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The aim of this study is to simultaneously quantify T1/T2 across three slices of the left-ventricular myocardium without breath-holds or ECG monitoring, all within a 3 min scan. Radial simultaneous multi-slice (SMS) encoding, self-gating, and image reconstruction was incorporated into the cardiovascular magnetic resonance (CMR) Multitasking framework to simultaneously image three short-axis slices. A T2prep-IR FLASH sequence with two flip angles was designed and implemented to allow B1+-robust T1 and T2 mapping. The proposed Multitasking-SMS method was validated in a standardized phantom and 10 healthy volunteers, comparing T1 and T2 measurements and scan-rescan repeatability against corresponding reference methods in one layer of phantom vials and in 16 American Heart Association (AHA) myocardial segments. In phantom, Multitasking-SMS T1/T2 measurements showed substantial correlation (R2 > 0.996) and excellent agreement [intraclass correlation coefficients (ICC) ≥ 0.999)] with reference measurements. In healthy volunteers, Multitasking-SMS T1/T2 maps reported similar myocardial T1/T2 values (1,215 ± 91.0/41.5 ± 6.3 ms) to the reference myocardial T1/T2 values (1,239 ± 67.5/42.7 ± 4.1 ms), with P = 0.347 and P = 0.296, respectively. Bland–Altman analyses also demonstrated good in vivo repeatability in both the multitasking and references, with segment-wise coefficients of variation of 4.7% (multitasking T1), 8.9% (multitasking T2), 2.4% [modified look-locker inversion recovery (MOLLI)], and 4.6% (T2-prep FLASH), respectively. In summary, multitasking-SMS is feasible for free-breathing, non-ECG, myocardial T1/T2 quantification in 16 AHA segments over 3 short-axis slices in 3 min. The method shows the great potential for reducing exam time for quantitative CMR without ECG or breath-holds.
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INTRODUCTION

Cardiac magnetic resonance (CMR) imaging is rapidly evolving toward quantitative multiparameter measurement for myocardial tissue characterization (1–6). Quantitative myocardial T1 and T2 mapping techniques are especially useful for tissue characterization, clinical diagnosis, and disease monitoring (7–19). For example, T1 is sensitive to amyloidosis (11–13), fibrosis (15, 17), and inflammation (20); T2 is sensitive to water content in tissue, characterizing myocardial edema (16, 21), ischemia (21), inflammation (14), sarcoidosis (22), and more. Quantitative imaging techniques also enable comparison between patients scanned with differing scanners or timepoints and are therefore promising imaging biomarkers for multi-center or longitudinal studies (23).

Conventional cardiac T1 (24–27) and T2 (28) mapping techniques are inherently inefficient because (1) they rely on breath-holds (often one per slice, with pauses between acquisitions for patients to recover before the next breath-hold) and pauses in acquisition (via ECG triggering) to avoid respiratory and cardiac motion; and (2) are performed in series (slice-by-slice, biomarker-by-biomarker) instead of simultaneously. This approach becomes impractical for patients having difficulty holding their breath or for whom ECG triggering fails. Respiratory gating (29) is an alternative to breath-holding, but typically comes with low scan efficiency as well.

Multidimensional continuous-acquisition methods, such as MR Multitasking (5), have shown promise for free-breathing, non-ECG, simultaneous parameter mapping by simultaneously resolving the overlapping dynamics (i.e., cardiac/respiratory motions, relaxations, etc.) involved in quantitative CMR. Multitasking uses a low-rank tensor (LRT) imaging approach with subspace modeling to address the curse of dimensionality associated with imaging multiple motions and relaxations. This approach removes the conventional inefficiencies of scan pauses and serial biomarker acquisition; however, 2D multitasking still uses serial slice acquisition, and so has the same slice coverage inefficiencies as conventional scans. Clinical protocols for quantitative CMR typically include T1 and T2 maps in mid, basal, and apical short-axis slices. Therefore, slice-by-slice 2D multitasking is not fully efficient for the simultaneous acquisition of all biomarkers at all slices. Volumetric 3D Multitasking (30, 31) has been preliminarily demonstrated over 14 short-axis slices (whole ventricle coverage) with 1.4 mm ×1.4 mm ×8 mm resolution in 9:14 min, but provides more slice coverage than is currently used in clinical protocols, at the expense of scan time.

Simultaneous multislice (SMS) imaging (32, 33) has the potential to address the slice inefficiencies of 2D Multitasking without the scan time extension required by full 3D coverage. Here, we redesign MR Multitasking sampling and reconstruction to incorporate SMS imaging, performing three-slice myocardial T1/T2 mapping in a 3 min, non-ECG, free-breathing MRI scan. The repeatability of quantitative measurements and the agreement with reference approaches were evaluated in phantom and in healthy volunteers.



MATERIALS AND METHODS


Cardiac MR Multitasking Framework
 
Pulse Sequence Design With SMS Acceleration

A prototype MR pulse sequence was developed based on our previous CMR Multitasking implementations (5). T2prep-IR pulses were employed to generate the T1 and T2 contrasts (as shown in Figure 1). The T2 prep-IR module was modified from an adiabatic T2-preparation module (34) by adding one adiabatic 180 inversion pulse after the 90 tip-up pulse in the T2-preparation module to achieve the inversion effect. The sequence cycled through five T2 prep-IR durations and the special case of “0 ms” preparation duration used only the IR pulse without any T2 preparation. A continuous-acquisition FLASH sequence collected readouts throughout the entire T1 recovery process. Successive recovery periods alternated between two FLASH excitation flip angles to allow B1+–and through-plane-motion–robust T1 mapping (35). Interleaving five T2prep-IR durations while also interleaving two flip angles produces a cycle of 10 T2prep-IR duration/flip angle combinations, which was repeated throughout the scan. The sequence employed radial k-space sampling, alternating between imaging data readouts incremented by the golden angle (111.24°) and between training data at a fixed radial angle (0°). The image data target spatially resolvable information through (0° and 360°) angular coverage of k-space, whereas the training data collect one projection line at a high temporal sampling rate to facilitate self-gating and will be used to define temporally resolved model parameters during image reconstruction.


[image: Figure 1]
FIGURE 1. (A) Schematic diagram of the proposed 2D magnetic resonance (MR) Multitasking sequence with simultaneous multislice (SMS)-acceleration, where 5 different preparations (IR and T2prep-IR with 4 different preparation times) are repeated throughout the scan. Each FLASH excitation pulse can excite three slices simultaneously. (B) k-Space sampling demonstration. Imaging data are collected with a 2D radial trajectory, and they are incremented by a golden angle (i.e., 111.24°) for each readout. Training data periodically sample the center k-space line every other readouts. Three short-axis slices are excited simultaneously with different phase modulation schemes, resulting in a 2π/3, 0, –2π/3 shift in their phase increment, respectively.


A multiband factor of three was used to acquire three slices at the same time. The simultaneous excitation of multiple slices was achieved by superimposing single-band excitation pulses at equally spaced center frequencies, corresponding to equally spaced slice locations. The phase of each band was cycled by different increments (−2π/3, 0, and +2π/3), mimicking the discrete Fourier transform and defining a discrete kz dimension. This encoding scheme is a generalization of the controlled aliasing in volumetric parallel imaging (CAIPIRINHA) technique (36). SMS encoding was applied on every FLASH excitation pulse to always excite three slices simultaneously. No phase cycling was used on the mid-ventricular slice, the +2π/3 phase increment was used on the basal slice, and the −2π/3 phase increment on the apical slice. The phase cycle was incremented by one step for each imaging data readout, corresponding to linear kz encoding; no phase modulation was used for the training data, corresponding to kz = 0. The training data contain contributions from all 3 slices with matched phases, akin to a projection along the slice direction.



Low-Rank Tensor Imaging Model

The images acquired in the Multitasking framework can be represented as a 5-way tensor [image: image] (5, 37). Multitasking conceptualizes different sources of image dynamics involved in quantitative cardiovascular imaging as an image array/tensor with images sorted according to different time dimensions. These image dynamics (e.g., cardiac, respiratory motions, T1/T2 relaxations) overlap in real-time, but by organizing them into a tensor and exploiting the correlation between images, Multitasking can simultaneously resolve all of them. As a result, we can capture and view different image dynamics along different time dimensions.

We model [image: image] as a LRT, leveraging image correlation laterally along each of the N time dimensions and diagonally throughout the multidimensional temporal space, reducing the images to the product of a small core tensor and five factor matrices:

[image: image]

where Ux contains spatial basis functions with voxel location index r = (x, y, z), UT1 contains basis functions for the T1 relaxation, Uτ, α contains basis functions that index the 10 different recovery modules with varying T2prep-IR duration τ and flip angle α combinations, Uc contains cardiac motion basis functions, Ur contains respiratory motion basis functions, and [image: image] is the core tensor governing the interaction between factor matrices. This constrains the image tensor [image: image] to the intersection of the five low-dimensional subspaces spanned by the U matrices. The factor matrices and core tensor have far fewer elements than the full image tensor [image: image], which reduces the degrees of freedom for the LRT recovery problem and allows memory-efficient image reconstruction. A diagram of the LRT imaging model is shown in Figure 2.


[image: Figure 2]
FIGURE 2. The framework of the low-rank tensor (LRT) imaging model. The underlying image can be represented as a 5-way tensor with one spatial dimension and 4 time dimensions representing 4 dynamic processes: T1 relaxation process, recovery weights with different T2prep-IR duration and flip angles, respiratory motion, and cardiac motion. With the LRT image model, the tensor can be factorized into five factor matrices with much smaller sizes, reducing the degrees of freedom for the LRT recovery problem.




Image Reconstruction

Image reconstruction in the CMR Multitasking framework is divided into the following steps: (1) preliminary “real-time” (ungated) image reconstruction; (2) predetermining the temporal basis functions in UT1 and Uτ, α from a training dictionary of signal curves; (3) cardiac and respiratory binning of the real-time images; (4) determining the motion bases and core tensor from the training data; and finally, (5) solving for the spatial coefficients Ux from the imaging data.



Real-Time Image Reconstruction

“Real-time” (i.e., one single time dimension representing elapsed time) image reconstruction generates ungated images with a low-rank matrix imaging strategy (37), to facilitate image-based binning. The temporal basis functions are estimated from the singular value decomposition (SVD) of the training data, and the spatial coefficients are estimated by least-squares fitting to the imaging data (37).



Dictionary Generation for T1 and Recovery Index Basis Functions

We generated a training dictionary of feasible T2-IR-FLASH signal curves governed by the Bloch equations, with a range of variable T1/T2 values, B1 inhomogeneities, and inversion efficiencies (30, 31). We used 21 T1 values logarithmically spaced between 100 and 3,000 ms, 21 T2 values logarithmically spaced between 10 and 3,000 ms, seven B1+ efficiency values between 0 and 1.5 modulating the excitation flip angles, and seven inversion efficiency factors controlling the effects of inversion efficiency for the IR and T2prep-IR pulses. The T1 and recovery index relaxation basis functions in UT1 and Uτ, α are estimated from the SVD of this training dictionary.



Respiratory and Cardiac Motion Binning

The respiratory and cardiac motion binning algorithm is derived from the methods described in the original MR Multitasking work (5). Briefly, we used an unsupervised machine learning approach to identify motion states by employing a modified k-means clustering algorithm incorporating a low-rank NMR relaxation model (i.e., the known UT1 and Uτ, α) to address the variable contrast weighting of the training data. We used 6 respiratory bins and 20 cardiac bins in the binning procedure.



Temporal Factor Estimation

Once the motion states have been identified, the training data can be reorganized as a 5-way tensor [image: image] which shares temporal factors and core tensor with the image tensor [image: image]. These training data will cover several—but not all—combinations of cardiac phase, respiratory phase, recovery index, and inversion time. To recover missing combinations, we apply an LRT completion algorithm, solving the optimization problem below:

[image: image]

where dtr is the collected training data, Ωtr(·) is the sampling operator for the training dataset, Dtr, (i) is the mode-i unfolding of the training tensor, ||·||* denotes the matrix nuclear norm, and Rt(·) is a temporal regularizer, which was chosen as temporal total variation (TV) along the respiratory and cardiac dimensions in this work (38). [image: image] in Eq. (2) can be expressed as

[image: image]

where λc and λr are the two regularization parameters that control the TV smoothing along the cardiac and respiratory dimensions.

Once the training data tensor [image: image] is complete, the core tensor [image: image] and the remaining unknown temporal factor matrices Uc and Ur are extracted from the higher-order SVD (HOSVD) (39) of [image: image]. At this stage, the core tensor and all temporal factor matrices are known, permitting the definition of a combined temporal factor tensor [image: image]



Spatial Factor Estimation

The spatial factor Ux was then recovered by fitting the known Φ to the acquired imaging data d, using the following optimization problem:

[image: image]

where Ω is the undersampling operator, F is the Fourier transform operator comprising non-uniform in-plane Fourier encoding and Fourier slice encoding, S is the coil sensitivity operator, and R(·) is an optional regularization functional to promote transform sparsity (chosen as a wavelet transform in this implementation). R(Ux) in Eq. (4) can be expressed as

[image: image]

where W is the wavelet operator and λw is the regularization parameter that controls the wavelet sparsity. Once Φ and Ux have both been determined, the final reconstructed image can be calculated as [image: image].



Multiparametric Mapping

The signal equation at the kth recovery period of the Multitasking-SMS pulse sequence is:

[image: image]

with amplitude factor A, IR/T2prep-IR pulse efficiency B, FLASH readout interval TR, flip angle for the kth recovery period αk, B1+ field weights β (to account for B1+ inhomogeneity), and recovery time points n = 1, 2, …, N (where N is the total number of excitations in each recovery period). The Qk absorbs the effects of having inverted the magnetization from the steady-state for the previous recovery period's excitation flip angle. Assuming a steady-state established at the final readout of each recovery period, Qk is expressed as

[image: image]

The native T1 and T2 measurements can be estimated from the signal model in Eqs. (6) and (7). Our previous work (35) showed the value of a dual flip-angle signal model for B1+ robust T1 mapping.




Phantom Study

An International Society for Magnetic Resonance in Medicine/National Institute of Standards and Technology (ISMRM/NIST) phantom (40) (model 130, High Precision Devices, Boulder, Colorado) was imaged on a 3T scanner (MAGNETOM Vida, Siemens). The layer with the vials closest to the T1 and T2 values for myocardium (T1 ∈ [200, 2,500] ms; T2 ∈ [20, 800] ms) was used in the study.

The proposed 2D Multitasking-SMS sequence was applied, as well as four reference methods: modified look-locker inversion recovery (MOLLI) 5(3)3 (41), T2-prepared fast low angle shot (T2-prep FLASH) mapping method (common product sequences used in the heart), and the gold standard static T1 and T2 mapping sequences inversion recovery spin echo (IRSE-T1) for T1 mapping, and T2-weighted spin-echo (SE-T2) for T2 mapping.

The following scan parameters were used for the proposed 2D Multitasking-SMS sequence: Field of View (FOV) = 270 mm ×270 mm (with 2-fold readout oversampling, the acquired FOV = 540 mm ×540 mm); spatial resolution = 1.7 mm ×1.7 mm ×8 mm; 3 slices with a multiband factor of 3; TR/TE = 3.5/1.6 ms; flip angle = 3 and 10; T2 preparation times = 0, 30, 40, 50, and 60 ms (with 0 corresponding to a standard IR pulse); recovery period = 2.5 s; scan time = 3 min 3 s. The 2D MOLLI imaging parameters were: Repetition Time/Echo Time (TR/TE) = 2.7/1.1 ms; flip angle = 35; FOV = 220 mm ×220 mm; in-plane resolution = 1.4 mm ×1.4 mm; slice thickness = 8 mm. The 2D T2-prep FLASH imaging parameters were: TR/TE = 3.3/1.4 ms; flip angle = 12; FOV = 220 mm ×220 mm; in-plane resolution = 1.4 mm2 ×1.4 mm; slice thickness = 8 mm; T2 preparation times = 0, 35, and 55 ms. The IR-SE T1 protocol parameters were: FOV = 280 mm ×192 mm; in-plane resolution = 1.4 mm ×1.4 mm; slice thickness = 5 mm; TI = 150, 300, 500, 800, 1,200, 1,600, 2,000, and 4,500 ms. The SE-T2 protocol parameters were: FOV = 280 mm ×192 mm; in-plane resolution = 1.4 mm ×1.4 mm; slice thickness = 5 mm; TE = 15, 25, 45, 70, 100, 140, 180, 250, and 350 ms.

Linear regression, the Bland–Altman analyses, and intraclass correlation coefficients (ICC) with a two-way mixed model were performed on the vials with relevant T1 and T2 values (T1 <2,000 ms; T2 <120 ms) to evaluate the quantitative agreement between Multitasking and reference measurements. Pairwise t-tests were also performed to evaluate measurement biases, with a significance level of 0.05.



In-vivo Study

Healthy volunteer studies were approved by the institutional review board of Cedars-Sinai Medical Center. All subjects gave written informed consent before MRI. N = 10 human volunteers (3 men and 7 women, age 36.7 ± 12.3) were imaged on a 3T scanner (MAGNETOM Vida, Siemens) with an 18-channel body coil.

The 2D Multitasking-SMS pulse sequence imaged three short-axis slices over the left-ventricle, base, mid, and apex. It was applied twice to test scan-rescan repeatability. The scan parameters were the same as used in the phantom study. A 2-step fitting procedure was used to determine parameter maps. Step 1 estimates β and T2 from Eq. (6), and Step 2 uses the known β to fit T1 from the 3° recovery curve only, for which the Look–Locker effect is reduced.

The 2D single-slice multitasking (i.e., multitasking-SS) pulse sequence was also applied to sequentially image the same three short-axis slices. The scan parameters were: FOV = 270 ×270 mm (with two-fold readout oversampling, the acquired FOV = 540 mm ×540 mm); spatial resolution = 1.7 mm ×1.7 mm ×8 mm; TR/TE = 3.5 ms/1.6 ms; flip angle = 5; T2 preparation times = 0, 30, 40, 50, and 60 ms; recovery period = 2.5 s; scan time per slice = 1 min 31 s (4 min 33 s for 3 slices).

Reference 2D T1 maps with MOLLI and 2D T2 maps with T2-prep FLASH (1.4 mm ×1.4 mm ×8.0 mm) were acquired at both systole and diastole during end-expiration breath-holds and were also collected twice. The scan parameters of the reference sequences were the same as used in the phantom study.

T1 and T2 maps were segmented at the end-expiration respiratory and end-diastolic cardiac phases, using the AHA 16-segment model by drawing epi- and endocardial contours in commercially available software (CVI42; Circle Cardiovascular Imaging, Calgary, Alberta, Canada) (42).

Measurement of global and segmental myocardial T1/T2 in all healthy volunteers were compared between the Multitasking-SMS approach and the reference approaches. The pairwise t-tests were performed with a significance level of 0.05. Repeatability was evaluated using Bland–Altman analyses and coefficients of variation (CoVs) between the first and second scans of the proposed method and of reference methods. Global and segment-wise CoVs were calculated to assess repeatability. Global CoVs were calculated as the standard deviation of average Left Ventricle (LV) myocardial T1/T2 between two scans, divided by the mean T1/T2 for each subject, and were root-mean-square (RMS)-aggregated over all 10 subjects to provide an overall summary of global repeatability. Segment-wise CoVs were calculated as the standard deviation between two scans for each LV myocardial segment, and were first RMS-aggregated over segments to calculate the segment-wise CoV and divided by the mean T1/T2 for each individual subject; segment-wise CoVs between methods, with a significance level of 0.05. Segment-wise CoVs were then RMS-aggregated over all 10 subjects to provide an overall summary of segment-wise repeatability.

To determine the impact of dual-flip-angle SMS imaging on the accuracy and precision of multitasking measurements, pairwise t-tests were used to compare the segmental T1/T2 values, segment-wise Signal-to-noise ratio (SNR), and segment-wise SNR efficiency between Multitasking-SS and Multitasking-SMS. The segment-wise SNR was calculated as the mean T1/T2 within each segment divided by the voxelwise standard deviation of T1/T2 within that segment. SNR values were transformed into 3-slice SNR efficiency values by dividing by the square root of the total scan time required to collect 3 slices (4.5 min for Multitasking-SS and 3 min for Multitasking-SMS).



Materials and Software

All Multitasking image reconstructions were performed on a Linux workstation with a 2.90 GHz Intel Xeon processor in MATLAB 2018a (MathWorks, Natick, Massachusetts). Statistical analyses were performed using IBM SPSS Statistics (Armonk, New York, USA).




RESULTS


Phantom Results

Phantom T1 and T2 maps obtained from the 2D MOLLI, T2-prep FLASH, IRSE-T1, SE-T2, and the Multitasking-SMS approaches are shown in Figure 3. Table 1 summarizes the ICC and Paired t-test results between Multitasking-SMS/MOLLI/T2-prep FLASH and gold standard IRSE/SE measurements. Multitasking-SMS measurements and IRSE/SE measurements showed excellent agreement with ICC = 0.999 for both T1 and T2. All pairwise method comparisons showed statistically significant biases.


[image: Figure 3]
FIGURE 3. T1 and T2 measurements of the ISMRM/NIST phantom using the Multitasking-SMS method and the reference methods [modified look-locker inversion recovery (MOLLI), T2-prep FLASH methods; IRSE-T1 and SE-T2 methods]. 8 vials with T1 < 2,000 ms are used for T1 analysis, and 5 vials with T2 < 120ms are used for T2 analysis.



Table 1. Intraclass correlation coefficient (ICC) and P-values of the paired t-test for comparison analysis between cardiac mapping methods and the gold standard and reference values across vials in the ISMRM/NIST phantom.

[image: Table 1]

Scatter plots and Bland–Altman plots of the T1 and T2 values in the relevant vials are shown in Figure 4. T1 measurements from Multitasking-SMS and MOLLI were each highly correlated (R2 > 0.996) with the reference 2D IRSE-T1 acquisition. The 95% limits of agreement of the T1 values were 46.2 ± 74.1 ms for Multitasking-SMS and IRSE-T1, and −61.7 ± 41.9 ms for MOLLI and IRSE-T1. T2 measurements from Multitasking-SMS and T2-prep FLASH were also each highly correlated (R2 > 0.998) with the reference 2D SE-T2 acquisition. The 95% limits of agreement of the T2 measurements were −5.1 ± 4.1ms for Multitasking-SMS and SE-T2, and 3.9 ± 3.7ms for T2-prep FLASH and SE-T2.


[image: Figure 4]
FIGURE 4. (A) Both Multitasking-SMS and MOLLI showed high R2 values against inversion recovery spin echo (IRSE)-T1 in the linear regression. The T1 bias and limits of agreement were −46.2 ± 74.1ms for Multitasking-SMS and IRSE-T1, and −61.7 ± 41.9 ms for MOLLI and IRSE-T1. (B) Both Multitasking-SMS and T2-prep FLASH showed a high R2 value against SE-T2. The T2 bias and limits of agreement were −5.1 ± 4.1 ms for the Multitasking-SMS and SE-T2, and 3.9 ± 3.7 ms for T2-prep FLASH and SE-T2.




In-vivo Results

Figure 5 shows the cardiac and respiratory phases detected in the Multitasking-SMS framework in one subject. Motion videos are provided in Supplementary Videos 1, 2. T1 and T2 mapping results from 2D Multitasking-SMS, 2D Multitasking-SS, and reference methods in two healthy subjects (including 3 short-axis slices) are shown in Figure 6. Additional cardiac phases from Multitasking-SMS are shown in Supplementary Figures 1, 2. Example fitted B1+ field maps (β) and inversion efficiency maps (B) obtained from Multitasking-SMS are given in Supplementary Figure 6. Figures 7A,B show the mean T1/T2 values in each of the 16 AHA segments across all 10 healthy subjects as a bull's eye plot, for the Multitasking-SMS and the reference methods. The Bland–Altman plots in Figures 7C,D further compare the Multitasking-SMS T1 values with the reference T1 values estimated by MOLLI, and the Multitasking-SMS T2 values with the reference T2 values estimated by T2-prep FLASH. Both subject-wise (averaged from whole myocardium for each subject, 10 values) and segment-wise (averaged from all subjects for each segment, 16 values) T1/T2 measurements are compared between Multitasking-SMS and references. Supplementary Figure 3 shows these plots for all subject/segment combinations. Multitasking-SMS measured similar global T1 (1215 ± 91.0 ms) and T2 (41.5 ± 6.3 ms) values to MOLLI (1239 ± 67.5 ms) and T2-prep FLASH (42.7 ± 4.1 ms), with P = 0.347 and P = 0.296, respectively.


[image: Figure 5]
FIGURE 5. (A) Twenty cardiac phases are generated after the binning procedure. (B) Six respiratory phases are generated after the binning, the displayed images show the exhalation process. The green dash line represents the distance between the liver dome and the bottom of the image. The liver dome position approaches the bottom of the image during exhalation.



[image: Figure 6]
FIGURE 6. Comparison between T1/T2 maps obtained with the proposed 2D Multitasking-SMS, the original Multitasking-SS, and the standard MOLLI/T2-prep FLASH approaches in two healthy subjects. The acquired Multitasking T1/T2 maps were the same slice position as the reference maps acquired in the short axis.



[image: Figure 7]
FIGURE 7. (A,B) The 16-segment AHA model for the proposed Multitasking-SMS T1/T2 maps and the reference T1/T2 maps in the myocardium in all 10 healthy subjects. (C) The Bland-Altman plot compares the subject-wise global myocardium T1/T2 differences in 10 healthy subjects. (D) The Bland-Altman plot compares the segment-wise T1/T2 differences in 10 healthy subjects. The dash lines represent 95% limits of agreement, and the solid lines represent mean bias.


Additionally, Multitasking-SS T1/T2 mapping results were compared to the Multitasking-SMS measurements in Figure 8. Supplementary Figure 4 further shows the Bland-Altman comparisons for all subject/segment combinations. 2D single-slice Multitasking measured similar global T1 (1,191 ± 106.5 ms; P = 0.323) and higher T2 (51.6 ± 7.2 ms; P = 0.002) values compared to Multitasking-SMS T1/T2. The significant bias in T2 also exists between Multitasking-SS T2 and reference T2-prep FLASH measurements (P <0.001).


[image: Figure 8]
FIGURE 8. (A) The 16-segment AHA model for the 2D single-slice Multitasking T1/T2 maps in the myocardium in all 10 healthy subjects. (B) The Bland-Altman plot compares the subject-wise global myocardium T1/T2 differences between Multitasking-SS and Multitasking-SMS in 10 healthy subjects. (C) The Bland-Altman plot compares the segment-wise T1/T2 differences between Multitasking-SS and Multitasking-SMS in 10 healthy subjects. The dash lines represent 95% limits of agreement, and the solid lines represent mean bias.


The Bland–Altman plots in Figure 9 show the subject-wise and segment-wise scan-rescan repeatability of multitasking-SMS and reference T1/T2 measurements. Supplementary Figure 5 shows the Bland–Altman plots for all the subject/segment combinations. The RMS global CoVs of subject-wise T1/T2 values were 2.3% (multitasking T1), 4.4% (multitasking T2), 0.7% (MOLLI), 2.1% (T2-prep FLASH), respectively. The RMS segment-wise CoVs across all 16 segments' T1/T2 values in the 10 subjects were 4.7% (multitasking T1), 8.9% (multitasking T2), 2.4% (MOLLI), and 4.6% (T2-prep FLASH). Segment-wise CoVs were significantly larger for multitasking T1 than MOLLI T1 (P = 0.002), and significantly larger for multitasking T2 than T2-prep FLASH (P = 0.001).


[image: Figure 9]
FIGURE 9. The Bland–Altman plots comparing measurements from 1st and 2nd Multitasking-SMS scans and reference scans in subject-wise T1/T2 (A–D) and segment-wise T1/T2 (E–H). Multitasking-SMS T1/T2 repeatability analysis are shown in (A,C,E,G). Reference T1/T2 repeatability analysis are shown in (B,D,F,H). The dash lines indicate the 95% limits of agreement and the solid line indicates mean bias.


The average SNR of multitasking measurements were 11.9 (multitasking-SMS T1), 6.2 (multitasking-SMS T2), 6.0 (multitasking-SS T1), and 6.1 (multitasking-SS T2). The average 3-slice SNR efficiencies were 6.9 min−1/2 (multitasking-SMS T1), 3.6 min−1/2 (multitasking-SMS T2), 2.8 min−1/2 (multitasking-SS T1), and 2.9 min−1/2 (multitasking-SS T2). The pairwise t-tests showed that multitasking-SMS had significantly higher T1 SNR and T1/T2 SNR efficiency than multitasking-SS (P <0.001) and similar T2 SNR (P = 0.692).




DISCUSSION

In this study, a 2D SMS-accelerated, free-breathing, non-ECG, motion-resolved cardiac imaging method (i.e., multitasking-SMS) was introduced for simultaneous 2D myocardial T1/T2 mapping over three short-axis slices in 3 min. It represents several new developments that have not previously been a part of T1-T2 multitasking: (1) this is the first SMS acceleration with multitasking framework; and (2) the first use of a dual flip angle scheme interleaved with T2prep-IR blocks for B1+-robust T1-T2 mapping.

In the phantom study, the multitasking-SMS T1/T2 measurements and the typical cardiac mapping sequences MOLLI and T2-prep FLASH all showed statistically significant biases against the gold standard IRSE-T1 and SE-T2. For T1, multitasking-SMS and MOLLI both had small negative biases; for T2, multitasking-SMS and T2prep-FLASH had small biases in opposite directions (underestimation by multitasking-SMS and overestimation by T2prep-FLASH). All the comparisons showed ICC ≥ 0.999, reflecting high agreement with gold standard references.

In healthy volunteers, multitasking-SMS T1/T2 measurements reported similar myocardial T1/T2 values compared to the reference T1/T2 measurements in healthy volunteers. The T1/T2 estimations from all methods were in the normal range of many 3T MRI studies (43–45). Multitasking-SMS was less repeatable than MOLLI and T2-prep FLASH in healthy volunteers, but may be an attractive choice for mapping in subjects who cannot comply with breath-holds or for whom ECG triggering fails, or when co-registration between T1 and T2 maps is desired. Multitasking-SMS underestimated T2 and T2-prep FLASH overestimated T2 in the phantom, but they achieved similar T2 quantification in vivo. This may be related to the difference in T2-prep modules between multitasking-SMS and T2prep-FLASH (T2prep-IR vs. T2prep, respectively). These different modules may have different responses to motion, inhomogeneity, and flow that are present in the in vivo scans, which could change their behavior relative to the phantom scans.

2D multitasking-SS scans from our original work (5) were also applied sequentially on the same short-axis slice locations. Multitasking-SS T2 values were significantly shorter than both the Multitasking-SMS and the T2prep-FLASH T2 values—which were not significantly different from each other—indicating that dual-flip-angle Multitasking-SMS was more accurate for T2 mapping in vivo. T1 values were not significantly different, suggesting similar accuracy in T1. Regarding precision, the combination of SMS and dual-flip angle excitation significantly increased 3-slice SNR efficiency for both T1 and T2 vs. multitasking-SS. When traded for a 1.5 × reduction in 3-slice scan time (4.5 min to 3 min), this translated to the maintenance of T2 SNR and a 2.0 × boost in T1 SNR.

Multitasking-SMS could be a potential alternative to the conventional series of multiple T1 and T2 mapping scans in clinical studies. Conventionally, each quantitative parameter (i.e., T1/T2) is typically mapped using one breath-hold per 2D slice. As a result, 3 slices (base, mid, apex) of native T1, and T2 at diastole phase would require 6 breath holds. In a typical scenario, 3-slice T1 and T2 mapping could take ~3 min assuming a ~20 s gap between each scan for the patient to recover from the breath-hold while the technologist sets up the next scan. With an experienced MR operator, the gap can often be reduced to ~10 s and would take a total scan time of 2 min. However, shorter breath-hold recovery times may increase the likelihood of a repeat scan due to patients' difficulty in complying with breath-holds, which could then extend exam time. In our experiments, six breath-hold scans required 4–6 min. The proposed 2D CMR Multitasking-SMS removes this variability by offering a fixed 3-min scan, with the added benefits of push-button simplicity (no trigger delay times or cardiac acquisition windows to set up), free-breathing acquisition, and no ECG dependence. Further, Multitasking-SMS may have the opportunity to be extended to collect more slices in the heart with a multiband factor of 3 or more in the future.

SMS acceleration techniques have been adopted in other quantitative cardiac MRI studies (45, 46), but their data acquisition still requires breath-holding and/or ECG triggering. Multitasking-SMS is a promising free-breathing and non-ECG technique, which has tremendous potential in enhancing patient comfort, lowering technologist burden, and increasing scanner throughput. However, Multitasking-SMS also has some limitations. Qualitatively, T1 and T2 maps show some blurring, which may be due to unresolved motion or over-regularization during the reconstruction. This blurring is especially noticeable in systolic phases, although this cardiac phase is not standard for T1 and T2 analyses. A higher in-plane resolution can potentially be used to reduce the artifacts at the sacrifice of extending the scan time. Second, the reconstruction time was 2–3 h for each data acquisition, which is too long for online reconstruction in the clinic. Deep neural networks have shown promise for accelerating cardiac Multitasking reconstruction, cutting spatial factor estimation time by several orders of magnitude (47). A similar application of deep learning to the Multitasking-SMS sequence could potentially bring image reconstruction times within the clinically applicable range. Lastly, this study only evaluated Multitasking-SMS in healthy volunteers to demonstrate the feasibility of the technique. A larger study in patients is warranted.

In summary, SMS Multitasking provides co-registered T1 and T2 maps at the base, mid, and apex short-axis slices without ECG or breath-holding, all in one 3-min scan. T1 and T2 values agreed with reference measurements in a phantom and in vivo, and were repeatable in vivo. This new method improved T2 accuracy and T1 precision over the original Multitasking T1/T2 mapping method while maintaining T1 accuracy and T2 precision. The method shows potential for reducing exam time and setup time for quantitative CMR.
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