UCLA
UCLA Previously Published Works

Title

Free-breathing, non-ECG, simultaneous myocardial T1 , T2, T2 *, and fat-fraction mapping
with motion-resolved cardiovascular MR multitasking.

Permalink
https://escholarship.org/uc/item/4ph6g53g
Journal

Magnetic Resonance in Medicine, 88(4)

Authors

Cao, Tianle
Wang, Nan
Kwan, Alan

Publication Date
2022-10-01

DOI
10.1002/mrm.29351

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4ph6q53p
https://escholarship.org/uc/item/4ph6q53p#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2023 October 01.

-, HHS Public Access
«

Published in final edited form as:
Magn Reson Med. 2022 October ; 88(4): 1748-1763. doi:10.1002/mrm.29351.

Free-breathing, non-ECG, simultaneous myocardial T1, T2, T2*,
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Abstract

Purpose: To develop a free-breathing, non-ECG technique for simultaneous myocardial T1, T2,
T2*, and fat-fraction (FF) mapping in a single scan.

Methods: The MR Multitasking framework is adapted to quantify T1, T2, T2*, and FF
simultaneously. A variable 7z (VTR) scheme is developed to preserve temporal resolution
and imaging efficiency. The underlying high-dimensional image is modeled as a low-rank
tensor, which allows accelerated acquisition and efficient reconstruction. The accuracy and/or
repeatability of the technique were evaluated on static and motion phantoms, 12 healthy
volunteers, and 3 patients by comparing to the reference techniques.

Results: In static and motion phantoms, T1/T2/T2*/FF measurements showed substantial
consistency (R > 0.98) and excellent agreement (ICC > 0.93) with reference measurements. In
human subjects, the proposed technique yielded repeatable T1, T2, T2*, and FF measurements
that agreed with those from references.

"Correspondence to: Debiao Li, PhD, Biomedical Imaging Research Institute, Cedars-Sinai Medical Center, 8700 Beverly Blvd, PACT
400, Los Angeles, CA 90048, USA. debiao.li@cshs.org.
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Conclusion: The proposed free-breathing, non-ECG, motion-resolved Multitasking technique
allows simultaneous quantification of myocardial T1, T2, T2*, and FF in a single 2.5-min scan.

Keywords
cardiac MRI; MR Multitasking; multi-parametric mapping; free-breathing; tissue characterization

1. Introduction

Quantitative parametric mapping has gained increasing interest and attention in the clinical
practice of cardiovascular magnetic resonance imaging (MRI) because of its ability to
provide insight into causes of non-ischemic and ischemic cardiomyopathies as well as its
potential promise to elucidate disease processes involving the myocardial microvasculature.
Quantification provides an objective assessment of disease progress (1,2) and is sensitive
to mild or diffuse tissue alterations (3,4). Parametric mapping of T1 and T2 is capable

of detecting fibrosis (5,6), edema (7-9), whereas T2* mapping quantifies cardiac iron
concentration, which is essential for evaluating p-thalassemia major and sickle cell anemia
(10-12). Myocardial fat content is associated with heart failure (13) and is of high
prevalence in chronic myocardial infarction (14) and nonischemic cardiomyopathies (15)
such as arrhythmogenic right ventricular dysplasia.

Several mapping techniques have previously been used for myocardial characterization,
including T1 mapping using Modified Look-Locker inversion recovery (MOLLI) (16) or
saturation recovery single-shot acquisition (SASHA) (17), T2 mapping with T2-prepared
balanced SSFP (18), and T2* mapping with multi-echo gradient recalled echo (GRE)

(12). However, these methods must be used with breath-holding and electrocardiogram
(ECG) triggering to minimize respiratory and cardiac motion effects. Furthermore, separate
acquisitions are needed for mapping separate parameters, resulting in potential misaligned
maps and variable breath-holding quality.

Free-breathing techniques for cardiac parametric mapping have been developed using
respiratory gating (19-21), bellows (22) or respiratory self-navigation signals (23,24).
However, respiratory gating is inefficient and can lead to long and unpredictable scan time,
as data is only acquired in short windows dependent on individual subject motion. Bellows
only provide a relative measure of respiratory motion rather than an absolute measure

of diaphragmatic motion, which can lead to errors in respiratory motion identification
(25). Respiratory self-navigation can address some of these issues but does not reach
100% acquisition efficiency unless it is also paired with cardiac self-navigation. The above
mapping techniques all rely on less-efficient ECG gating, which is prone to errors at high
field strengths (26) and for patients with arrhythmia (27).

Free-breathing, non-ECG cardiac T1 and T2 mapping has been achieved using the MR
Multitasking framework (28,29), which models the underlying image as a low-rank tensor
and acquires training data to identify and resolve cardiac and respiratory motion. However,
this framework has yet to include T2* and fat fraction (FF) mapping in the heart. Multi-echo
extensions of Multitasking for T1, T2, and T2* mapping in the brain (30) and T1, R2*,

and FF mapping in the liver (31) have been described. However, adding multiple echoes
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after every excitation pulse comes at the price of prolonged scan time and reduced temporal
resolution, limiting the direct translation of these multi-echo extensions to cardiac imaging.

To address several limitations of prior techniques and to tailor the multitasking framework
for multiparametric myocardial mapping, we developed a new technique based on MR
Multitasking for the joint mapping of myocardial T1, T2, T2*, and FF from a free-
breathing, non-ECG triggered, 2D single slice acquisition. This technique includes (1)
hybrid T2prep/IR (T2IR) preparations and multi-echo readouts to sample T1, T2, and T2*
relaxations; (2) a variable Tg (VTR) scheme alternating between single-echo and multi-echo
readouts, for improved temporal resolution and shorter scan time; (3) low-rank tensor (LRT)
modeling to reconstruct the underlying images; and (4) a chemical-shift based method (32)
for water and fat separation. The performance of the proposed technique was evaluated on
phantom, healthy volunteers, and patients with ferumoxytol enhancement.

Methods

Imaging framework

2.1.1 Sequence diagram—The sequence diagram used in this work is shown in Figure
1A. The acquisition cycles through hybrid T2IR modules with five different preparation
durations (z, with == 0 corresponding to a standard IR pulse), with FLASH excitations for
data readout filling the entire recovery period between preparation pulses. Two interleaved
datasets are collected during the continuous acquisition: the training data (dy;) are frequently
collected at k-space center (0° radial spoke) to provide temporal information; the imaging
data (dimg) are collected with golden-angle radial trajectory to provide spatial information.
In previous MR Multitasking work for T2* mapping (30,31), multi-echo readouts were used
for both training and imaging data (Figure 1B), which limited the temporal resolution and
imaging efficiency. To achieve a higher temporal resolution to characterize cardiac motion,
instead of using constant 7z (CTR) for both datasets, a variable 7z (VTR) scheme was
developed in this work, where the training data are collected using a single-echo, short 7
readout and imaging data are collected using a multi-echo, long 7z readout (Figure 1C).

2.1.2 Low-rank tensor imaging model—The MR Multitasking framework models
the underlying image as a 7D image x(r, 7, Ty, 7, T; Tg) with two spatial dimensions
indexed by r =[x, )4, and five temporal dimensions describing cardiac motion, respiratory
motion, T2 preparation, T1 recovery, and gradient echo dynamics (T2* decay and fat—water
shift), indexed by 7¢, 7, 7, 7}, and Tg, respectively. By taking advantage of the spatial-
temporal correlations (33), the image can be factorized as:

L

X(I’, TC? Tl" T, TI? TE) = 2 uf(r)d)f(TC’ Tr» T, TI’ TE)’ (1)
=1

gf/kmnpcj(T ri(Te)om(t )wn(TI)Qp @
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where {uf(l')}l{;: 1 represent spatial coefficients and {(¢A(T¢, Ty, 7, T1, TE)} éz 1 represent
temporal functions which can be further decomposed into a core tensor & with elements
g¢jkmnp @nd individual bases for each temporal dimension: {cj(TC)}f: s {rk(T,)}kK= 1s
{om(@IM_ 1, {wn(T} Y= 1, and {q,(TE)) 5 = | (34). The combination of Egs. (1) and (2)

suggests that a discretized image tensor & with elements Xjixmmp = XV ji Tcjs Tr.ks Ton i
TE,p) can be decomposed in Tucker form (35,36) as follows:

=8 X1 UxyCx3R X4V X5WXg0Q, (3)

where the columns of U, C, R, V, W, and Q contain the basis functions for each
corresponding dimension.

In MR Multitasking, the core tensor and temporal bases are often extracted from the training
data, as will be described in Section 2.1.3. However, because our VTR scheme collects only
a single-echo readout for training data, multi-echo temporal information to determine Q and
the 6! dimension of  will not be available. Therefore, we instead individually decompose
each tensor ', the subset of the image tensor 2" at the A echo:

Lp=9x1U,xa Cx3Rx, Vs W, o)

where ¢ is an updated core tensor without a gradient-echo dimension, and U, are the spatial
coefficients for the pth echo. All echoes share the motion bases and T1 and T2 relaxation
bases, as changes in motion and T1/T2 relaxation are negligible on the time scale between
echoes.

2.1.3 Image Reconstruction—This work adopts a similar strategy for MR
Multitasking image reconstruction to previously published methods (28,29,37,38). Briefly,
this reconstruction workflow (1) predetermines the T1 and T2 temporal basis functions in V
and W from a dictionary of signal curves, (2) reconstructs “real-time” images and perform
motion binning, (3) recovers the missing elements in the training dataset, (4) estimates

the cardiac basis functions in C, respiratory basis functions in R, and core tensor € from
training data, and (5) solves spatial coefficients U, for each echo from imaging data.

A dictionary of feasible T2IR GRE signal curves is generated using the sequence parameters
and a range of T1/T2 and B4 inhomogeneity values based on the Bloch equations (28,29,38).
The dictionary consists of 21 T1 values logarithmically spaced from 100 ms to 3000 ms,

21 T2 values logarithmically spaced from 10 ms to 3000 ms, 10 flip angles equally spaced
between 0.5° to 5°, and 6 inversion efficiency factors equally spaced between -1 (perfect
inversion) and —0.5. The T1 basis functions in W and T2 basis functions in V are obtained
from the high-order SVD (HOSVD) (39) of the dictionary.

The second reconstruction step is to generate ungated images with an explicit low-rank
matrix imaging strategy. The ‘real-time’ (ungated) temporal basis functions are estimated
from singular value decomposition (SVD) of the training data. It has only one dimension

Magn Reson Med. Author manuscript; available in PMC 2023 October 01.
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representing the elapsed acquisition time and is similar to ¢4n Eq. (1). The spatial
coefficients can therefore be estimated through a least-squares fitting to the imaging data.

A modified k-means clustering algorithm as previously described (28) is used to
automatically place the corresponding images into 6 respiratory bins and 20 cardiac bins. To
address the changing contrast weightings after the preparation pulses, the centroids solved
in each iteration at different contrast combinations are constrained by the pre-determined
T1/T2 bases V and W. Respiratory motion is identified first, and the respiratory bins
assigned at each iteration are low-pass filtered with 50 Hz cutoff frequency. Then cardiac
motion is binned with the same algorithm, expect that the cardiac bins are band-pass filtered
with range of 50 — 130 Hz (a range for possible heart rates).

The training tensor 2, as expressed in (k, 7¢, 7;, T, 7))-space, can still be undersampled

as training data acquisition cannot typically cover every combination of cardiac phase,
respiratory phase, T2-IR prep duration, and inversion time. We apply a small-scale low-rank
tensor completion algorithm by solving the optimization problem below:

3

_ , )

Dy=arg  min dy = 2u(Pll3 + 2 D |IPe i), + Rl D).
tr» St i=1

Dy, (4) € range(V),

®)

Dy, (5) € range(W)

where dy, is the collected training data, Q (-) is the sampling operator for the training
dataset, Dy (; is the mode-/unfolding of the complete training tensor, II-l- denotes the matrix
nuclear norm, and ~; (+) is a temporal regularizer, which in this work is chosen as temporal
total variation (TV) along the respiratory and cardiac dimensions. Once the training tensor is
completed, the cardiac basis functions in C, respiratory basis functions in R, and core tensor
€ can be extracted from the HOSVD of @,.

Finally, we solve the spatial coefficients U echo-by-echo:

U, = argr{}ianimg»p - x; FSUP)”§ + AR(U,). Q)
p

for known temporal factor tensor @ =  x, C x3 R x4 V x5 W, Where dimg,p Is the imaging

data at the g echo, and R; (-) is a wavelet sparsity regularizer. The reconstructed image
tensor for the £ echo is then given by the product 2, = @ x; U,.

A flow chart for image reconstruction can be found in Supporting Information Figure S1.

2.1.4 Parameter quantification—All quantification processes are performed at the
end-expiration and end-diastolic phases of the reconstructed images.

The signal equation was derived based on the sequence structure and Bloch equations, as
detailed in Supporting information Section A. T1 and T2 values are fitted voxel-by-voxel
from the signal equation, using the /sgnonlin solver in MATLAB.

Magn Reson Med. Author manuscript; available in PMC 2023 October 01.
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T2* mapping and water-fat separation are performed jointly using the reconstructed multi-
echo images of the last inversion time with the longest T2IR preparation duration, which
are closest to the GRE steady state. Specifically, the following equation is solved for each
multi-echo image y (r, 7g):

¥, Te) = (W(0) + 3, G (x)e' >/ ITE)!TBOTE ~ TEIT2, Q

using a graph-cut algorithm (32), where 7/(r) and Z(r) are the water and fat components,
Cyand fare the weightings and the resonance frequency offsets of the th fat peak, 7z (in
Hz) is the local frequency shift due to static field inhomogeneity. A multi-peak fat spectrum
is employed here according to previous work (40). Finally, FF in each voxel is calculated as

(42):
|7 (r)] oo
WIZW(I')" if J'(r) > “W(r)
FF(r) = ®)
R4
- M, otherwise

2.2 Data Acquisition

2.2.1 VTR Multitasking imaging parameters—VTR Multitasking acquisition cycled
through hybrid T2IR modules with preparation times z =0, 30, 40, 50, 60 ms. Eleven echo
times at 7= 1.6 — 14.6 ms were collected for imaging data and a single echo at 7= 1.6
ms was collected for training data. The scan time for VTR Multitasking was 2.5 min/slice.
Scan parameters were: field of view (FOV) = 270 x 270 mmZ, in-plane resolution = 1.7 x
1.7 mm?, slice thickness = 8.0 mm. More details of the imaging protocol are available in
Table 1.

2.2.2 Phantom study—An ISMRM/NIST phantom (model 130, High Prevision
Devices, Boulder, Colorado USA) was scanned for validation of T1 and T2. A Calimetrix
phantom (Calimetrix, Madison, WI) was scanned for validating T2*. To validate FF, a
separate phantom was constructed with ten vials with target fat concentrations 0%, 1%, 3%,
5%, 7%, 9%, 10%, 15%, 20%, 30%, surrounded by de-ionized water.

Inversion-recovery spin echo (IR-SE) and T2-weighted spin echo (T2-SE) were acquired
as references for T1 and T2, respectively. For the T2* reference, single-echo GRE images
were acquired for ten different echo times between 1 ms and 25 ms. A product g-DIXON
sequence with 6 bipolar readouts was used as a reference for FF. Imaging parameters for all
reference sequences are summarized in Supporting Information Table S1.

The above phantoms were put onto a linear motion stage (SHELLEY, Toronto, Ontario
CANADA) to test the performance of the proposed VTR Multitasking technique to
translational motion (period = 3.5 s, similar to respiratory motion). CTR Multitasking was
also scanned for comparison. The phantom and the motion stage were placed as illustrated in
Supporting Information Figure S2 to generate both in-plane and through-plane motion.

Magn Reson Med. Author manuscript; available in PMC 2023 October 01.
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2.2.3 In vivo study—The in vivo study was approved by the institutional review board
at Cedars-Sinai Medical Center and at VA Greater Los Angeles Healthcare System. Written
informed consent from all subjects was obtained before the study. A/= 12 healthy volunteers
(age: 38.2 £ 13.1, 4 male) were recruited and scanned on a 3T scanner (MAGNETOM
Vida, Siemens Healthineers, Erlangen, Germany) with a standard 18-channel body coil and
an integrated spine matrix coil. VTR Multitasking acquisition was performed in short-axis
views (basal, mid-ventricular, and apical slices). Reference protocols were scanned in the
same imaging slices with an end-expiration breath-hold, and triggered to the end-diastolic
cardiac phase. Reference sequences included MOLLI for T1 mapping and T2-prep GRE for
T2 mapping. ME-GRE with 20° flip angle and 8 echo times ranging from 1.6 — 16.3 ms
was used as the T2* reference (21,42). A prototype 6-point Dixon GRE sequence with 5°
flip angle (43-46) was used as the FF reference. Detailed parameters are listed in Supporting
information Table S2. Both VTR Multitasking and references were repeated once more

at the mid-ventricular slice to test scan-rescan repeatability. Parametric maps were also
acquired using CTR Multitasking (with identical scan time and parameters as VTR, except
that 7= 1.6 — 14.6 ms was used for both imaging and training data) at the mid-ventricular
slice for comparison against VTR Multitasking.

To further validate the proposed technique on abnormal T2* values, the VTR Multitasking
and reference T2* mapping sequences were incorporated as part of the clinical protocol with
ferumoxytol (Feraheme, Covis Pharma, Cary, NC, USA) enhancement, which mimicked
increased myocardial iron content. 3 patients (age: 70.7 + 15.5, 2 male) with known
ischemic heart diseases were scanned on a 3T scanner (MAGNETOM Skyra, Siemens
Healthineers, Erlangen, Germany) with a standard 18-channel body coil and an integrated
spine matrix coil. The images were acquired in the mid-ventricular slice at baseline, and
following a 12-min intravenous infusion of ferumoxytol (4.0 mg/kg).

The reference T1, T2, and T2* maps were automatically generated by the scanner. The
reference FF maps were computed from complex images as described in Methods Section
2.1.4.

2.3 Analysis

All reconstructions were performed using MATLAB 2016b (MathWorks, Natick,
Massachusetts) on a Linux workstation with a 3.08-GHz dual 16-core Intel Xeon processor
and 256 GB RAM, which took about 3.5 hours for each slice. The rank for the T1 dimension
was chosen as 5 from the —40 dB threshold on the normalized singular value curves of the
simulated dictionary. The ranks for T2, respiratory motion, and cardiac motion dimensions
were not truncated, as the nuclear norm term in Equation (5) for training tensor completion
already performed a soft constraint on the tensor ranks of those dimensions. Finally, the
rank for spatial dimension was empirically set to 48. MATLAB p-code for reconstruction is
available upon reasonable request.

For phantom study, T1/T2/T2*/FF measurements were calculated for each vial. Linear
regression was performed for the relevant range (T1: 0-2000 ms, T2, T2*: 0-100 ms, FF:
0 - 100%) and intraclass correlation coefficients (ICCs) were calculated from a two-way

Magn Reson Med. Author manuscript; available in PMC 2023 October 01.
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mixed model and 95% confidence using IBM SPSS Statistics (Armonk, New York) to
evaluate the agreement between VTR Multitasking and the references.

A correlation analysis was performed between VTR Multitasking measurements of

the motion phantom and the static reference values, between moving and static

VTR Multitasking measurements, and between moving CTR and VTR Multitasking
measurements. ICCs were calculated to assess agreement. SNR in each vial (defined as
mean value over standard deviation) was calculated and compared between VTR and CTR
measurements with Wilcoxon signed rank test.

The in vivo mid-ventricular maps of healthy subjects from different methods (references,
VTR Multitasking, and CTR Multitasking) were blinded and pooled and assessed by an
imaging cardiologist (A.C.K.). The T1 and T2 maps were scored based on a 4-point grading
system (43): 1, uninterpretable; 2, poor (blurring and residual artifacts); 3, acceptable
(mildly blurring and mild residual artifacts); 4 excellent (sharp myocardium wall and no
artifact). The T2* maps were scored based on a 5-point grading system (47): 0, unusable;
1, poor (heart just visible); 2, average (with severe septal artifact) 3, good (with moderate
septal artifact); 4, very good (with mild septal artifact); 5, excellent (with negligible septal
artifact). FF maps were not scored due to a lack of expertise (FF quantification is not
clinically performed yet). The scores from the proposed VTR Multitasking were compared
to those from reference and CTR Multitasking method using Wilcoxon signed-rank test.

The in vivo reference and VTR Multitasking maps were segmented in CV1 42 (Circle
Cardiovascular imaging, Calgary, Alberta, Canada) using the AHA 16-segment model (48).
Specifically, the epi- and endo-cardial contours were drawn on VTR Multitasking T1 maps
and were copied to other VTR Multitasking maps, which are co-registered. For reference T1
and T2 maps, the contours were drawn separately on the maps. For reference T2* and FF
maps, the ROIs were traced separately on the raw images (12) and were copied to the maps.
Finally, automatic segmentation was performed by the software using the contours.

The T1, T2, T2*, and FF values in the 16 myocardial segments were used for comparison
between VTR Multitasking and references. Myocardial homogeneity in healthy subjects
was assessed using the root-mean square (RMS) inter-segment standard deviation (ISSD),
which was calculated as the standard deviation of the 16 segmental values for each subject,
aggregated across subjects using RMS. Repeatability in healthy subjects was assessed using
the RMS within-segment standard deviation (WSSD), which was calculated as the standard
deviation of the 2 test—retest values for each segment and aggregated across segments

and subjects using RMS, and coefficient of variation (CoV), which was calculated by
normalizing the RMS-WSSD with the mean value of the 6 mid-ventricular segments. A
3-way ANOVA test (with methods, subject groups, pre- or post-contrast as independent
variables) was performed on the mean T1/T2* measurements in each subject to test for
statistically significant differences (P<0.05) between different methods. A two-tailed student
t-test was used for comparing mean T2/FF measurements between different methods (with
P<0.05 as significant), as these reference measurements were not available in patient
groups. The agreement between different methods and between repeated measurements were
assessed using Bland-Altman analysis.

Magn Reson Med. Author manuscript; available in PMC 2023 October 01.
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3. Results

3.1 Phantom study

Phantom results shown in Figure 2A demonstrated good quality of VTR Multitasking
maps both with and without motion. Substantial correlation (R = 0.998, 0.999, 0.979, and
0.995 for T1/T2/T2*/FF, respectively) and agreement (ICC = 0.990, 0.959, 0.978, and
0.991 for T1/T2/T2*/FF, respectively) were found between VTR Multitasking and reference
measurements (Figure 2B). With motion, VTR Multitasking measurements still showed
good correlation (R = 0.999, 0.999, 0.986, and 0.995 for T1/T2/T2*/FF, respectively)
and agreed (ICC = 0.988, 0.934, 0.981, and 0.993 for T1/T2/T2*/FF, respectively) with
the reference measurements (Figure 2C). Supporting Information Figure S3 plots VTR
Multitasking measurements with motion against those without motion. The fitted slopes
through regression analysis were 0.984, 0.980, 0.948, and 0.948 for T1/T2/T2*/FF,
respectively. The correlation coefficients (R > 0.95) and ICCs (ICC > 0.96) indicated
agreement.

The comparison between VTR and CTR Multitasking on motion phantoms can be found

in Supporting Information Figure S4. The maps resembled each other, and the fitted slopes
were 0.965, 0.926, 0.959, and 0.961 for T1/T2/T2*/FF, respectively. Their measurements
were consistent, as indicated by R and ICC (R > 0.97, ICC > 0.97). The SNR comparison in
each vial demonstrated significantly better T1 precision with the VTR approach (P = 0.002).
No significant difference was found for other parameters (P = 0.063, 0.359, and 0.106 for
T2/T2*/FF, respectively).

3.2 Invivo study

Figure 3 compares VTR and CTR Multitasking maps of 3 healthy subjects. Improved SNR
and image quality are apparent on the VTR T1 and T2 maps. The white arrow on the

CTR T1 map indicates myocardial artifacts produced by CTR Multitasking. T2* and FF
maps from both methods appeared similar. The image quality scores for VTR and CTR
Multitasking are shown in Supporting Information Figure S5, which indicated significantly
higher scores for VTR T1 maps (VTR median score: 3, CTR median score: 2, P = 0.008).
No significant differences were found in scores of T2 (both with median score: 3, P = 0.766)
and T2* maps (VTR median score: 4, CTR median score: 3, P = 0.371).

Mapping results from a representative healthy subject are shown in Figure 4 for VTR
Multitasking and references (2 more healthy subjects are shown in Supporting Information
Figure S6-7). VTR Multitasking produced co-registered maps that resembled reference
maps. The image quality scores in Supporting Information Figure S5 indicated significantly
lower T1 scores of VTR Multitasking compared to those of MOLLI (VTR median score:

3, MOLLI median score: 4, P = 0.008). No significant differences were found for T2 (both
with median score: 3, P = 1.000) and T2* maps (VTR median score: 4, reference median
score: 3, P =0.125). AHA 16-segment bullseye plots in Figure 5 show the mean quantitative
measures across all 12 healthy subjects for T1, T2, T2*, and FF. Both methods demonstrated
little spatial variability in T1 (RMS-1SSD < 80ms) and T2 maps (RMS-ISSD < 4 ms).
Higher spatial variability relative to the mean was found on T2* maps of both methods,
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both of which measured lower T2* values in the infero-lateral segment. VTR Multitasking
FF maps showed better spatial homogeneity than reference maps (2.7% vs. 5.2%) and both
methods indicated little-to-no myocardial fat in healthy subjects.

VTR Multitasking maps and available reference maps for a patient are shown in Figure
6. Both Multitasking and reference T2* map showed reduced T2* after ferumoxytol
administration.

T1, T2, T2*, and FF measurements from VTR Multitasking and available references

are shown in Table 2 for all subjects. Statistical analysis indicated small but significant
differences between VTR Multitasking and references for T1 (P = 0.001, 3-way ANOVA)
and T2 (P<0.001, t-test). No significant differences were found between VTR Multitasking
and references for T2* (P=0.820, 3-way ANOVA) and FF measurements (P=0.307, t-test).
Bland-Altman analyses in the global myocardium and in each of the 16 segments are shown
in Figure 7, with the following limits of agreement: global T1: £93 ms; global T2: £10 ms,
global T2*: +4 ms, global FF: +7%; segment-wise T1: £176 ms, segment-wise T2: £9 ms,
segment-wise T2*: £11 ms, segment-wise FF: +12%.

Figure 8 shows repeatability measurements from VTR Multitasking and references for

the mid-ventricular slice. Supporting Information Figure S8 shows Bland-Altman plots of
VTR Multitasking repeated measurements in the global region and in the 6 mid-ventricular
segments. The limits of agreement between first and second VTR Multitasking scan were:
global T1: £76 ms, global T2: +3 ms, global T2*: £7 ms, global FF: £1%; segment-wise
T1: £181 ms, segment-wise T2: £7 ms, segment-wise T2*: £9 ms, segment-wise FF: £3%).
Both VTR Multitasking and references demonstrated good repeatability, as indicated by
RMS-WSSD (T1: <65ms, T2: <3 ms, T2*: <4 ms, FF: <2 %) and CoV (T1: <6%, T2: <
7%, T2*: < 15%, FF: < 77%).

4. Discussion

Conventional single parametric cardiac mapping requires multiple breath-hold scans (16—
18), leading to long scan times, potential image misregistration, and patient fatigue.
Advanced techniques including 2D T1/T2/FF mapping (43) and T1/T2/T2*/FF mapping
(49) with a single breath-hold and free-breathing multi-parametric mapping techniques such
as 3D T1/T2 mapping (23) and 2D T1/T2/T2* mapping (21) have been developed. However,
ECG signal is still required to deal with cardiac motion, which is prone to noise and

errors particularly at high field strengths (26) and may fail in arrhythmia patients. In fact, a
previous study (50) at 3T showed that ECG triggering failed for up to 35% of patients with
regular sinus rhythm. In this work, a free-breathing, non-ECG technique was developed for
simultaneous and co-registered myocardial T1, T2, T2*, and FF quantification based on the
MR Multitasking framework. The technique was validated on static and motion phantoms,
healthy volunteers, and patients, and the results indicated that the technique could provide
repeatable measurements that agreed with the references.

CTR Multitasking using multi-echo readouts and a constant 7 for both training and
imaging data has been recently presented for T2* mapping in the brain (30) and T2*/FF

Magn Reson Med. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caoetal.

Page 11

mapping in the liver (31). The VTR approach proposed in this work clearly outperformed
the CTR approach in motion phantoms and in the heart, as shown in Figure 3 and
Supporting Information Figure S4-5. Potential reasons include: (a) VTR collects more
imaging data than CTR per unit scan time, resulting in improved imaging efficiency. (b)
VTR has a higher temporal resolution (i.e., frequency of training data collection). With a 7p
of 16 ms, the temporal resolution of the CTR approach will be at least 32 ms, thus making it
more challenging to perform cardiac motion binning. In contrast, the temporal resolution of
VTR in this work improved to 20 ms.

The VTR Multitasking measurements in phantoms were in good agreement with the SE
and GRE references, yet T1 and T2 underestimation was observed. One possible cause of
T1 underestimation could be magnetization transfer effect (51). T2 underestimation could
potentially be caused by the sensitivity of the VTR Multitasking preparation scheme (T2IR)
to By inhomogeneity (52). The VTR Multitasking measurements in moving phantoms
showed similar results, which demonstrated the robustness of our technique to in-plane

and through-plane motion. There were differences between the VTR Multitasking T2*
measurements with and without motion (especially the penultimate vial), which could be
related to By field changes during phantom movement.

The in vivo VTR Multitasking maps showed good spatial homogeneity, especially in T1
and T2. Both VTR Multitasking and reference methods revealed relatively low T2* values
in the infero-lateral segment, resulting in higher relative spatial variability in T2* maps.
Both techniques also showed lower T2* repeatability around the lateral wall than in other
segments. This may be related to susceptibility artifacts around tissue boundaries, leading to
less reliable T2* measurement for both the Multitasking and reference techniques (53,54).
This has been a common issue for T2* mapping especially at high fields, and our technique
performed similarly to the conventional ones in this aspect.

In addition to the T2 differences between VTR Multitasking and references as in the
phantom study, the statistical test also showed a small but significant difference in T1
measurements. One possible explanation would be T1 underestimation from MOLLI due

to magnetization transfer, T2 confounding factors, and dependence on heart rate (51). The
potential mismatch between cardiac phases and respiratory phases during analysis may
partially contribute to these differences as well. In Multitasking, the cardiac phase with
largest blood pool was selected as diastole and the respiratory phase with highest liver
position was selected as end-expiration. In reference scans, however, the acquired phase
may not always be diastole due to heart rate variations and breath-holding positions may
vary based on given durations for exhalation. Despite the differences, VTR Multitasking
measurements in healthy volunteers were still within or close to previous literature range

at 3T (T1: 1100-1314 ms, T2: 38-46 ms, T2*: 20.5 — 24 ms, FF: 1-1.5 %) (42,43,47,55—
58). The repeatability of Multitasking T1 measurements (RMS-WSSD: 65 ms) were lower
than that of MOLLI (RMS-WSSD: 27 ms), yet the variance in T1 was still lower than the
changes originating from various cardiovascular diseases (acute myocardial infarction: >128
ms, chronic myocardial infarction: 166 ms, hypertrophic cardiomyopathy: >125 ms, dilated
cardiomyopathy: 169 ms, acute viral myocarditis: 154 ms, amyloidosis: >126 ms) (4,59-65),
indicating that the proposed technique has the potential for disease detection. The relatively
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large CoVs in FF measurement of both reference and VTR Multitasking were caused by low
FF values (close to 0) in this cohort.

T1 image quality scores of VTR Multitasking were lower than those of MOLLI but the
median score was still “acceptable”. The lower image quality could potentially be explained
by the balanced SSFP readouts used in MOLLI, which had higher SNR compared to the
GRE readouts used in this work. The proposed VTR Multitasking technique still has unique
advantages in resolving motion compared to MOLLI and may therefore benefit patients who
cannot breath-hold or for whom ECG triggering fails. We also note that the proposed VTR
scheme raised the median T1 image quality from “poor” (for the previous CTR scheme) up
to “acceptable”, a critical improvement for clinical application.

Preliminary evaluation of T2* mapping was performed on patients after ferumoxytol
administration, which mimicked increased myocardial iron content and resulted in short
myocardial T2* values. The results indicated the proposed technique has the potential to
detect diffuse T2* changes, e.g., in Thalassemia Major patients. Nevertheless, the range of
T1/T2/FF values in the in-vivo study is limited and the patient group has a relatively small
size. In the future, more comprehensive patient study with a larger cohort and different
disease models should be performed to evaluate the clinical significance of the proposed
technique.

At present, standardization of multiparametric myocardial mapping is challenging due to
vendor differences in acquisition protocols and post-processing workflow for quantitative
cardiovascular MRI. The setup for ECG triggering (acquisition window, trigger delay,
etc.) and instructions for breath holding can also vary among MR technologists. In
comparison, our proposed method can potentially reduce the vendor-dependence and
operator-dependence by introducing a unified protocol and reconstruction scheme, and
by removing the need for ECG and breath holding. Future multi-center and multi-vendor
studies will be needed for validation. In this work, the technique was implemented

and tested on a 3T scanner. In principle, it can also be extended to lower fields (1.5

T or even lower). The main technical challenge would be SNR reduction, as for any
other techniques. Balanced SSFP readouts may be incorporated into Multitasking in SNR-
demanding scenarios with further technical development.

Another potential area for future improvement is the scan time. Assuming a breath-hold

scan plus the recovery period is approximately 1 min, the 2.5 mins needed for our

technique is shorter than the 4 mins required for 4 single-parameter scans with reference
methods. Nevertheless, it may still be time-consuming if a short-axis stack is desired in

a clinical setting. Potential approaches for further acceleration include simultaneous multi-
slice acquisition (66) and deep learning based methods such as super-resolution (67). In this
study, we only analyzed parametric maps and measurements in the diastolic phase. However,
the same parametric maps in systolic phase as well as cine imaging are also readily available
with our technique (28). With dynamic information, one can potentially measure the changes
of biomarkers throughout the cardiac cycle to reveal physiological information which is
currently understudied using conventional techniques. Additionally, with the aid of deep
learning reconstruction, inline reconstruction can be implemented (68). Finally, the adoption
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of advanced shim-RF coils may potentially reduce By inhomogeneity and susceptibility
artifacts in the myocardium especially at high fields (3T and above) (69).

5. Conclusion

A free-breathing, non-ECG technique was developed for simultaneous myocardial T1,
T2, T2*, and FF quantification in a single 2.5-min scan based on the MR Multitasking
framework. The technique yielded repeatable measurements that agreed with references.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Sequence diagram for the proposed multitasking T1/T2/T2*/FF mapping framework.
Hybrid IR/T2IR preparation modules were followed by 288 FLASH readouts, which enable
collection of k-space lines with different T1/T2/T2* contrasts. The training data was
acquired every other readout.

(B) Hlustration of constant 7 (CTR) readout module, which used multi-echo readouts for
both training and imaging data.

(C) Hlustration of variable 7z (VTR) readout module, which used a single-echo readout for
training data and multi-echo readouts for imaging data
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(A) Reference maps (1st row), VTR Multitasking maps collected without motion (2nd row),
and VTR Multitasking maps collected with motion (3rd row) for NIST, Calimetrix, and FF

phantoms.

(B) The correlation plot between VTR Multitasking measurements (collected without
motion) and reference measurements, with correlation coefficients and ICCs labeled (R >

0.97, ICC > 0.95).

(C) The correlation plot between VTR Multitasking measurements (collected with motion)
and reference measurements, with correlation coefficients and ICCs labeled (R > 0.98, ICC

> 0.93).
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Figure 3.
Comparison of T1, T2, T2*, and FF maps between VTR Multitasking and CTR Multitasking

method on three representative healthy subjects. The image quality scores from the
cardiologist were labelled at the bottom-right corner of corresponding maps.
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Figure 4.

T1, T2, T2*, and FF maps from VTR Multitasking and references on a representative
healthy subject. The image quality scores for the mid-ventricular slice were: reference T1 —
4 (excellent); reference T2 — 3 (acceptable); reference T2* - 3 (good); VTR Multitasking T1
— 3 (acceptable); VTR Multitasking T2 — 3 (acceptable); VTR Multitasking T2* - 3 (good).
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Figureb.
Bullseye plot of average T1, T2, T2*, and FF measurements in healthy subjects (N=12)

acquired with VTR Multitasking and references, with RMS-ISSD labelled to indicate the
spatial variability.
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Figure 6.
VTR Multitasking maps and available reference maps on a 66-year-old patient pre- and

post-ferumoxytol administration.
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Figure 7.

Bland-Altman plots comparing T1, T2, T2*, and FF measurements from references and
Multitasking techniques in global myocardium (A) and in all 16 segments (B). The dotted
lines indicate the 95% limits of agreement and the solid lines indicate mean bias.
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Figure 8.
Reference (A) and Multitasking (B) measurement repeatability. Both methods demonstrated

good repeatability, as indicated by RMS-WSSD and CoV.
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VTR Multitasking T1/T2/T2*/FF mapping protocol. Recovery period refers to the spacing between

preparation pulses.

Table 1.

FOV (mm) 270 Phase FOV 100%

Scanning matrix 160 x 160 Slice thickness (mm) 8.0

Resolution (mm) 1.7x17 Number of readout modules per shot | 288

Recovery period (ms) 2900 Echo time (ms) 1.6 — 14.6 (11 echoes)
Imaging data 7z (ms) 16.6 Training data 7z (ms) 3.6

T2IR prep duration (ms) | 0, 30, 40, 50, 60 | Pixel BW (Hz/pixel) 1008

Flip angle (°) 5 Scan time per slice (min:sec) 2:31

Acquisition 2D single slice Sampling trajectory Golden Angle Radial
Reconstruction time (h) | 3.5
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Table 2.

VTR Multitasking and reference measurements for all subjects.

Reference VTR Multitasking
Healthy volunteers (N=12) T1 (ms) 1207.8 +41.8 | 1266.8 +65.8
T2(ms) | 405+1.4 37.4+23
T2*(ms) | 21.9+29 232+22
FF(%) | 27%35 16+1.0
Patients (pre-contrast, N=3) T1 (ms) 1266.6 + 10.6 | 1316.1+8.3
T2* (ms) | 20.5+4.7 22.1+38
Patients (post-contrast, N=3) | T1 (ms) 7525+£71.2 866.0 + 39.8
T2* (ms) | 82+1.1 6.8+0.3
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