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Abstract

Purpose—We aimed to develop a novel free-breathing cardiac diffusion tensor MRI (DT-MRI) 

approach, M2-MT-MOCO, capable of whole left ventricular coverage that leverages second order 

motion compensation (M2) diffusion encoding and Multitasking (MT) framework to efficiently 

correct for respiratory motion.

Methods—Imaging was performed in 16 healthy volunteers and 3 heart failure patients with 

symptomatic dyspnea. The healthy volunteers were scanned to compare the accuracy of 

interleaved multi-slice coverage of the entire left ventricle with a single-slice acquisition and the 

accuracy of the free-breathing conventional MOCO and MT-MOCO approaches with reference 

breath-hold (BH) DT-MRI. Mean diffusivity (MD), fractional anisotropy (FA), helix angle 

transmurality (HAT) and intra-scan repeatability were quantified and compared.

Results—In all subjects, free-breathing M2-MT-MOCO DT-MRI yielded diffusion-weighted 

images of the entire left ventricle without bulk motion-induced signal loss. No significant 

differences were seen in the global values of MD, FA, and HAT in the multi-slice and single-slice 

acquisitions. Furthermore, global quantification of MD, FA, and HAT were also not significantly 

different between the MT-MOCO and BH, while conventional MOCO yielded significant 
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differences in MD, FA, and HAT with MT-MOCO and FA with BH. In HF patients, M2-MT-

MOCO DT-MRI was feasible yielding higher MD, lower FA, and lower HAT compared with 

healthy volunteers. Substantial agreement was found between repeated scans across all subjects for 

MT-MOCO.

Conclusion—M2-MT-MOCO enables free-breathing DT-MRI of the entire left ventricle in 10 

minutes, while preserving quantification of myocardial microstructure compared to breath-held 

and single-slice acquisitions and is feasible in HF patients.

Keywords

Diffusion tensor MRI; cardiac magnetic resonance; motion correction; Multitasking; low rank 
tensor; myocardium; microstructure

INTRODUCTION

Diffusion tensor MRI (DT-MRI) is a powerful technique capable of resolving the 

architecture of cardiomyocytes in the heart (1–3) and characterizing the microstructural 

properties of the myocardium (4–6). The most widely used approach for cardiac DT-MRI 

involves a diffusion-encoded stimulated echo (STE) which has been used to detect changes 

in myocardial microstructure in ischemic injury and cardiomyopathy (7–12). However, if not 

ameliorated, STE DT-MRI is vulnerable to strain contamination (11,13). In addition, two 

adjacent heartbeats are required to generate a signal, limiting efficiency and complicating the 

use of conventional free-breathing techniques (14,15). Thus, multiple breath-holds are 

conventionally used which greatly reduces the potential for full anatomical coverage and 

places a significant burden on the patient.

Recent technical advances (16–18) have demonstrated that in vivo DT-MRI of the heart can 

be performed on clinical scanners using spin echo diffusion encoding and a second-order 

motion compensated gradient scheme (M2). A key advantage of the M2 spin echo over STE 

techniques is the ability to acquire diffusion encoded data in a single heartbeat. 

Consequentially, free-breathing acquisitions can be performed using conventional 

prospective navigator gating at every heartbeat (16). However, prospective navigator gating 

has limited efficiency (14,19), prolonging already lengthy scan times, and can result in the 

loss of steady state conditions. In contrast, retrospective respiratory motion correction 

(MOCO) can overcome these limitations and has been successfully implemented for late 

gadolinium enhanced (LGE) imaging and T1 mapping (20,21). These studies have shown 

that conventional MOCO in the short-axis plane is highly effective in correcting in-plane 

motion and shows a high degree of tolerance to low levels of through-plane motion.

We aimed here to implement a novel retrospective MOCO approach to mitigate respiratory 

motion in free-breathing cardiac DT-MRI and compare it with i) a standard breath-holding 

approach and ii) conventional MOCO algorithms. We present a modification to the motion 

correction paradigm, conceptually proposed in previous coronary MR angiography work 

(22–25), and tailor the approach specifically to in vivo M2 spin echo DT-MRI. Using a low-

rank tensor approach, facilitated by Multitasking (26), we show that 100% of the acquired 

data can be utilized to efficiently separate respiratory motion from diffusion contrast over the 
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entire respiratory cycle. We hypothesized that the Multitasking MOCO (MT-MOCO) 

approach when combined with i) a modified spatially selective 2D RF excitation pulse and, 

ii) a multi-slice interleaved zoomed single shot EPI (z-EPI) readout (27), would allow free-

breathing DT-MRI of the entire left ventricle (LV) to be performed in <15 minutes by 

acquiring a diffusion-weighted measurement at every heartbeat. To demonstrate the 

feasibility of this approach, DT-MRI was performed in a cohort of healthy human volunteers 

and in a small group of patients with heart failure and symptomatic dyspnea.

METHODS

Pulse Sequence Design

The 2DRF zoomed single shot echo planar imaging (z-EPI) (27) has several benefits 

conducive for cardiac imaging over conventional full FOV single shot EPI including a 

minimized temporal footprint (20 ms), improved spatial resolution, and reduced geometric 

distortion (Figure 1). The minimized temporal footprint also reduces blurring due to cardiac 

motion during the systolic acquisition. The 2DRF excitation pulse also has the added 

advantage of imaging subjects with high body-to-mass index since only a small FOV around 

the myocardium is excited. More importantly, 2DRF excitation facilitates a time-efficient 

interleaved multi-slice acquisition since only the reduced volume is excited in-plane. This is 

in contrast to conventional cross-pair inner volume excitation, which saturates the entire 

stack of slices for each single-slice acquisition. Diffusion encoding in the heart was achieved 

with B1-resistant second-order motion compensation (M2) spin echo (16), with max 

gradient amplitudes (80 mT/m) and half max gradient slew rates (100 mT/m/ms).

Through-plane motion, if severe enough, can cause cross-talk between slice excitations for 

multi-slice interleaved acquisitions resulting in significant errors in quantification. However, 

if a slice were to fully recover before it moves into its neighboring slice location, then cross-

talk can be mitigated. Assuming normal myocardial T1, T2, and mean diffusivity at 3T 

(1280ms (28), 40ms (29), and 1.2 um2/ms (18) respectively), the T1 recovery over 4RR 

would account for ~90% signal recovery for a heart rate of 80 beats-per-minute (TR ~ 

2.34T1), which would fully recover the signal loss incurred from T2 and diffusion decay 

(~90% loss). Consequentially, the proposed multi-slice interleaved reordering scheme 

acquired a single slice at each RR such that slices would recover over at least 4RR intervals 

before an adjacent slice was acquired again (e.g. sliceindex = (sliceindex-1 + NTR) % Nslices + 

floor((index) / NTR −1)) for index = 1, 2, 3, … etc. For NTR = 4 and Nslices = 12, sliceindex = 

1, 5, 9, 2, 6, 10, 3, 7, 11, 4, 8, 12 and index = 1–12). This optimized scheme ensures that the 

adjacent slice is fully recovered, and the assumed mono-exponential diffusion signal model 

is valid. However, the optimized scheme does not address the potential impact of motion-

induced blurring on the estimated self-diffusion tensor in the through-plane direction.

Retrospective Motion Correction for DT-MRI Parameter Mapping

Conventional Retrospective Respiratory Motion Correction (MOCO)—
Conventional retrospective respiratory motion correction (MOCO) has been performed for 

motion correction using a mutual information optimizer for T1 mapping (21), LGE (20), and 

T2 mapping (29). Conventional MOCO requires a target image which is typically the first 
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image in the acquired series for a given slice. To match respiratory phases on other slices, 

manual selection of targets for each slice is required, which for this study was the end 

expiratory phase.

MOCO was applied to the raw, uncorrected DT-MRI dataset by first cropping along the 

readout direction and then up-sampling to a final 256×256 matrix from the acquired 167×55 

matrix. Cropping the image around the LV and up-sampling the matrix improves 

convergence of the co-registration by limiting the region of interest to the myocardium and 

increasing the number of input pixels. Each image for a given slice was then co-registered to 

the target image (end respiration) using open source software (Elastix (30)) that applies an 

affine transformation and then a non-rigid transformation optimized for mutual information. 

The process is repeated for all slices resulting in a total of Nslices × (NDWI −1) × Navg = 612 

co-registrations, where Nslices, NDWI, and NAVG are defined as number of slices, number of 

diffusion weighted images, and number of averages, respectively. Total computation time for 

the 612 registrations was 582 min for a single core Intel Xeon 3.0GHz CPU and 48min 

when parallelized across 12 cores.

Multitasking-based Retrospective Respiratory Motion Correction (MT-MOCO)
—Multitasking-based respiratory motion correction (MT-MOCO) minimizes the amount of 

co-registration needed by conventional MOCO (i.e. registering every image to a single 

reference) and overcomes the limitations introduced by contrast differences due to diffusion 

weighting which are inadequately addressed with multimodal image registration (e.g. mutual 

information). Instead, MT-MOCO uses low-rank tensor (LRT) modeling and a Multitasking 

framework (26) to cluster the acquired diffusion-weighted images into respiratory bins 

generating a diffusion-matched template image for each bin. LRT aims to recover the 

respiratory phases and model the acquired images with a low-rank tensor over the 

dimensions of space, diffusion encoding directions, and respiratory phases. Using the LRT 

framework, we can use k-means clustering to generate respiratory bin templates without 

being confounded by the image differences due to diffusion contrast. Then, the respiratory 

motion correction problem then reduces to determining the co-registration transforms of the 

respiratory bin templates for each slice (i.e. Nslice × Nbin) as opposed to each individually 

acquired diffusion-weighted image (i.e. Nslice × NDWI × Navg). Another inherent advantage 

of MT-MOCO is that assuming every slice is imaged throughout the entire breathing cycle, 

all slices will automatically be co-registered to the same respiratory position without having 

to manually select the respiratory phase for each slice, which potentially allows for long axis 

reformatting and more coherent through-plane tractography.

The generalized framework behind MT-MOCO has been recently described (26) but can be 

briefly summarized in three major steps (Figure 2): 1) regress out the features related to 

diffusion contrast to obtain low rank images featuring only respiratory motion shifts, 2) bin 

the templates into respiratory bins and 3) co-register each respiratory bin to a reference 

respiratory bin. Before applying MT-MOCO, the NDWI × Navg acquired images, A, are 

cropped and up-sampled following the same steps performed for conventional MOCO. The 

acquired images, A, depict variable diffusion weighting, diffusion direction, and respiratory 

motion. To perform respiratory clustering, the impact of diffusion was regressed away from 
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the acquired images to produce low rank images AR featuring only respiratory motion shifts. 

This respiratory-only (Nx × Ny) ×NDWI ×Navg image tensor AR was estimated from the LRT 

decomposition of the identically-sized acquired image tensor A using a high order singular 

value decomposition (HOSVD) (31). We express A in the Tucker (32) form in Equation 1:

A = Φt×1Φxy

Φt = G×2ΦDWI×3Φavg (Eq. 1)

where Φxy
Nx × Ny × L1 is the image basis matrix and Φt

L1 × NDWI × Navg is the temporal 

factor tensor, the latter of which comprises the Tucker core tensor GL1 × L2 × L3, the 

diffusion basis matrix ΦDWI
NDWI × L2, and the multiple-average basis matrix Φavg

Navg × L3. Note 

that Li is the rank for a given basis matrix, and xm is the mth mode tensor to matrix product, 

and A is said to be rank-(L1, L2, L3) (31). HOSVD was performed using the open-source 

Tensor Toolbox (www.tensortoolbox.org) in Matlab (Mathworks, Natick, MA) (33). By 

choosing a sufficient reduction in rank, L1 (the dimensionality of the overall temporal factor 

Φt), higher-order temporal dynamics can be removed from A. Because b-value dominates 

the difference between various images for in vivo DT-MRI, reconstructing A with the lowest 

rank L1 = 1, AL1 = 1, primarily isolates b-value changes (Figure 2B, Supporting Information 

Video S1). With increasing rank L1, more temporal features of the original acquired images, 

A, can be realized and compounded with the lower rank features. For example, for free-

breathing cardiac DT-MRI, reconstruction of A with L1 = 2, AL1 = 2, reveals inclusion of 

respiratory position shifts in addition to the b-value changes found in AL1 = 2 . A

reconstructed with L1 = 10, AL1 = 10, starts to reveal diffusion contrast predominantly 

influenced by diffusion gradient direction. Reconstruct of A with full rank L1 = NDWI × 

Navg will result in the original acquired image, A. Because the truncated tensor AL1 = 2, 

primarily depicts only b-value changes and respiratory shifts, it only requires b-value 

correction in order to be useful for respiratory binning. The b-value changes also dominate 

ΦDWI
L2 = 1

 (the first basis vector in ΦDWI), so rescaling the truncated rank-(2, L2, L3) tensor 

according to ΦDWI
L2 = 1

 results in images featuring only respiratory motion shifts, AR:

AR = Φt×1Φxy
L1 = 2

Φt = GL1 = 2×2 ΦDWI
L2 = 1 +

ΦDWI ×3Φavg (Eq. 2)

where realizing ΦDWI
L2 = 1

 is a vector, the b-value correction matrix is defined as 

ΦDWI
L2 = 1 +

= diag ΦDWI
L2 = 1 −1

.
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Finally, AR images were clustered into Nbin respiratory bins (Nbin = 6) using a k-means 

clustering algorithm and reordered from end expiration to end inspiration respiratory phases 

along a fitted line through the cluster centroids. The k-means clustering was initialized with 

a random solution and 100 replicates were performed to avoid local minima. Finally, the AR
images closest to the k-means cluster centroids were used as Nbin respiratory template 

images with one template for each respiratory bin. The Nbin template images were co-

registered to the end expiratory template image using the same open source software (Elastix 

(30)) used for conventional MOCO. After calculation of the Nbin co-registration transforms, 

represented with the deformation fields T, each of the original acquired images was motion-

corrected by directly applying the known transformation from the appropriate bin to which 

that image was assigned for each slice (Total computation time for all slices = 62 min on a 

single core Intel Xeon 3.0GHz CPU and 5 min when parallelized across 12 cores). All the 

acquired images in this scheme are used without any a-priori rejection of data. Note that 

because Φxy is orthonormal when calculated from the HOSVD, and therefore does not 

impact Euclidean distance calculations, k-means clustering produces identical results 

whether clustering AR = Φt×1Φxy
L1 = 2 or whether directly clustering Φt.

DT-MRI Parameter Quantification—Following respiratory motion correction, pixel-

wise values of mean diffusivity (MD), fractional anisotropy (FA), and helix angle (HA) were 

calculated using custom software (16) in Matlab (Mathworks, Natick, MA). Tensor 

reconstruction was calculated using a modified weighted least squares fit (34), where the 

weights are derived from the inverse of the regularized norm of the transformation matrix 

calculated from MT-MOCO given by:

y = Xβ + ε (Eq. 3)

β = XTW X −1XTW y (Eq. 4)

y = ln S1 ln S2 … ln SN T

β = Dxx Dyy Dzz Dxy Dxz Dyz ln S0 T

ε = ε1 ε2 … εN T
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0 ρ2 0 ⋮
⋮ 0 ⋱ 0
0 ⋯ 0 ρN

ρi = 1
1 + Ti 2

2

where equation 4 solves the least squares representation of solving for the array (β) of the 

desired diffusion coefficients (D) in Equation 3. y defines the vector of acquired diffusion-

weighted signals (Si) with noise (ε) for each pixel and DW image (i ∈ [1, N]), X defines the 

design matrix of matching diffusion gradient encodings (Gi) weighted by b-value (b), and W 
defines the weighting matrix of the regularized inverse norm. The latter is formed by the 

diagonal coefficients ρi, computed with the displacement vector Ti, calculated from MT-

MOCO for each voxel and DW image, i.

After calculating diffusion coefficients at each pixel, eigenvalue decomposition yielded 

eigenvectors to calculate cardiomyocyte orientation and eigenvalues to calculate MD and FA 

(35). HA was calculated using the same geometric definition as Streeter, et al (36), with the 

local tangent vector, u, being defined from the center of mass of the LV blood pool to the 

voxel of interest for each short axis slice.

The left ventricle (LV) was manually segmented for the mean LV estimates of MD and FA. 

Mean LV HA transmurality (HAT, or the slope of mean HA vs transmural depth) was 

measured in lieu of the mean LV HA. For each short axis slice, HAT was calculated by 

automatically segmenting the LV into five transmural concentric rings, following which the 

slope was extracted from the linear regression of the mean HA for each ring against the 

transmural depth.

In vivo Imaging

Scanning was performed on a 3T clinical MRI system (MAGNETOM Prisma, Siemens 

Healthineers, Erlangen, Germany), equipped with an 80mT/m gradient system and a 

standard 32-channel antero-posterior surface coil. Imaging was performed in 16 healthy 

volunteers (8 females, 25±15 years old, heart rate = 58±13 BPM) and 3 subjects with 

symptomatic dyspnea (2 females, 75±14 years old, heart rates = 81±15 BPM), recruited 

from the heart failure (HF) clinic at the MGH. All subjects provided written consent in 
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accordance with a research protocol approved by the institutional review board of the 

Massachusetts General Hospital. Localizers and bSSFP CINE imaging were performed 

before DT-MRI with the following parameters: TR/TE = 3.4/1.6ms, α = 50°, 35 cardiac 

phases, 1.4 × 1.4 × 6mm3). Additionally, single shot bSSFP images in the 4-chamber 

orientation were acquired under free-breathing conditions to assess the amount of through-

plane respiratory motion. For all DT-MRI acquisitions, single shot M2 z-EPI was used with 

the following parameters: 1 b0, 12 directions at b = 500 s/mm2, diffusion preparation time = 

61ms, 1.8×1.8×8mm3, 1/3 reduced FOV, 2DRF pulse duration = 18.87ms, FOV = 300mm, 

Matrix=167×55, echo spacing = 0.53ms, EPI readout duration = 22ms, Partial Fourier = 6/8, 

TE=72ms, 4 averages. To determine the accuracy of the multi-slice free-breathing approach, 

single-slice and breath-hold acquisitions were also performed. The number of slices (Nslices), 

TR, number of diffusion weighted images (NDWI), and number of averages (NAVG) in the 

acquisitions were varied as outlined below (Table 1). CINE imaging and a scout trigger DT-

MRI acquisition were used to manually determine the optimal trigger delay during end 

systole.

In the cohort of healthy volunteers, four DT-MRI protocols were performed to test various 

aspects of the proposed technique in a 70-minute scan (Table 1):

i. Free-breathing whole LV interleaved multi-slice with 12RR TR (MS-12RR): The 

proposed technique employed an interleaved multi-slice acquisition with a single 

slice being acquired during each RR interval (Figure 1). Twelve short axis slices 

were acquired to cover the entire LV. Consequentially, TR was set to 12RR with 

a total predictable scan time of (number of slices) × (number of diffusion-

weighted images) × (number of averages) = Nslices × NDWI × NAVG = 624RR.

ii. Free-breathing single-slice with 12RR TR (SS-12RR): To test the effect of the 

optimized interleaved multi-slice acquisition, a free-breathing single-slice 

acquisition was performed at the basal, mid, and apical positions in the LV, using 

the same parameters as the MS-12RR protocol above. Note each short axis slice 

was allowed to recover 12RR before the next short axis slice was acquired to 

match TR between the MS-12RR and SS-12RR protocols.

iii. Breath-held single-slice with 1RR TR with (SS-1RR-BH): To compare the 

impact of free-breathing, reference breath-hold scans at basal, mid, and apical 

slices were acquired over 8 breath-holds, with each breath-hold acquiring a 12 

direction DT-MRI dataset and a b0 image. A TR of 1RR interval was used to 

keep the breath-hold under 20 seconds. The subject was allowed to recover from 

each breath-hold for 13RR.

iv. Free-breathing single-slice with 1RR TR (SS-1RR): Analogous to the SS-1RR-

BH protocol but performed under free-breathing conditions with the same TR of 

1RR.

In the healthy volunteers, the MS-12RR scan was performed a second time, at the end of the 

scan slot to assess the accuracy and repeatability of the approach. In addition, the cohort of 

patients with heart failure were imaged with the MS-12RR protocol twice in a single scan 

session, with the two acquisitions separated by at least 30 minutes. This allowed the 
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technical feasibility and repeatability of the MT-MOCO approach to be tested in subjects 

with erratic and irregular breath-hold patterns.

Image Analysis

LV Segmentation and Sharpness Comparisons—LV epicardial and endocardial 

borders were manually segmented in the conventional MOCO and MT-MOCO datasets to 

quantify the total LV area of mis-registration compared across all slices with reference to the 

b0 images. The reference b0 images were chosen for each slice from the end respiratory bin 

selected during MT-MOCO co-registration and were set as the target image for each slice. 

The final LV mask was split into 16 American Heart Association (AHA) segments for 

regional analysis.

LV sharpness of the mean image across all diffusion-weighted images (DWIs) was 

compared for conventional MOCO, MT-MOCO, and breath-hold reconstructions defined by 

the inverse of the distance of the 20–80% of the maximum signal intensity (37) at the lateral 

and septal walls of the LV along a line defined by the midpoint of each wall and the center 

of mass of the blood pool. The sharpness measurement was used LV sharpness was 

calculated for all slices for SS-1RR and SS-1RR-BH protocols and averaged for a global 

value.

Through-plane Displacement Maps—Displacement maps were created to assess the 

impact of through-plane motion on the MT-MOCO DT-MRI approach. ECG triggered single 

shot SSFP images, acquired in the 4-chamber view of the LV during free-breathing, were 

used as input to reconstruct time-resolved voxelwise displacement maps in the slice-

encoding direction using conventional feature tracking (38).

Statistics—Wilcoxon-signed rank statistics were performed to test for significant 

differences with significance defined as p<0.05 unless otherwise specified above. To test for 

repeatability, Bland-Altman plots (39) and intra-class correlation (ICC) (40) were analyzed. 

For AHA segmental analysis, we performed a one-way Kruskal-Wallis to test for differences 

between segments. When multiple comparisons were made a Bonferroni correction was 

performed reducing the significance level of p < 0.05 to p < 0.05 / (number of comparisons). 

Results are reported in median and interquartile range (IQR = 75% quartile - 25% quartile) 

expressed as median [IQR].

RESULTS

In all subjects, the free-breathing M2 MT-MOCO technique yielded raw DWIs of the entire 

LV without bulk motion-induced signal loss (Figure 3 and Supporting Information Figure 

S1). DT-MRI parameter maps were relatively uniform across all slices with no major 

striping artifacts seen in the long axis view due to possible through-slice motion and no 

significant differences among AHA segments across all healthy volunteers for MD, FA, and 

HAT. The HA maps revealed a smooth transition in HA from endocardium to epicardium, 

which could be visualized in both short axis and long axis views.

Nguyen et al. Page 9

Magn Reson Med. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The quality of the MS-12RR images was equivalent to the images acquired with the 

SS-12RR approach under free-breathing acquisition. A comparison of the MS-12RR and 

SS-12RR protocols is shown in Figure 4. No regional differences were observed between the 

two protocols in the basal, mid, and apical slices. In addition, no significant differences were 

seen in the global values of MD (MS-12RR: 1.28 [0.18] μm2/ms; SS-12RR: 1.21 [0.15] 

μm2/ms, p = ns), FA (MS-12RR: 0.29 [0.06]; SS-12RR: 0.29 [0.06], p = ns), and HAT 

(MS-12RR: 1.11 [0.12] °/%; SS-12RR: 1.12 [0.15] °/%, p = ns) in the multi-slice and single-

slice approaches. Further analysis revealed significant correlation (ICC = 0.82, 0.89 and 

0.86, respectively) and minimal bias (bias % = 0.36%, 0.55%, and −0.24%) for the global 

MD, FA and HAT values. Bland-Altman plots also showed no apparent errors in the data 

distribution ruling out type 1 (proportional error trend) and 2 (inconsistent variability) errors 

{Riffenburgh:2012vz}. A regional analysis of MD, FA and HAT values at the base, mid-LV 

and apex also showed no significant differences and strong agreement (Table 2). Average 

scan times for MS-12RR and SS-12RR were 10.2 [1] min and 32.4 [3] min respectively with 

average heart-rate of 64 [8] BPM.

Comparison of the SS-1RR-BH and SS-1RR protocols yielded no significant increase in LV 

mis-registration area and no significant difference in sharpness between the MT-MOCO 

(epicardium misregistration area: 100 [18] mm2; sharpness: 0.40 [0.09] mm−1; endocardial 

misregistration area: 93 [15] mm2; sharpness: 0.43 [0.07] mm−1) and breath-hold 

reconstructions (epicardium misregistration area: 92 [14] mm2; sharpness: 0.45 [0.09] mm
−1; endocardial misregistration area: 80 [11] mm2; sharpness: 0.45 [0.09] mm−1) (Figure 5). 

For conventional MOCO, a significant (46%; p < 0.025) increase in LV mis-registration area 

and decrease (31%; p < 0.025) in sharpness were found (epicardium misregistration area: 

135 [29] mm2; sharpness: 0.28±0.06mm−1; endocardial misregistration area: 115 [14] mm2; 

sharpness: 0.33 [0.12] mm−1) compared to breath-hold reconstructions. MT-MOCO 

exhibited significantly (p < 0.05) less LV mis-registration area and improved sharpness when 

compared to conventional MOCO. Both conventional MOCO and MT-MOCO yielded 

significant (p < 0.05) decrease in LV mis-registration area and increase in sharpness when 

compared to naïve free-breathing reconstruction (epicardium misregistration area: 272 [31] 

mm2; sharpness: 0.14 [0.04] mm−1; endocardial misregistration area: 234 [16] mm2; 

sharpness: 0.14 [0.02] mm−1).

Global quantification of MD (SS-1RR-BH: 1.23 [0.18] μm2/ms; SS-1RR-MT-MOCO: 1.26 

[0.14] μm2/ms, p = ns), FA (SS-1RR-BH: 0.31 [0.05]; SS-1RR-MT-MOCO: 0.30 [0.06], p = 

ns), and HAT (SS-1RR-BH: 1.11 [0.14] °/%; SS-1RR-MT-MOCO: 1.10 [11] °/%, p = ns), 

revealed significant agreement (ICC = 0.78, 0.91, and 0.78, respectively) and minimal bias 

(bias % = 2.17%, 2.45%, −0.39%, respectively) between the MT-MOCO and breath-hold 

reconstructions (Figure 6 and Supporting Information Figure S2). Bland-Altman plots also 

showed no apparent errors in the global parameter values, ruling out type I and II errors, and 

no regional differences between the breath-hold and MT-MOCO reconstruction (Table 2). 

However, as shown in Table 2, conventional MOCO resulted in significant differences in 

global FA (SS-1RR-MOCO: 0.39 [0.15]; p < 0.025) compared with breath-hold 

reconstruction while MD (SS-1RR-MOCO: 1.33 [0.27] μm2/ms, p = 0.04) and HAT 

(SS-1RR-MOCO: 0.95 [0.25] °/%, p = 0.04) were not significantly different despite a 

moderate bias (19.4% and −13.3%, respectively). The correlation between MT-MOCO and 
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the gold-standard SS-1RR-BH acquisition was also significant (p < 0.025) for MD, FA, and 

HAT, while the correlation between conventional MOCO and SS-1RR-BH was not 

significant for MD (p = 0.04), FA (p = 0.03), and HAT (p = 0.67). In addition, computation 

time for MT-MOCO (total = 5.2 [0.14] min, LRT = 59.3 [1.5] sec, k-means clustering = 11 

[0.65] sec) was 9.4x less than conventional MOCO (48.5 [6] min) across all subjects.

The potential impact of through-plane motion on MT-MOCO is shown in Figure 7, where 

through-plane motion has been measured by feature tracking. The apical slices exhibited the 

most through-slice motion (2.7 [6.9] mm) compared with the base (1.5 [3.9] mm) and mid 

(0.84 [4.2] mm) slices (Figure 7). Long axis reconstruction of the 2D data did not reveal any 

significant striping or slice mismatch due to through-slice motion. In addition, no significant 

differences were found for MD, FA, and HA across all slices except the most apical slice 

between free-breathing MT-MOCO and breath-holding acquisitions (bias = 0.153 um2/ms, 

0.212, and −0.126 deg/%; all p < 0.05).

The MS-12RR whole LV protocol was successfully completed in all subjects with heart 

failure, demonstrating the feasibility of the approach in subjects with irregular and erratic 

respiratory patterns (Figure 8 and Supporting Information Figure S3). The repeatability of 

M2 MT-MOCO (MS-12RR protocol) between the first and repeat scans was high. No 

significant differences were seen across all subjects in any of the measured parameters: MD 

(scan 1: 1.22 [0.14] μm2/ms; scan 2: 1.23 [0.16] μm2/ms, p = ns), FA (scan 1: 0.27 [0.06]; 

scan 2: 0.27 [0.06], p = ns), and HAT (scan 1: 1.15 [0.11] °/%; scan 2: 1.12 [0.14] °/%, p = 

ns). Correlation analysis showed substantial agreement between the two scans (ICC = 0.85, 

0.93, and 0.92 respectively) and minimal bias (bias % = −0.90%, 0.21%, and −0.44%, 

respectively). Trends towards higher MD (ΔMD scan 1: 16.1%; scan 2: 18.3%, p = ns), 

lower FA (ΔFA scan 1: −30.1%; scan 2: −32.8%, p = ns), and reduced HAT (ΔHAT scan 1: 

−23.7%; scan 2: −22.0%, p = ns) were seen in the heart failure cohort compared to healthy 

volunteers, which was powered primarily to demonstrate the feasibility of the technique. 

Importantly, the repeatability of the data in the subjects with heart failure was also high with 

substantial agreement in MD, FA and HAT values (ICC = 0.72, 0.82, 0.72, respectively) and 

minimal bias (bias % = 1.51%, 1.12%, and −0.68% respectively) between the two scans.

DISCUSSION

We present a novel free-breathing cardiac DT-MRI technique (M2-MT-MOCO) capable of 

whole LV acquisition in less than 15 minutes. The approach was based on the use of an 

optimized multi-slice interleaved single shot 2D RF z-EPI readout, second-order motion 

compensated (M2) diffusion encoding, and retrospective MT-MOCO. MT-MOCO was 

introduced as a novel approach to efficiently correct in-plane respiratory shifts and the 

calculated co-registration transforms can also be used as priors for the reconstruction of the 

self-diffusion tensor. The combination of these technologies facilitated 100% data utilization 

and predictable scan times dependent on a fixed number of RR intervals. Furthermore, MT-

MOCO reduced computation time compared with conventional MOCO by over 9-fold 

across all subjects due MT-MOCO only determining motion registration transforms for each 

bin following an expected reduction of approximately Navg × NDWI / Nbins. Most 

importantly, we demonstrate that M2 MT-MOCO can preserve DT-MRI parameter 
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quantification, including MD, FA, and HA, under free-breathing conditions more accurately 

than conventional MOCO and with similar accuracy to breath-hold DT-MRI.

One of the limitations of the M2-MT-MOCO DT-MRI technique is that it only corrects for 

in-plane motion and, consequentially, the degree of through-plane motion must be 

sufficiently low. However, with the technique used in this study, respiratory motion would 

not result in bulk motion-induced signal corruption of the diffusion contrast due to M2 spin 

echo diffusion encoding, but instead would result in pixelwise shifts and mismatch if 

uncorrected. MT-MOCO is well poised to correct in-plane pixelwise misregistration due to 

in-plane shifts being detected and characterized with an LRT model in the acquired 2D 

image. However, through-plane motion cannot be corrected due to the lack of through-plane 

encoding (i.e. 3D vs 2D phase encoding). Thus, an optimized slice interleaving scheme was 

implemented to allow for neighboring slices to be acquired after at least 4RR recovery, 

which would at least mitigate crosstalk due to incomplete T1 recovery. Previous free-

breathing DT-MRI acquisition using prospective slice following to correct for through-slice 

motion has already been investigated (5). While head-to-foot motion during respiration was 

found to be on the order of the acquired slice thickness (8–10mm), though-plane motion in 

this study along the long axis of the heart was notably less (base: 0.84 [4.2] mm; mid: 1.5 

[3.9] mm; apex 2.7 [6.9] mm) across all subjects (Figure 7). Consequently, long axis 

reconstruction of the 2D data did not reveal significant striping or other artifacts due to slice 

mismatch and/or crosstalk related to through-plane motion. These results are consistent with 

previous findings (20,21), in which through-plane motion was found to be minimal in the 

short axis orientation compared with long axis orientation for slices with 6–10mm thickness. 

Furthermore, no significant differences in MD, FA, and HA were seen between free-

breathing MT-MOCO and breath-holding acquisitions except at the most apical slice 

location. Future improvements to the proposed sequence could easily integrate prospective 

slice-following, which would likely minimize any residual errors in the apical slice and 

allow for thinner slice thicknesses.

Another limitation of the M2-MT-MOCO DT-MRI paradigm involves the assumption that 

the dominating features of the acquired images are generated solely from diffusion-weighted 

contrast and thus can be regressed away to reveal respiratory motion shifts. We show that 

this assumption is valid both in healthy volunteers and a small cohort of subjects with heart 

failure and more complex respiratory patterns. While the aim of this study was to 

demonstrate the technical feasibility of the M2-MT-MOCO approach in patients with heart 

failure, the trends seen in the metrics of diffusion in these subjects were in agreement with 

previous observations (41) {Riffenburgh:2012vz}(7,42)(7,41). In addition, these differences 

were highly repeatable between scans underscoring the feasibility of the approach.

Of note, moments of motion that are not nulled by the M2 diffusion-encoding pulse will 

produce motion-related signal dephasing that will be indistinguishable to the MT-MOCO 

algorithm from diffusion contrast. This limits the application of the technique to phases of 

the cardiac cycle where higher order (≥3) motion coefficients are negligible. This has been 

shown to be the case for M2 diffusion encoding at end systole for single heart beat encoding 

(16–18,43)(16–18,42), and is reproduced here for multi-slice encoding. Applying MT-

MOCO to other key DT-MRI techniques, such as STEAM-based methods (11,14,44)
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(11,14,43), may not easily be achieved since free-breathing may result in severe bulk-motion 

loss. Consequently, MT-MOCO would need to be extended to include another dimension to 

account for bulk motion-induced signal decay, which could be explored in future studies.

CONCLUSION

We present a novel computationally efficient technique, M2-MT-MOCO, that allows free-

breathing multi-slice DT-MRI of the entire LV to be performed in 10 minutes and faithfully 

preserves quantification of myocardial microstructure compared to single-slice and breath-

hold M2 DT-MRI. While further validation in clinical settings will be required, the 

technique addresses the current need for multiple breath-holds in DT-MRI of the heart and 

has high clinical translational potential.
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Figure 1 –. 
(A) Pulse sequence diagram of the M2 cardiac DT-MRI sequence incorporating B1 resistant 

M2 encoding and the 2D inner volume excitation profile of the 90-degree RF excitation 

pulse. (B) Single shot acquisitions are performed every heartbeat with during free-breathing 

using an optimized slice interleave scheme to mitigate neighboring slice crosstalk. 

Representative reduced FOV raw b0 diffusion-weighted images (DWIs) for all 12 slices are 

shown.
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Figure 2 –. 
(A) MT-MOCO co-registration algorithm. Low-rank tensor decomposition is applied to 

acquired diffusion weighted images (DWI) to create basis functions that preserve b-value 

contrast features only (ΦDWI
L2 = 1

) and preserve both b-value contrast features plus respiratory 

features (ΦDWI
L2 = 2

). Regression of the b-value contrast is then performed to generate AR

which are then binned via k-means clustering. After binning of AR into N distinct 

respiratory bins via k-means clustering, the centroids of each bins are co-registered, and the 

resulting transforms then can be applied to the original full rank DWIs according to their 

respective bin. Note the co-registration computational component of MT-MOCO is fixed to 

N number of bins regardless of the number of DWIs acquired. (B) Representative low rank 

tensor reconstructions with varying rank (L1 = 1, 20, 10, and full rank) of the Φt 

measurement basis matrix. Line plot through the horizontal red line of the ventricle as a 

function of time (vertical axis) demonstrates that L1 = 2 faithfully captures the respiratory 

induced motion shifts in the DWIs while removing the subtle contrast differences due to 

changes in diffusion encoding direction. By regressing AL1 = 1 reconstructed images from 

AL1 = 2, the respiratory-only reconstructions (AR) are generated for binning and co-

registration.
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Figure 3 –. 
(A) Images of the raw b0 and b500 diffusion-weighted images in the short axis, long axis, 

and horizontal long axis views revealing whole LV coverage. Matching MD, FA, and HA 

maps are shown calculated from MT-MOCO and 4 averages. MD, FA and the transmural 

distribution of HA all fall within the expected range of values. (B) American Heart 

Association (AHA) segmentation maps of the median and interquartile range (25% to 75%) 

of the healthy volunteers reveal consistent MD, FA, and HAT values across all segments.
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Figure 4 –. 
Regional comparison of the MS-12RR and SS-12RR approaches. (A) MD, FA, and HA 

maps at the apex, mid, and base of the LV are substantially similar with both techniques. (B) 

Correlation and Bland-Altman plots of global MD, FA, and HAT show a significant 

correlation and minimal bias between the MS-12RR (multi-slice) and SS-12RR (single-

slice) techniques.
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Figure 5 –. 
Comparison of naïve free-breathing, conventional MOCO, and MT-MOCO reconstructions. 

(A) Co-registration of a b500 DWI with a target b0 image at two disparate respiratory phases 

using conventional MOCO and MT-MOCO. Endocardial (green) and epicardial (red) 

borders are depicted for naive, conventional MOCO, and MT-MOCO b500 images (dashed 

lines) along with the target borders in the b0 image (solid lines). In the second row the 

borders derived from the b500 images (dashed lines) are superimposed on the b0 target 

borders (solid lines). A magnified view in the third row shows substantially more mismatch 

in the conventional MOCO versus MT-MOCO reconstruction. Quantification of the mis-

registered area for the epicardial and endocardial borders across all subjects shows the 

greatest increase for the naïve and conventional MOCO reconstructions, and significantly 

less mis-registration area with MT-MOCO. (B) Representative line profiles through the mid-

LV (dashed line), rotated and plotted along the vertical axis for all the measurements 

acquired over time (horizontal axis). Also shown are the averaged DWIs and LV borders 

superimposed on one another for all the reconstructed images. The line profiles, DWIs and 

LV borders show substantially less blurring with MT-MOCO vs. conventional MOCO. LV 

sharpness across all subjects was significantly increased with MT-MOCO vs. conventional 

MOCO, and was very similar to breath-hold. Both MOCO and naïve free-breathing 

reconstructions produced significant decreases in LV sharpness.
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Figure 6 –. 
Comparison of SS-1RR MT-MOCO and conventional MOCO DT-MRI parameter maps. 

MD, FA, and HA show a high degree of similarity between the breath-hold (BH) and free-

breathing (FB) approaches when MT-MOCO is performed. However, in the absence of MT-

MOCO substantial differences are present between the BH and FB techniques (compare 

difference maps in 4th row [BH and conventional MOCO] vs. 5th row [BH and MT-

MOCO]).
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Figure 7 –. 
(A) Single shot SSFP long axis images with displacement maps overlaid, showing the max, 

min and median values for voxel displacement over the entire respiratory cycle. (B) 

Through-plane displacement histograms revealed significantly more motion in the apical 

slices (2.7 [6.9] mm) across all subjects compared to the mid (1.5 [3.9] mm) and base (0.84 

[4.2] mm), with median displacement demarked with the red dotted line. The maximum 

values of displacement exceed slice thickness only at the apex of the LV.
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Figure 8 –. 
Repeatability of free-breathing MT-MOCO DT-MRI technique. (A) MD, FA, and HA maps 

at base, mid, and apical short axis slices acquired with the MS-12RR approach in two scans 

separated by at least 30 minutes. (A) normal volunteers and (B) heart failure subjects. In all 

cases, minimal differences were present between the two scans.
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Table 1 –

Four protocols to test whole LV free-breathing M2-MT-MOCO DT-MRI

Protocol MS-12RR SS-12RR SS-1RR-BH SS-1RR

Slice Ordering Interleaved multi-slice Sequential single-slice Sequential single-slice Sequential single-slice

Respiratory Acquisition Free Breathing Free Breathing Breath-hold Free Breathing

TR 12RR 12RR 1RR 1RR

NDWI 12+1b0=13 12+1b0=13 12+1b0=13 12+1b0=13

NAVG 4 4 8 8

Nslices 12 3 3 3

Scan time (60BPM) 624 RR (10 min) 1872 RR (30 min) 312 RR (10 min with recovery) 312 RR (5 min)
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Table 2 –

MD, FA, and HAT values at base, mid, and apex with the tested protocols

Protocol MS-12RR SS-12RR SS-1RR SS-1RR-BH

Reconstruction MT-MOCO MT-MOCO MOCO MT-MOCO Breath-hold

MD (μm2/ms)

Base 1.25 [0.11] 1.25 [0.13] 1.19 [0.29] 1.08 [0.11] 1.07 [0.18]

Mid 1.11 [0.16] 1.06 [0.22]
1.41 [0.26]

+ 1.28 [0.22] 1.22 [0.22]

Apex 1.28 [0.23] 1.26 [0.20]
1.57 [0.30]

+ 1.32 [0.32] 1.35 [0.17]

FA

Base 0.29 [0.02] 0.32 [0.05] 0.36 [0.01] 0.28 [0.04] 0.29 [0.02]

Mid 0.24 [0.06] 0.26 [0.03]
0.38 [0.09]

+ 0.31 [0.08] 0.26 [0.04]

Apex 0.36 [0.04] 0.34 [0.11]
0.45 [0.14]

+ 0.33 [0.09] 0.31 [0.09]

HAT (°/%)

Base 1.08 [0.08] 1.11 [0.14] 1.02 [0.14] 1.16 [0.15] 1.16 [0.10]

Mid 1.04 [0.12] 1.10 [0.07] 0.95 [0.24] 1.11 [0.20] 1.02 [0.12]

Apex 1.17 [0.13] 1.21 [0.17]
0.92 [0.31]

+ 1.23 [0.20] 1.21 [0.17]

P < 0.05 for *MS-12RR vs SS-12RR; P < 0.025 for #SS-1RR MT-MOCO vs SS-1RR-BH,

+
SS-1RR conventional MOCO vs SS-1RR-BH.
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