
in the 2.3 Image reconstruction section). The recently proposed HD-
RPOST algorithm [24] is utilized to reconstruct the highly under-
sampled data binned into a specific cardiac phase. The HD-PROST with
dictionary-based low-rank compression is formulated as the following
unconstrained Lagrangian [24]:

L, 7, Y)
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where I are the singular images to be reconstructed which are com-
pressed from the T1/T2 image series; the encoding operator
E = /DF,U,S, with S being the sensitivity maps, U, being the low-rank
operator obtained by truncating the singular value decomposition
(SVD) of the simulated dictionary (details given in the 2.3 Image re-
construction section), Fy, being the non-uniform Fast Fourier Transform
(NUFFT), transforming Cartesian images to 3D radial k-space, and D
being the non-Cartesian density compensation function; K is the un-
dersampled k-space; P,(") is the patch selection operator, centered at
pixel p of a 3D image set with multiple contrasts or single contrast. For
single contrast (1 singular image to be reconstructed), this operator
selects patches on a non-local (similar patches within a neighbourhood)
scale, whereas in a multi-contrast setting, similar patches from all the
contrasts are also selected [24]. .7, is a 3D tensor made of all the se-
lected patches centered at pixel p by patch vectorization and con-
catenation; Y is the Augmented Lagrangian multiplier; A is the sparsity-
promoting regularization parameter and u is the penalty parameter; |||
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Fig. 1. A: Schematic diagram of the proposed free-running sequence, where 3 shots with different preparations are alternatively repeated throughout the scan. The
first shot is only inversion recovery (IR) prepared, and T2 preparation with different echo times are added before IR in the next 2 shots. After preparation, spoiled
gradient echo readout with low flip angle is performed using 3D golden angle radial trajectory. The shot interval is the time between the IR pulse and the start of the
next preparation. Tg,, is the time between the IR pulse and the first excitation and Ty is the time interval between the last excitation and the start of the next
preparation pulse. B: Joint T1/T2 mapping reconstruction: data at diastolic phase is selected, containing radial spokes of different T1/T2 contrasts, from which 5
singular images are reconstructed with HD-PROST. Dot product dictionary matching between the measured and simulated signal is performed to generate T1 and T2
maps. C: Cine reconstruction: k-space is binned into 16 cardiac phases. The first singular image with the highest signal-to-noise ratio is reconstructed with HD-PROST

for each cardiac phase.

and ||| denote the Frobenius norm and nuclear norm respectively. The
reconstruction Eq. (1) can be efficiently solved by operator-splitting via
alternating direction method of multipliers (ADMM). Further details of
the reconstruction algorithm can be found in [24].

2.2. Data acquisition

The proposed framework was tested in phantom and in vivo ima-
ging on a 1.5T MRI scanner (Ingenia, Philips Healthcare, Best, the
Netherlands) using a 28-channel cardiac coil. The following scan
parameters were used for the proposed sequence:
FOV = 200 x 200 x 200mm?> (with 2-fold readout oversampling, the
acquired FOV = 400 x 400 x 400mm?); spatial resolu-
tion = 2x 2x 2mm?; TR/TE = 10.3 ms/4.6 ms; flip angle = 6°; T2prep
echo times = [30,60]ms; Tgq, (Fig. 1A) = 9.5 ms (minimum values al-
lowed on the scanner); shot interval (Fig. 1A) = 2200 ms; number of
readouts after preparation = 195, resulting in T, (Fig. 1A) = 182ms
for signal recovery.

2.2.1. Phantom imaging
A standardised T1/T2 phantom [30] consisting of 9 agarose-based

vials with T1 values ranging from 250 ms to 1600 ms and T2 values
ranging from 40 ms to 230 ms was imaged to compare T1, T2 mea-
surements between the reference spin echo methods, and 2D T1 MOLLI,
2D T2 GraSE and the proposed 3D free-running sequence. Reference T1
values were obtained using the 2D inversion recovery spin echo (IR-SE)
sequence with the following imaging parameters:
FOV = 140 x 140 mm? in-plane spatial resolution = 1.5x 1.5mm?
slice thickness = 8 mm; TR/TE = 10,000/5.8 ms; 13 TIs = [50, 100,
200, 300, 400, 500, 700, 900, 1200, 1500, 2000, 2500, 3000] ms. The
2D multi-echo spin echo (ME-SE) was performed for reference T2
measurement with the same FOV and spatial resolution as 2D IR-SE.
Additional imaging parameters were: TR = 15,000ms, 8 TE values
from 10 ms to 80 ms with an interval of 10 ms. Standard T1 and T2
values were determined by non-linear least-squares fitting with a 3-
parameter IR model for T1 and a 2-parameter T2 decay model for T2.

The 2D MOLLI (3-3-5) [31] imaging parameters were: TR/
TE = 2.6/1.3ms; flip angle = 35°; FOV = 288 x 288 mm?; in-plane re-
solution = 2x2mm? slice thickness = 8 mm; diastolic acquisition
window = 187 ms. The 2D GraSE sequence [26] was performed with
the same FOV and spatial resolution to MOLLI, and other parameters
were: turbo spin echo factor (number of multi-echo images) = 9; echo-
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planar-imaging readout factor = 7; TR = 1 heart beat; ATE = 8.8 ms;
flip angle = 90°; double inversion recovery black-blood prepulse.
MOLLI and GraSE were acquired with simulated heart rate of 60 bpm
and parallel imaging acceleration factor of 2. The 2D T1 and T2 maps
were obtained with the vendor software package by fitting the 3-
parameter model for MOLLI images [31] and the T2 decay model for
GraSE images [26].

For the proposed 3D free-running sequence, the ECG signal was
simulated with heart rate varying between 50 bpm and 70 bpm. The
acquired 3D radial data was retrospectively binned for a simulated
diastolic phase containing a series of T1/T2 contrasts. Then, 3D T1 and
T2 phantom images were reconstructed using HD-PROST. More details
for the joint T1/T2 mapping reconstruction are given in the following
Image reconstruction section.

2.2.2. In vivo imaging

Ten healthy subjects (6 females; age: 32.6 + 3.7 years) were re-
cruited in this study with approval from the local institutional review
board and written informed consent from all the subjects before ima-
ging. A conventional 2D cine cardiac MRI was performed in the mid-
ventricular short-axis plane with a short breath-hold of 2.6 s and ret-
rospective gating of 16 cardiac phases, from which the diastolic cardiac
delay was determined for each subject. Following the 2D cine scan, 2D
mapping acquisitions including T1 MOLLI and T2 GraSE were per-
formed in the same mid short-axis view at diastole with the same
imaging parameters as the phantom study.

For cardiac function measurement reference, conventional breath-
held 2D multi-slice and retrospective ECG-gated cine MRI was per-
formed in the short-axis orientation covering the entire left ventricle.
Imaging parameters included: FOV = 320 x 320 mm?, spatial resolu-
tion = 2x2mm?, slice thickness = 8mm, 12 slices, TR/TE = 3.0/
1.5 ms, flip angle = 60°, retrospective gating to 20 cardiac phases. With
parallel imaging acceleration factor of 2, the entire acquisition required
4 breath-holds with 3 slices acquired per breath-hold of about 13s. The
breath-hold 2D multi-slice cine data was acquired on 7 subjects of the
10 participants.

The proposed free-breathing 3D sequence was performed on all
subjects with the same imaging parameters as the phantom study. Total
scan time was 11.2min, resulting in an acquisition with 300 shots
(58,500 radial spokes).

2.3. Image reconstruction

2.3.1. Joint T1/T2 mapping reconstruction

For comparison with conventional 2D mapping methods, diastolic
3D T1 and T2 maps were reconstructed with the proposed approach. As
shown in Fig. 1B, retrospective binning was performed for diastolic
phase with acquisition window similar to the 2D MOLLI scan
(~187 ms). Based on the TI and T2prep echo times, the spokes binned
to diastole were sorted into 30 T1/T2 frames with temporal window
width of about 196 ms along the contrast dimension. Then, a dic-
tionary-based low-rank compression was performed along the contrast
dimension to exploit the redundancy of the 30 T1/T2 frames and to
further reduce the number of contrasts to be reconstructed with HD-
PROST to save computation memory and time. The dictionary used for
low-rank compression was simulated for T1 from 100 ms to 3000 ms
and for T2 from 10 ms to 300 ms with a linear increment of 1% for both
T1 and T2. The dictionary was simulated according to the spokes
binned into the diastolic cardiac phase, and the signal of each radial
spoke was calculated using Bloch equation (details of adopted signal
equations are provided in the Supplemental File). SVD of the dictionary
gives the singular values and singular vectors, and the low-rank op-
erator U, in the reconstruction equation was obtained by keeping the 5
largest singular vectors.

For HD-PROST reconstruction [32], the following parameters were
used: patch size = 5x5x5; search window = 10x10x10; patch
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offset = 3; number of selected similar patches = 20; regularization
parameters A =0.015, p =0.01, which were empirically optimized by
visual inspection of the reconstructed image quality in a subset of da-
tasets and kept constant for all reconstructions.

2.3.2. Myocardial T1/T2 and blood T1 estimation

After HD-PROST reconstruction, 5 singular images were obtained.
The dot product dictionary matching was performed on the singular
images to generate T1 and T2 maps (Fig. 1B), where myocardial T1 and
T2 values were extracted. T1 in the blood pool may be useful for ex-
tracellular volume measurement. However, the signal model (Supple-
mental File) used for myocardial T1 and T2 mapping is only valid for
static tissue that experiences all the preparation and excitation pulses,
which may not be true for flowing blood. To better model the mixing of
inflow of fresh blood in the blood pool, the dictionary for blood was
simulated by using a close to zero flip angle and zero T2prep echo times
such that the blood magnetization was approximately unperturbed in-
version recovery [22]. Then, a second dictionary matching was per-
formed at the mid-ventricle short-axis location to obtain the T1 value in
the left ventricle blood pool.

2.3.3. Cine reconstruction

For cine image reconstruction (Fig. 1C), the k-space data was binned
into 16 cardiac phases with temporal resolution of ~60 ms. The radial
spokes binned to one cardiac phase have different TI times, and thus
have positive or negative signals. If mixed together for reconstruction,
the signal cancelation will reduce the SNR of the reconstructed image.
Therefore, based on spoke TI times, neglecting T2prep difference, the
spokes binned to each cardiac phase were sorted into 4 TI frames with
temporal window width of about 500 ms. Similar to the T1/T2 mapping
reconstruction, a dictionary for low-rank compression was generated
for each cardiac phase to exploit the contrast redundancy and the rank
value was set to 1, which means only the first singular image with the
highest SNR was reconstructed. The HD-PROST reconstruction [Eq. (1)]
was repeated for all cardiac phases to obtain the cine images (Fig. 1C).
Reconstruction parameters were the same as the HD-PROST joint T1/T2
mapping reconstruction, except that the number of selected similar
patches was set to 10 and A =0.03.

2.4. Image analysis

2.4.1. Joint T1/T2 mapping

For the phantom study, circular region-of-interest (ROI) was defined
for each vial and the mean and standard deviation (SD) of T1 and T2
values within the ROI were calculated. Using the T1, T2 measurements
from the 2D IR-SE and ME-SE methods as references, the accuracy of T1
MOLLI, T2 GraSE and the proposed 3D joint T1/T2 mapping technique
was evaluated by comparing the estimated T1, T2 values using linear
correlation and Bland-Altman analyses.

For in vivo mapping analysis, 3 slices from base, mid and apex were
selected to evaluate the spatial distribution of T1 and T2 in the 3D
maps. Myocardial segments were defined according to the American
Heart Association (AHA) standard [33], with 6 segments in the basal
and mid slices and 4 segments in the apical slice. The T1 and T2 values
of each myocardial segment were calculated by averaging across all the
subjects and were visualized with bull's eye plots. To compare with the
2D breath-hold mapping methods, the mid short-axis slice from the 3D
T1/T2 maps with the most similar geometry to MOLLI and GraSE maps
was selected. ROIs were defined in the septum for MOLLI, GraSE and
the proposed 3D T1/T2 mapping approach. To evaluate the in vivo T1
and T2 estimation accuracy and precision of the proposed 3D method,
the mean and SD of T1 and T2 values within the septal ROI were cal-
culated and compared with the conventional 2D methods using the
Wilcoxon rank-sum test.
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2.4.2. Cardiac function

End-systolic volume (ESV), end-diastolic volume (EDV), and ejec-
tion fraction (EF) were compared between the 3D cine images with the
proposed method and the conventional breath-held 2D multi-slice cine
images. A freely available software (http://medviso.com/segment/)
[34] was used for ventricular segmentation and volume measurement.
Segmentation was performed for the end-systolic and end-diastolic
frames. For 2D cardiac cine images, the endocardial border of the left
ventricle was segmented on all acquired slices. 3D cine images were
reformatted to 12 short-axis slices with 8 mm thickness corresponding
to the 2D cine slices before segmentation. After segmentation, the left
ventricular volume was calculated according to the number of left
ventricular voxels and the voxel volume. From EDV and ESV, the EF
was calculated as 100 - (EDV — ESV)/EDV. Bland-Altman analysis was
used to compare the cardiac function measurements of the proposed
technique with the 2D multi-slice cine.

All image reconstructions, analysis and statistical analysis were
performed using MATLAB (the MathWorks, Natick, MA, USA) on a
server with a dual 16-core CPU, and 256GB RAM. A P value < 0.05 was
considered statistically significant.

3. Results
3.1. Phantom experiments

Phantom T1 and T2 maps obtained with the 2D spin echo methods,
MOLLI, GraSE and the proposed 3D approach are shown in Fig. 2A,
where homogeneous T1 or T2 maps are observed for all the methods.
The mean and SD of T1 and T2 values of each vial are compared in
Fig. 2B. T1 estimations with the proposed method were in good
agreement with the reference 2D IR-SE sequence, whereas, MOLLI se-
verely underestimated long T1 values. For T2, the proposed approach
showed better accuracy than GraSE for short and intermediate T, values
(< 150 ms) in comparison with 2D ME-SE. However, underestimation
of long T2 values was observed with the proposed 3D approach. The
Bland-Altman plots in Fig. 3 compare the reference T1 values estimated
by 2D IR-SE respectively with the proposed 3D and MOLLI methods,

2D IR-SE MOLLI

2D ME-SE GraSE

3D Radial

3D Radial

Am
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and the reference T2 values estimated by 2D ME-SE respectively with
the proposed 3D and GraSE techniques. The percentage error of the T1
measurements was 2.1 + 1.8% (0.4% - 5.5%) for the proposed ap-
proach and 7.1 * 4.6% (0.2% - 13.6%) for MOLLI. The percentage error
of the T2 measurements was 3.0 = 4.0% (0.2% - 11.9%) for the pro-
posed approach and 4.8 = 1.8% (1.7% - 7.3%) for GraSE.

3.2. In vivo experiments

All images were reconstructed successfully with the proposed ap-
proach. The fully sampled number of spokes of the 3D radial acquisition
with 200 mm isotropic FOV and 2 mm isotropic voxel size should be
100x100 X 5t/2 = 15,708 according to the Nyquist rule. For diastolic
T1/T2 mapping reconstruction, each T1/T2 frame may contain dif-
ferent number of spokes ranging from 120 to 500 spokes, resulting into
acceleration factor of 30 to 130. For 16-cardiac phase cine re-
construction, the number of spokes binned into one cardiac phase is
around 3500, leading to 4.5-fold acceleration. The reconstruction time
was approximately 312 min for the 3D diastolic joint T1/T2 mapping,
whereas, for 3D cine reconstruction, it took approximately 62 min per
cardiac phase.

3.2.1. Joint T1/T2 mapping

3D T1 and T2 mapping results from a healthy subject, including 8
representative short-axis slices and a long-axis slice are shown in Fig. 4.
Uniform spatial distribution of myocardium T1 and T2 over the entire
left ventricle can be observed. T1 and T2 distributions across the left
ventricle by the proposed technique for all subjects are shown in the
bull's-eye plots in Fig. 5A. To better visualize the variability of T1 and
T2 measurements over the left ventricle, box-plots of the T1 and T2
values of the 16 AHA segments are shown in Fig. 5B. As can be seen,
inferior segments showed lower T1 values than other segments, espe-
cially in the apex slab. T2 distribution in the AHA segments was overall
uniform, except for the septal segment in the apical slab that had higher
T2 values.

Diastolic T1 and T2 mapping results from another 2 subjects are
shown in Fig. 6, including the basal, mid and apical short-axis slices

MOLLI
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Fig. 2. A: Phantom T1 and T2 maps of 2D IR-SE, 2D ME-SE, T1 MOLLI, T2 GraSE and the proposed 3D joint T1/T2 mapping approach. B: Linear correlation of
phantom T1, T2 estimations of MOLLI (y = 0.86x + 35.5, R* = 0.99), GraSE (y = 0.95x + 4.92, R* = 0.99) and the proposed 3D method (T1: y = 1.03x — 7.44,
R? = 0.99; T2: y = 0.88x + 6.14, R*> = 0.99) with the reference 2D spin echo methods.
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Fig. 3. Bland-Altman plots compare the reference T1 values estimated by 2D IR-SE respectively with the proposed 3D mapping (A) approach and MOLLI (B), and the
reference T2 values estimated by 2D ME-SE respectively with the 3D method (C) and GraSE (D). The grey solid line indicates the mean difference, and the grey dotted

lines indicate the 95% confidence intervals of limits of agreement.

from the 3D mapping approach and the mid short-axis slice from 2D
MOLLI and GraSE. Mean and standard deviation of septal T1 and T2
values of all 10 subjects are compared between the proposed 3D tech-
nique, and MOLLI, GraSE in Fig. 7. Higher T1 (1185.6 = 49.8 ms) and
slightly lower T2 (47.6 + 2.5ms) values were obtained with the pro-
posed method, compared with MOLLI (1044.3 = 26.7ms, P < 0.01)
and GraSE (52.0 = 1.8 ms; P < 0.01), which were in agreement with
the phantom findings. The standard deviation of the T1 and T2 values
in the septum was lower with the proposed 3D method (SD of T1:
29.4 = 7.1 ms; SD of T2: 1.9 + 0.6 ms) than the 2D methods (SD of
MOLLI T1 46.9 = 10.5ms, P < 0.01; SD of GraSE T2 3.7 = 1.5ms;
P < 0.01). Blood T1 estimated from the 3D acquisition was
1703.0 + 90.8ms, which was higher than that of MOLLI
1599.3 + 87.1ms.
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3.2.2. Cine function

Besides joint 3D T1/T2 maps, 3D cine images can be reconstructed
from the proposed free-running sequence. The cine images of the sub-
ject in Fig. 4 are shown in Fig. 8, where the short-axis and long axis
slices corresponding to that of Fig. 4 are visualized both at systole and
diastole. Comparison of the proposed 3D free-breathing cine images
with breath-hold 2D multi-slice cine images from another two subjects
is shown in Fig. 9. The 3D acquisition has isotropic resolution and can
be reformatted to any arbitrary orientations, as evident by the long-axis
view in Figs. 8, 9. ESV, EDV and EF measurements of the 7 subjects
estimated from the proposed 3D technique and 2D multi-slice cine
imaging are compared in Fig. 10A. Bland-Altman analysis (Fig. 10B)
suggests good agreement of the two methods for cardiac function
quantification.

120

100

Fig. 4. T1 and T2 mapping results from a representative healthy subject using the proposed 3D free-running technique. Eight short-axis slices, from base to apex of
the left ventricle including the long-axis view are shown. Uniform T1 and T2 distributions across the left ventricle can be observed.
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Fig. 5. A: AHA bull's eye plots showing the myocardium T1 and T2 distributions across the left ventricle with the proposed joint 3D T1/T2 mapping technique
averaged for all healthy subjects. B: Box plots showing the median, 25 and 75 percentiles, and range of T1 and T2 values in each AHA segment from all the subjects.
(A: anterior; AS: anteroseptal; IS: inferoseptal; I: inferior; IL: inferolateral; AL: anterolateral; S: septal; L: lateral).

4. Discussion

In this study, a free-running (free-breathing, retrospective cardiac
binning) framework was proposed for simultaneous 3D myocardial T1/
T2 mapping and cine imaging with whole-heart coverage and isotropic
spatial resolution. This sequence used IR and T2 preparations to in-
troduce T1 and T2 contrasts and a 3D golden angle radial trajectory for
continuous data acquisition allowing for flexible retrospective re-
spiratory and cardiac binning. Using high-dimensionality patch-based
undersampled reconstruction [24] with dictionary-based low-rank

3D T1 maps
Base

MOLLI

Subject A

Subject B

(ms)
800 1000 1200 1400 1600 1800 2000 2200

inversion [25], whole-heart T1 and T2 maps and cine images are gen-
erated with 2 mm isotropic spatial resolution from a ~11 min single
scan. Phantom results showed that the proposed approach achieves
good accuracy and precision compared with 2D IR-SE and 2D ME-SE
references. Co-registered 3D T1 and T2 maps and cine images of 16
cardiac phases were demonstrated in vivo. Myocardial T1 and T2
measurements with the proposed 3D technique were comparable to
conventional breath-hold, cardiac-triggered 2D MOLLI and GraSE.
Measurements of ESV, EDV and EF for cardiac function assessment were
in good agreement with conventional breath-hold 2D multi-slice cine

3D T2 maps
Base

GraSE

(ms)

0 20 40 60 80 100 120

Fig. 6. Short-axis 2D MOLLI, 2D GraSE and the proposed 3D joint T1/T2 mapping results for two healthy subjects. Representative basal and apical slices from the

proposed 3D approach are also shown for each subject.
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Diastole

Fig. 8. Reconstructed 3D cine images at systole and diastole for the subject shown in Fig. 4, including 8 short-axis slices from base to apex and the long-axis view.

images.

In the phantom study, the proposed 3D technique achieved better
accuracy than 2D MOLLI for T1 measurements in the range of 250 ms to
1600 ms. As expected, MOLLI underestimated longer T1 values partly
due to the incomplete longitudinal magnetization recovery for long T1
which violates the MOLLI assumption of full recovery before the next IR
[9]. Compared with T2 GraSE, similar or better T2 estimation accuracy
was achieved with the proposed 3D approach in the T2 range of 40 ms
to 150 ms. For longer T2 (150-230ms), GraSE showed better accuracy
than the proposed approach although with higher measurement
variability. For measuring myocardial T2, the proposed sequence
adopted a longest T2prep echo time of 60 ms. However, this T2prep
echo time may not be long enough to accurately quantify longer T2
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values. Increasing the T2prep echo times could improve the accuracy
for larger T2 values, however, at the cost of a reduction in SNR.

The in vivo myocardial T1 and T2 measurements were in agreement
with the phantom findings. Compared with MOLLI, the proposed
technique resulted in significantly longer septal T1 values. The septal
T2 values measured with the proposed 3D technique were slightly
shorter than those measured with GraSE. Compared with 2D methods,
the proposed 3D method showed lower SD of T1 and T2 measurements
in the septum. This may be due to the 3D nature of the acquisition
which help minimising the 2D imaging limitations of low SNR and
through-plane motion artifacts. Also, the adopted HD-PROST denoising
reconstruction may help to further reduce the measurement SD [24].
Moreover, the proposed acquisition uses low flip angle SPGR readout,
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Fig. 9. Comparison of the breath-hold 2D multi-slice cine and the proposed 3D cine at systole and diastole for two subjects. Three short-axis slices from basal, mid
and apical left ventricle are shown for both methods. The reconstructed 3D cine images have isotropic resolution, and the long-axis view can be reformatted which is

shown in the last column.

which is less sensitive to field inhomogeneities than bSSFP, and radial
sampling trajectory that is intrinsically less sensitive to motion than
Cartesian sampling. These advantages make the proposed 3D free-
running technique a promising tool for whole-heart joint T1/T2 map-
ping.

The 16-segment AHA analysis revealed small fluctuations of T1 and
T2 values between different segments. Shorter T1 values measured in
the inferior segments may be attributed to residual respiratory motion,
which is consistent with results reported in previous studies [16,18].

When defining the myocardium contour, more partial volume effects
from blood were observed for the septal segment of apex, which may
explain the longer T1 and T2 values in this region. To facilitate com-
parison with conventional MOLLI and GraSE, T1 and T2 maps were
reconstructed for the diastolic cardiac phase. Theoretically, with the
proposed framework, T1 and T2 maps can also be reconstructed for any
other cardiac phase. Systolic T1 and T2 maps of the subject in Fig. 4 are
provided in Supplemental Fig. S3 to demonstrate the feasibility. Systolic
Tl and T2 maps may be advantageous in patients suffering from
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Fig. 10. A: Comparison of EDV (end-diastolic volume), ESV (end-systolic volume), and EF (ejection fraction) between the breath-held, 2D multi-slice cardiac cine
imaging and the proposed 3D approach. B: Bland-Altman analyses of EDV, ESV and EF showing the difference between the two methods and the corresponding
average. The grey solid line indicates the mean difference, and the grey dotted lines indicate the 95% confidence intervals of limits of agreement.
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frequent arrhythmias or heart rate variation, where the onset and
duration of the quiescent diastolic resting period is changing, and
should also be less prone to partial volume effects from blood due to
thicker myocardium at systole [35].

The continuous data acquisition in the free-running sequence pro-
vides high scan efficiency and enables cine reconstruction along with
the joint T1/T2 mapping. The reconstructed first singular images with
the highest SNR were used in this study as cine images. Due to the SPGR
readout with low flip angle, the blood-ventricle contrast and the de-
piction of papillary muscles in the 3D cine images was not as good as in
the dedicated breath-hold cine images with bSSFP readout. However,
the reconstructed 3D cine images should be enough for measuring
cardiac function, providing comparable cardiac function parameters to
the breath-hold 2D cine imaging, and for visualizing cardiac wall mo-
tion (16-cardiac phase cine images with the proposed technique of one
subject are provided in the Supplemental Video). Further validation in
patients is warranted before clinical application. Cine images in this
study were reconstructed separately for each cardiac phase. However,
images from all cardiac phases could be reconstructed simultaneously,
e.g., by adding a total variation constraint along the cardiac phase di-
mension [36]. In this way, redundancy along cardiac phases is
exploited which may help to improve the reconstruction quality further
although at the expense of increased memory requirement and com-
putational time.

To ensure good quality T1/T2 mapping and cine images, data was
acquired for about 11 min. The scan duration was not optimized in this
study and shorter acquisition may also be possible. In addition, to re-
solve cardiac motion, data binning was performed for a given cardiac
phase, and the data was not shared between different cardiac phases.
However, motion correction of adjacent cardiac phases using the matrix
description of general nonrigid motion [37], and/or exploiting re-
dundancy in the motion direction could be investigated in future stu-
dies to decrease the total scan time.

In this study, the proposed sequence was evaluated only for native
myocardial T1 and T2 mapping, however it should be also applicable to
post-contrast mapping. Myocardial T2 is in general not affected by the
low concentration contrast, whereas, myocardial T1 is largely shor-
tened after injection of gadolinium-based contrast agents. Therefore,
shorter shot interval could be adopted post-contrast due to faster
myocardial T1 recovery after IR. If a short interval of 800 ms is used,
the scan duration of the proposed sequence could be reduced to about 4
mins. Moreover, faster recovery of longitudinal magnetization after IR
leads to higher SNR, which should benefit both T1, T2 mapping and
cine reconstruction after contrast injection.

There are several limitations with the proposed technique. Firstly,
to address respiratory and cardiac motion, retrospective binning was
performed. However, the residual intra-bin respiratory and cardiac
motion may cause some image blurring, making the spatial resolution
lower than the nominal spatial resolution. Besides, the regularization
employed in the HD-PROST reconstruction to reduce the streaking ar-
tifacts associated with highly radial undersampling may also influence
the effective spatial resolution. Secondly, gridding and re-gridding of
the 3D radial data is computationally expensive and time consuming,
resulting in long reconstruction time. In future studies, pre-interpola-
tion of the undersampled radial data to Cartesian k-space before
iterative reconstruction [38] or GPU implementation of the non-uni-
form Fourier Transform will be investigated to accelerate the re-
construction process. Lastly, the proposed technique was only validated
in healthy subjects to demonstrate the preliminary feasibility. Patients
study will be conducted in the next step to test its ability to detect
myocardial diseases.

5. Conclusions

In this study, a free-running framework for simultaneous myo-
cardial T1/T2 mapping and cine imaging with 3D whole-heart coverage
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and isotropic spatial resolution has been proposed. This is the first re-
port describing the acquisition of 3D cine images and co-registered 3D
T1 maps and T2 maps in a single free-breathing scan within a feasible
scan time. The proposed technique has potential for comprehensive
cardiac function evaluation and myocardial tissue characterization.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.08.008.
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