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Abstract

Purpose: To develop an efficient acquisition technique for distortion-free diffusion MRI and diffusion-
relaxometry.

Methods: A new ACcelerated Echo-train shifted Echo-Planar Time-resolved Imaging (ACE-EPTI)
technique is developed to achieve high-SNR, distortion- and blurring-free diffusion and diffusion-
relaxometry imaging. ACE-EPTI employs a newly designed variable density spatiotemporal encoding
with self-navigation capability, that allows submillimeter in-plane resolution using only 3-shot.
Moreover, an echo-train-shifted acquisition is developed to achieve minimal TE, together with an SNR-
optimal readout length, leading to ~30% improvement in SNR efficiency over single-shot EPI. To
recover the highly accelerated data with high image quality, a tailored subspace image reconstruction
framework is developed, that corrects for odd/even-echo phase difference, shot-to-shot phase variation,
and the By field changes due to field drift and eddy currents across different dynamics. After the phase-
corrected subspace reconstruction, artifacts-free high-SNR diffusion images at multiple TEs are

obtained with varying T," weighting.

Results: Simulation, phantom and in-vivo experiments were performed, which validated the 3-shot
spatiotemporal encoding provides accurate reconstruction at submillimeter resolution. The use of echo-
train shifting and optimized readout length improves the SNR-efficiency by 27-36% over single-shot
EPI. The reconstructed multi-TE diffusion images were demonstrated to be free from distortion
(susceptibility and eddy currents) and phase/field variation induced artifacts. These improvements of
ACE-EPTI enable improved diffusion tensor imaging and rich multi-TE information for diffusion-
relaxometry analysis.

Conclusion: ACE-EPTI was demonstrated to be an efficient and powerful technique for high-resolution
diffusion imaging and diffusion-relaxometry, which provides high SNR, distortion- and blurring-free,

and time-resolved multi-echo images by a fast 3-shot acquisition.

Key Words: diffusion imaging; diffusion relaxometry; high resolution; high SNR; distortion correction;
EPTIL
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Introduction

Diffusion MRI (dMRI) is a critical imaging tool that can probe tissue microstructure non-invasively by
measuring the diffusion process of water molecules (1). The application of dMRI in clinical research
and large-scale studies, such as human connectome project (HCP) (2,3) and UK biobank (4), has
facilitated a better understanding of neurological diseases and brain connectivity. For decades, single-
shot echo-planar imaging (ss-EPI) is the most commonly used acquisition method in dMRI, which is
known for its fast acquisition speed and insensitivity to motion. However, ss-EPI suffers from image
distortion and blurring due to Bo-inhomogenity-induced phase accumulation and signal decay across
different phase encoding (PE) signals, which becomes more prominent at higher spatial resolution,
limiting the structural integrity and resolution. Therefore, conventional ss-EPI acquisition cannot fulfill
the increasing need of dMRI to pursue higher spatial resolution to investigate more detailed brain
structures and connectivity, such as at the gray-white matter interface or within the cortex (5,6).
Moreover, the formation of a single image from a long readout in ss-EPI results in limited ability to
acquire multiple echoes and in flexibility of TE selection, especially at high resolution. Such multi-TE
information is highly desired for the emerging diffusion-relaxometry imaging to disentangle

complicated tissue microstructures (7-11).

To reduce the distortion and blurring, parallel imaging (12-14) has been applied to ss-EPI, which can
reduce the effective echo spacing (ESP) by undersampling along PE (15). The reduction of
distortion/blurring is determined by the undersampling factor, which is around 2~4x, and a shorter
echo-train length (ETL) can also be obtained. Since a high undersampling rate will lead to potential
aliasing artifacts and large g-factor penalty with noise amplification, further reduction is limited using
parallel imaging alone. As an alternative, multi-shot EPI (ms-EPI) methods have been developed (16-
21). By acquiring different segments of the k-space in multiple shots, the effective ESP and ETL can
be reduced, leading to effective distortion and blurring reduction without elevated g-factor. However,
the level of distortion/blurring in ms-EPI is related to the number of shots, and non-negligible
distortions still remain with practical protocols (e.g., 4-10 shots), especially for regions with strong
susceptibility change such as the temporal lobe and the frontal lobe. In addition, the shot-to-shot phase
variation caused by physiological movements during the application of diffusion gradients can lead to
severe image artifacts, so navigator is required for the physiological motion correct (16,18,22), which
may need extra scan time and compromise its acquisition efficiency over ss-EPI. To achieve distortion-
and blurring-free dMRI, point-spread-function (PSF) encoding approach was developed and combined
with ms-EPI (23-26). It acquires an additional encoding dimension in a multi-shot manner to measure
the PSF along the PE direction, which is free from both distortion and blurring. Our recently work on
tilted-CAIPI encoding pattern (27), was able to reduce the acquisition shots of PSF-EPI from more than
200 (full sampling) to only 7-9 for imaging at ~1 mm in-plane resolution, allowing high-quality

distortion-free dMRI within practical scan time.
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Echo-planar time-resolving imaging (EPTI) (28) is a recently developed novel ms-EPI method, that not
only achieves distortion- and blurring-free imaging, but also provides time-resolved multi-echo multi-
contrast images spaced at an ESP (~1 ms) apart to track the signal evolution for accurate relaxometry
estimation. These markable features of EPTI rely on the use of a new time-resolving approach for
continuous EPI readout, where the full k-t (frequency-echo) space is recovered from a highly-
undersampled data acquired with an optimized spatiotemporal encoding scheme. The high acquisition
efficiency and improved image quality for multi-contrast imaging of EPTI have enabled ultra-fast
quantitative relaxometry (29,30) and the potential for diffusion-relaxometry imaging (31,32). However,
in order to achieve high in-plane resolution (e.g., submillimeter) in 2D EPTI, 5-10 shots are still required
for each image slice. For dMRI, the long acquisition time leads to higher sensitivity to inter-shot motion

and less flexibility of diffusion encoding selection.

In this work, we present an efficient acquisition method for dMRI, named ACcelerated Echo-train
shifted EPTI (ACE-EPTI), which achieves high-SNR, distortion- and blurring-free diffusion and
diffusion-relaxometry imaging at submillimeter resolution in just 3 shots. ACE-EPTI employs a newly
designed variable density spatiotemporal encoding with self-navigation capability, to better take the
advantage of the locally low-rank (LLR) constraint in addition to the spatiotemporal correlation in the
reconstruction. Moreover, enabled by the flexibility of time-resolved imaging, an echo-train-shifted
acquisition is developed to minimize the TE, together with the SNR-optimized readout length, leading
to 27-36% improvement in SNR efficiency over the conventional ss-EPI acquisition in the examined
protocols. To recover the highly undersampled k-t data, a tailored subspace image reconstruction
framework is developed for ACE-EPTI, which corrects for odd/even echo phase difference, shot-to-
shot phase variation using self-navigators, as well as the By field changes across different
dynamics/directions. After the phase-corrected LLR subspace reconstruction, artifacts-free high-SNR
diffusion weighted images (DWIs) at multiple TEs with varying T»" weighting can be obtained from a
single ACE-EPTI dataset acquired in 3 shots. Simulation, phantom and in-vivo experiments are
performed to validate: i) accurate reconstruction at submillimeter resolution using the 3-shot
spatiotemporal encoding, ii) higher SNR efficiency using ACE-EPTI with echo-train shifting and
optimized readout length than ss-EPI at different resolutions, iii) anatomical integrity without both
susceptibility and eddy-current induced distortion, iv) artifact-free multi-TE DWIs recovered by the
proposed phase-corrected subspace reconstruction framework. These improvements of SNR and image
quality using ACE-EPTI are also demonstrated to provide improved diffusion tensor imaging (DTI)

and efficient acquisition for diffusion-relaxometry analysis through in-vivo dMRI experiments.
Theory

Echo-train shifted acquisition with flexible readout length
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The time-resolving approach in EPTI allows image recovery at each echo time point across the EPI
readout instead of a single image from combining data across the full echo train (28). This provides the
flexibility of the readout to start at any TE and is still able to recover all the desired contrast-weighted
images as long as they are sampled within the readout window. In order to minimize T, decay and
achieve the highest possible SNR, the readout echo-train is shifted to start right at the spin-echo (SE)
time point after the diffusion gradients in the ACE-EPTI sequence as shown in Fig. la, achieving
minimal TE similar to a half partial-Fourier acquisition but without any loss of spatial resolution. A
series of T» -weighted images can be resolved following the T»-weighted at the SE time-point, with a
time increment of an ESP. These multi-echo images can be either used separately for diffusion-
relaxometry, or combined to a single image with higher SNR, where the strong signal dephasing area
can be well compensated using a simple sum-of-squares (SoS) combination to increase the weights of
the early echoes. The reduction in TE achieved with ACE-EPTI over ss-EPI would increase with

increasing spatial resolution, making it an efficient acquisition for high-resolution dMRI.
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Figure 1: Illustration of ACE-EPTI acquisition, encoding, and reconstruction. (a) The sequence diagram of ACE-
EPTI acquisition which utilizes echo-train shifting to minimize TE. The continuous readout starts at the spin-echo
point and can be played with flexible echo-train length (ETL) to track T," decay. (b) The optimized variable
density 3-shot spatiotemporal encoding pattern, with a portion of low-frequency signals of each shot used for self-
navigated shot-to-shot phase variation correction (green window). (c) Phase-corrected LLR-subspace
reconstruction to resolve the multi-echo distortion- and blurring-free images from the highly-undersampled &-¢
data.

In addition to minimizing the TE, the time-resolving approach also enables flexible ETL selection since
the image resolution is determined by the design of k-f encoding instead of the ETL, and a longer ETL

will not cause distortion or blurring but provides more echoes and signals. This allows us to optimize
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the ETL to further improve the SNR efficiency, by acquiring more echoes for better noise averaging

(33), or reducing the ETL to avoid acquiring low signal echoes and to reduce the TR.
3-shot self-navigated k-t encoding

The optimized 3-shot spatiotemporal encoding is presented in Fig. 1b, which provides further
acceleration in the k-t space to reduce the acquisition time of each volume for improved motion
robustness and the flexibility of more diffusion encodings. The fast 3-shot encoding in ACE-EPTI is
designed with: (i) complementary k, (PE) sampling along ¢ to control aliasing, (ii) denser sampling at
central k-space and early TE to improve SNR and allow a more accurate locally low-rank constrained
reconstruction, (iii) small &, changes between neighboring time points to limit the gradient blip size, to
reduce the ESP and potential eddy currents, (iv) low-frequency signals acquired in each shot (green
window) for self-navigated shot-to-shot phase variation estimation to correct for physiological motion.
These optimizations of the spatiotemporal encoding allow accurate reconstruction of time-resolved
multi-contrast images from the highly-accelerated k-¢ data by exploiting the strong temporal signal
correlation, multi-channel receiver coil and LLR property in the spatial/coefficients domain. Note that
the pattern shown in Fig. 1b is a low resolution example, with a ky matrix size of 128 and a maximum
change of 4 ky between neighboring time points. The encoding pattern will be scaled up accordingly for
higher spatial resolution cases, with more echoes acquired in each up and down sections, proportional

to the increased matrix size, and with the pattern repeated for longer ETL.

For larger volumetric coverage, the designed 3-shot encoding for ACE-EPTI is also combined with
blipped-CAIPI encoding (34) along k, for simultaneous multi-slice (SMS) acquisition of the ACE-EPTI
sequence. The same standard blipped-CAIPI encoding was applied for all the 3 shots, and multi-slice

images can be recovered with multiple TEs by the subspace reconstruction described below.
Time-resolved subspace reconstruction

A phase-corrected LLR subspace reconstruction (Fig. 1c) is used to resolve the highly undersampled -
t data to multi-contrast images. The main idea in subspace reconstruction is that if the temporal
dimension of an image series is low rank, all the possible signal evolutions can be represented accurately
by a vector subspace (35-38). The basis vectors (¢) for the subspace can be obtained from the simulated
signal evolutions based on the signal model. By representing the signal evolutions with the subspace
model, only the coefficients (c) of the subspace bases need to be estimated in each voxel to recover the
full time series, instead of estimating all the time points independently, leading to significantly reduced
number of unknowns and improved conditioning in the reconstruction. In addition to utilizing the
temporal correlation through subspace modeling, additional constraints such as LLR can also be applied
to further improve the accuracy and SNR by exploiting the low-rankness in spatial/coefficients domain

(36,37,39). The subspace approach has been used in previous EPTI works and has proven to provide
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superior performance for highly accelerated data (29,30,37). For ACE-EPTI, the subspace

reconstruction is modified to account for the shot-to-shot phase variation in dMRI acquisition:

mcin”UshFSPshd)c_ysh”% +AR(C), [1]

where c is the coefficient maps of the subspace bases ¢, Py, is the phase evolution across the EPI
readout of the sA-th shot including the background and Bo-inhomogneity-induced phase, S is the coil
sensitivity map, F represents the Fourier transform operator, Ug, is the k-¢ undersampling mask
corresponding to the acquired sk-th shot signals, yg,. R(c) denotes the LLR regularization applied on
¢ with a control parameter 4. The subspace bases are generated from simulated signals based on the
Bloch equation, and all the other parameters including coil sensitivity (S) and phase maps (P, ) can be
calculated from a short k-¢ calibration scan and phase estimation process that will be illustrated below.
After solving the only unknown c in Eq. [1], the multi-contrast image series can be recovered as ¢c,

free of distortion and blurring artifacts.
Odd/even echo phase correction, shot-to-shot phase correction, and B, field updating

Accurate phase modeling of the EPTI signals is critical to ensure the reconstruction accuracy using the
subspace approach. To achieve this, a phase-correction framework is developed as shown in Fig. 2 to
provide accurate phase modeling of the ACE-EPTI data, including odd/even echo phase correction,

shot-to-shot phase variation correction, and dynamic By field updating.

Odd/even echo phase correction Shot-to-shot phase estimation B, updating for each dynamic
ra Odd/even echo 1D linear R rb Self-navigators ) fc Phase-corrected h
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Figure 2: Illustration of the phase correction framework. It includes correction for (a) odd/even echo phase
difference, (b) shot-to-shot phase variation, and (c) dynamic By changes of different volumes. (a) The phase
difference between odd and even echoes is estimated from the k-¢ calibration scan. The 1D linear phase difference
along x is corrected first before regridding, and the residual 2D phase difference is then added into the phase term
in the subsequent subspace reconstruction. (b) The low-frequency signals from the 3-shots ACE-EPTI serve as
self-navigators and are reconstructed to obtain distortion-free images by subspace reconstruction. The shot-to-
shot phase variation is then estimated from the background phase at the SE, and modeled in the phase-corrected
subspace reconstruction. (c) A subspace reconstruction is performed with complex bases to estimate the By map
for each dynamic before the final image reconstruction. A low-pass filter is applied on the reconstructed multi-
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echo images to improve the SNR assuming that the By change should be smooth, and the By changes are estimated
by a temporal linear fitting of the multi-echo phases.

The phase difference between odd and even echoes caused by eddy currents and gradient delay is well-
recognized in EPI readout, which can result in ghosting artifacts in conventional EPI images. To
mitigate this issue, 1D navigators are typically acquired after each excitation pulse to measure the 1D
phase difference along the readout (x) direction between the odd and even echoes, in which most of the
eddy currents appear. Although the designed ACE-EPTI sequence avoids the use of such navigator
acquisition to achieve minimal TE, the odd/even echo phase difference can be well estimated from the
k-t calibration scan. Specifically, the 2D phase differences between odd and even echoes of each slice
are estimated using the fully sampled 4-¢ calibration by extract the background phase of odd and even
echoes respectively after removing the fitted Bo-induced phase. As shown in Fig. 2a, the 1D linear phase
difference along x is first corrected in the raw signals before regridding (ramp sampling correction),
and after regridding, the residual 2D phase differences are corrected in the phase evolution term P using

the different background phases of odd and even echoes.

The shot-to-shot phase variation due to physiological motion is estimated using the self-navigators in
ACE-EPTI as shown in Fig. 2b. A subspace reconstruction is applied for the navigator of each shot
separately, to recover low-resolution images without distortion. Background phase maps of the 3 shots
are extracted from the reconstructed images at the SE point, corresponding to the shot-to-shot phase
variations. To correct for the phase variations in the following subspace reconstruction, the estimated

background phase of each shot is added into the phase term P,y in Eq. [1].

An initial By map is estimated from the -z calibration scan, however, the field inhomogeneity can
change in the dMRI acquisition due to field drift or eddy currents. To provide accurate By map for each
dynamic/volume (every 3 shots), the By map is updated using an initial subspace reconstruction before
the final image reconstruction (Fig. 2¢). In this initial reconstruction, complex signal bases are generated
that can represent the signal evolution as well as additional phase evolutions from a temporal By change
ranging from -50 to 50 Hz. A larger number of bases is required to estimate this addition phase evolution,
so a lower SNR in this reconstruction is expected when compared to that of the final subspace
reconstruction which will utilize a reduced basis set that do not account for this additional phase
evolution. By applying a spatial low-pass filter to the reconstructed multi-echo images, high SNR phase
maps can still be obtained to fit for an accurate By change estimate that can be used in the final subspace
reconstruction. The updated By map is also used in the pre-reconstruction of the next dynamic data to

ensure the difference between the initial By map and data is within +50 Hz.

Methods
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All of the experiments were performed on a Siemens Prisma 3T scanner with a 32-channel head receiver
coil (Siemens Healthineers, Erlangen, Germany). In-vivo data were acquired on healthy volunteers

(N=2) with a consented institutionally approved protocol.
Evaluation of the 3-shot encoding by retrospective undersampling test

Fully-sampled k-t EPTI data were acquired and retrospectively undersampled with different
spatiotemporal encoding patterns to demonstrate the reconstruction accuracy that can be achieved using
the designed 3-shot ACE-EPTI encoding. A spin-echo ACE-EPTI sequence without diffusion encoding
was used to acquire this full k-¢ data at a spatial resolution of 0.86 x 0.86 x 3 mm?, and echo-shifting
was used to achieve a starting TE of 31 ms. The matrix size was 256 x 255 x 16 x 64 (kg X ky X slice X
echo), TE range was 31 — 93 ms, ESP =0.97 ms, 255 shots were acquired with a TR of 3 s, and the total
acquisition time was ~13 minutes. The fully-sampled data were then subsampled with 3 different
patterns: 5-shot EPTI, 3-shot EPTI, and 3-shot ACE-EPTI. All data were reconstructed using LLR

subspace reconstruction to evaluate their accuracy by comparing with the fully-sampled reference.
Optimization of ETL using Monte-Carlo simulation

To take advantage of the flexible ETL in ACE-EPTI and optimize it for high SNR efficiency, a Monte-
Carlo simulation was performed to evaluate the SNR performance under different ETLs. ACE-EPTI &-
t data were simulated using pre-acquired quantitative maps, including proton density (PD), T», T>", and
Bo. A 32-channel dataset was generated using previously acquired coil sensitivity maps and
undersampled by the 3-shot ACE-EPTI encoding pattern. Random noise (SNR = 20) was then added to
the simulated k-¢ data. Data with 30 replicas were simulated and reconstructed to calculate the SNR
based on the temporal SNR equation (mean magnitude / standard deviation of the dynamic images).
The data were simulated at a moderate 1.5-mm in-plane resolution with an ESP of 0.66 ms in this
evaluation, that will also be used later for in-vivo dMRI in additional to the high in-plane resolution
protocol. The starting TE was set to 32 ms, close to the real ACE-EPTI acquisition. Image SNRs at

various ETLs from 33 ms (50 echoes) to ~100 ms (150 echoes) were analyzed.

To determine the optimal ETL for highest efficiency, SNR efficiency was calculated based on the
obtained SNRs as:

SNR

SNRefpe = JETL+ Tother [2]

where ETL is the readout time of each slice, and T,p,, is the total event time for the other components
in the sequence, including RF pulses, gradients (diffusion, pre-rewinder, spoiler, etc.,) and fat saturation,
which was set to 65 ms. Note that the impact of the differences in TRs on T recovery due to differences
in ETL was not considered in the SNR-efficiency calculation. This effect should be minimal for

acquisitions with sufficiently long TRs.

SNR analysis in phantom and in-vivo experiments
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Both phantom and in-vivo data were acquired using the ACE-EPTI sequence to demonstrate its ability
to provide improved SNR-efficiency when compared to conventional ss-EPI. Two protocols were tested
at different resolutions: 1.5-mm isotropic and 0.86 x 0.86 x 3 mm>®. SNR maps were calculated from
the acquired non-DW 40-dynamic datasets for both ACE-EPTI and ss-EPI. The TEs used for both ACE-
EPTI and ss-EPI were adjusted close to the corresponding dMRI acquisitions at 5 = 1000 s/mm?.

The key acquisition parameters for the 1.5-mm isotropic ACE-EPTI protocol were: matrix size = 160
x 159 x 28 % 85 (kx x ky x slice % echo), 3-shot acquisition, ESP = 0.66 ms, TEng. =32 — 87 ms, TR =
3 s. The acquisition parameters for the 0.86-mm ACE-EPTI protocol was: matrix size = 256 x 255 x
12 X 64 (k¢ * ky % slice x echo), 3-shot acquisition, ESP = 0.97 ms, TEange =31 — 92 ms, TR =3 s. The
ss-EPI data were acquired at the same spatial resolutions and TR, where 3 averages with matching total
acquisition time to that of ACE-EPTI were acquired to provide a fair comparison. The other parameters
were: partial Fourier = 6/8, in-plane acceleration factor = 4, TE = 41 ms for the 1.5-mm protocol, and

57 ms for the 0.86-mm protocol.

A k-t calibration pre-scan was acquired before each of the ACE-EPTI scans, to estimate the By and coil
sensitivity maps for ACE-EPTI reconstruction. The full - calibration data were acquired using a 2D
GE EPTI sequence, with the same FOV and echo spacing as the imaging scan, but with a lower
resolution, 35 x 150 x 7 (kx X ky X echo), and a much shorter TR (~25 ms per slice), resulting in a total

acquisition time of ~ 1 minute.
Diffusion acquisition at 0.86-mm in-plane resolution

In-vivo whole-brain dMRI data were acquired at 0.86-mm in-plane resolution using the 3-shot ACE-
EPTI sequence to demonstrate the effectiveness of the proposed phase correction framework, the

improved image quality with no distortion and artifacts, as well as reliable DTI analysis.

The diffusion ACE-EPTI data were acquired with the following parameters: 32 directions at » = 1000
s/mm? together with 6 b = 0 s/mm? volumes, in-plane resolution = 0.86 x 0.86 mm?, slice thickness = 3
mm, FOV = 220 x 220 x 126 mm?, matrix size = 256 x 255 x 42 x 64 (kx % ky X slice x echo), multi-
band factor (MB) = 2, number of signal averages (NSA) = 3, ESP = 0.97 ms, TEange = 38 — 99 ms, TR
= 3.5 s, total acquisition time = ~20 minutes. Results before and after the proposed phase corrections
were reconstructed to demonstrate the necessity of the odd/even echo phase correction, shot-to-shot
phase variation correction and By updating in order to obtain artifacts-free high-quality DWIs. Moreover,
T," maps were fitted using data with and without diffusion weighting, together with TE-dependent
Fractional anisotropy (FA) maps and orientation distribution functions (ODFs), to validate the potential

use of multi-TE images provided by ACE-EPTI for diffusion-relaxometry.

Diffusion data were also acquired using ss-EPI with a matched scan time for comparison at the same
spatial resolution. The same diffusion directions with NSA = 9 were acquired with the same TR (3.5 s

with MB 2), while the TE was 64 ms with a partial Fourier factor of 6/8 and in-plane acceleration factor


https://doi.org/10.1101/2021.08.27.457992
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.27.457992; this version posted August 28, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

of 4. To obtain a distortion-free reference to evaluate the ACE-EPTI and ss-EPI images, TSE data were

also acquired with the same spatial resolution.
Multi-shell diffusion acquisition at 1.5-mm isotropic resolution

To further evaluate the ability of ACE-EPTI for diffusion-relaxometry imaging, in-vivo diffusion data
at 1.5-mm isotropic resolution were acquired at b = 1000 s/mm? and 2000 s/mm?. 3-shot ACE-EPTI
acquisition was used with a MB factor of 3. The other imaging parameters were: 32 diffusion directions
at b = 1000 s/mm?, and b = 2000 s/mm?, together with 12 » = 0 s/mm? volumes (76 volumes in total),
NSA =2, FOV =220 x 220 x 104 mm?, matrix size = 160 x 159 x 69 x 85 (kx x ky % slice % echo), ESP
= 0.68 ms, TR =4 s, TErange = 54 — 111 ms, and TE was kept the same for all b values. The total
acquisition time was ~30 minutes. The reconstructed multi-echo DWIs were then used to fit for T,"

maps with different diffusion weightings, and the TE-dependent ODFs.
Image reconstruction and post-processing

Subpace reconstruction was used for self-navigator (Fig. 2b), By updating (Fig. 2¢), and the final image
reconstruction (Fig. 1c). For navigator and image reconstruction, the subspace bases were generated by
performing principal component analysis (PCA) of the simulated signals with different T>" decays (4
ms to 400 ms), and 3 bases were used resulting in an approximation error (mean nRMSE) < 0.2%.
Additional By changes (-50 Hz to 50 Hz) were simulated to generate the complex bases used for the
initial By updating subspace reconstruction, and 8 bases were used here to achieve the same
approximation accuracy. A maximum number of iterations = 100 was set as the stop criterion, with a
lambda of 0.01. The reconstruction algorithm was implemented based on BART toolbox (40,41) for

computational acceleration.

Since ACE-EPTI is free from the eddy currents induced distortion, only rigid motions between images
from different diffusion directions need to be corrected, which was done using the FLIRT (42,43)
function in FSL (44,45). The skull was removed using BET (46) before image registration. FA maps
were calculated using FSL, and orientation distribution functions (ODFs) were obtained and visualized
in MRtrix3 (47). For ss-EPI data, POCS partial Fourier reconstruction was used and the in-plane
undersampling was recovered using GRAPPA (14). For ss-EPI data, the ‘eddy’ function (48) was used
to correct both the motion and eddy currents across different diffusion directions before calculating the

FA maps.

All of the image reconstruction and post-processing were performed in MATLAB on a Linux
workstation (CPU: Intel Xeon, 3.00GHz, 24 Cores; RAM: 512 GB; GPU: Quadro RTX 5000, 16 GB

memory).

Results
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The reconstruction accuracy of different spatiotemporal encoding strategies is evaluated in a
retrospective undersampling experiment as shown in Fig. 3a, including 5-shot EPTI, 3-shot EPTI, and
3-shot ACE-EPTI. Error maps and RMSEs were calculated by comparing the reconstruction images
with the fully-sampled reference images after combining all the image echoes using SoS. The
reconstructed image from the 3-shot ACE-EPTI shows markable improvement over the 3-shot EPTI,
and achieves an accuracy close to the 5-shot EPTT acquisition. In addition, only noise-like error appears
in the difference map of the 3-shot ACE-EPTI, without any noticeable artifacts.
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Figure 3: Evaluation of the optimized 3-shot ACE-EPTI encoding and optimization of the ETL. (a) Evaluation of
the reconstruction accuracy of different spatiotemporal encoding schemes by retrospective undersampling,
including 5-shot EPTI, 3-shot EPTI, and 3-shot ACE-EPTI. All-echo combined (using SoS) images are shown
(top row), together with the error maps (middle row), and encoding patterns (bottom row). (b) Example SNR
maps calculated from the Monte-Carlo simulation at ETL = 33 ms, 53 ms and 73 ms. (¢) The normalized mean
SNRs at different ETLs from 33 ms to 99 ms. (d) The normalized SNR efficiency. Highest SNR efficiency is
achieved at an ETL of 53 ms (80 echoes, ESP = 0.66 ms) in the simulation.

Using the optimized 3-shot pattern, the SNR and SNR-efficiency of ACE-EPTI with different ETLs
were analyzed in the Monte-Carlo simulation as shown in Fig. 3b-d. Figure 3b presents the SNR maps
from 3 representative ETLs, calculated from the reconstructed images with 30 replicas at ETL = 33 ms,
53 ms and 73 ms. The normalized mean SNRs at different ETLs from 33 ms to 99 ms are plotted in Fig.
3¢, showing that the SNR increases with longer ETL, but the rate of increase is slower at longer ETLs
due to the reduced signals at the later TEs. Figure 3d plots the normalized SNR efficiency calculated
based on Eq. [2]. An ETL of 53 ms (80 echoes with ESP = 0.66 ms) achieves the highest SNR efficiency
in the analysis, and the result suggests that any ETL in the range of 45 to 70 ms can provide good SNR-
efficiency, close to that of the optimal case. Since the impact of T1 recovery was not considered in the
calculation, the SNR efficiency of a longer ETL can be underestimated if the TR is not very long. Hence,
we chose a slightly longer ETL, around 56-62 ms, for our protocols with TRs from 3 to 3.5 s, to provide
high SNR-efficiency for our chosen ACE-EPTI protocols.
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Figure 4: SNR maps of the ACE-EPTI and ss-EPI in both phantom and in-vivo experiments, at (a) 1.5-mm
isotropic resolution, and (b) 0.86 x 0.86 x 3 mm? resolution. SNR maps of 5 cases were shown, including (i) ss-
EPI, (ii) ss-EPI with 3 averages, (iii) all-echo combined images of ACE-EPTI, (iv) single-echo image at TE = 44
or 45 ms of ACE-EPTI, and (v) single-echo image at TE = 64 ms of ACE-EPTI. The mean SNR values are listed
in each map at the bottom left.

Figure 4 presents the SNR maps calculated from the anthropomorphic head phantom and in-vivo data
acquired using ACE-EPTI and ss-EPI, at 1.5-mm isotropic (Fig. 4a), and 0.86 x 0.86 x 3 mm?
resolutions (Fig. 4b). The ss-EPI data were acquired with 3 averages to match its scan time with the 3-
shot ACE-EPTI. As shown by the SNR maps, significantly higher SNR is provided by the echo-
combined ACE-EPTI images when compared to the image generated by ss-EPI in both phantom and
in-vivo acquisitions. For the 1.5-mm protocol, the mean SNR value (listed in each map) of ACE-EPTI
is 57% higher than ss-EPI in phantom, and 36% higher in vivo. For the 0.86-mm protocol, the mean
SNR of ACE-EPTI is 29% higher than ss-EPI in phantom, and 27% higher in vivo. The SNR gain is
higher at 1.5-mm because of the much longer ETL of ACE-EPTI when compared to ss-EPI (56 ms vs.
20 ms), while the SNR gain for the high-resolution protocol is mainly from the shorter TE achieved

through echo-train shifting. In addition to the echo-combined images, the presented example single-
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echo images from the ACE-EPTI acquisitions also show higher SNR than ss-EPI, validating its high

efficiency for multi-echo imaging.
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Figure 5: The evaluation of the proposed phase correction framework using in-vivo dMRI data. (a) Comparison
of the reconstructed images with and without the odd-even echo phase correction, and the estimated phase
difference between odd and even echoes before and after removing the 1D linear phase along x. Note that the
residual 2D phase difference after removing 1D linear phase is magnified by 5 times. (b) The validation of the
proposed self-navigated shot-to-shot phase correction. Reconstructed images before and after the shot-to-shot
phase variation corrections are presented across 3 representative example slices, together with the estimated phase
variation maps across the 3 shots. (c) The estimation of global By drifts obtained from the updated By maps across
all of the dynamics during a 20-minute dMRI scan, and an example estimated By change map at the 40-th dynamic
(including drifts and eddy currents). (d) The reconstructed images with and without the use of By updating at the
40-th dynamic.

The effectiveness of the proposed phase correction framework is demonstrated through the
reconstruction of an example in-vivo dMRI dataset shown in Fig. 5. Figure 5a compares the
reconstructed non-DW image with and without the odd-even echo phase correction, as well as the
estimated phase difference between the odd and even echoes. Based on the estimation, the major part
of the odd-even echo phase difference is a 1D linear distribution along x, and the residual 2D phase
difference after removing this 1D phase is on a much lower level (5-10 times smaller). After correcting
for the phase difference, the ghosting-like artifacts around the edge (yellow arrows) is eliminated. The
evaluation of the proposed self-navigated shot-to-shot phase correction is shown in Fig. 5b. Before
correction, severe artifacts appear in all of the imaging slices due to the phase variation across the
different shots (shown at the bottom). These artifacts are effectively removed after correction using the
self-estimated phase, resulting in high quality diffusion images. Figure 5c¢ shows the tracking of global

By drifts obtained from the updated By maps across all the dynamics, where an increasing trend up to
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~30 Hz is observed during the 20-minute scan. The estimated By change of the 40" dynamic is presented
in the figure as an example, and the corresponding reconstructed images with and without By updating

are shown that demonstrates the importance of By updating for accurate image recovery (Fig. 5d).
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Figure 6: The evaluation of image distortion of ss-EPI and ACE-EPTI. (a) Comparison of susceptibility-induced
distortions, where ACE-EPTI obtains near identical image contour to the TSE reference without distortion, while
ss-EPI suffers from severe image distortions (red arrows), even with an in-plane acceleration factor of 4. Ghosting
artifacts also appear in ss-EPI indicated by the zoomed-in areas (yellow arrows). (b) Comparison of dynamic
distortions caused by eddy currents across diffusion directions. An anterior edge area of the brain (dashed red line)
is zoomed-in along the PE direction with dynamics across all diffusion directions, showing up/down shifts of the
ss-EPI images, and static and perfectly aligned edges of the ACE-EPTI, demonstrating the robustness of ACE-
EPTI to eddy currents.

The ability of ACE-EPTI to achieve distortion-free imaging is validated in Fig. 6, with the absent of
susceptibility-induced (Fig. 6a) and eddy-currents distortions (Fig. 6b). Apparent distortions in the
temporal and frontal lobes are observed in ss-EPI images (red arrows), even when an in-plane
acceleration factor of 4 is used, and ghosting artifacts are also present indicated by the yellow arrows.
The ACE-EPTI images are free from such distortion and artifacts, providing near identical image
contours (red lines) to the TSE reference images. The dynamic image distortion due to eddy currents is
also evaluated in Fig. 6b. The zoomed-in view of the ss-EPI images (with motion-correction but without
eddy-current correction) across different diffusion directions shows clear up and down shifts of the edge.
In contrast, ACE-EPTI provides stable and perfectly aligned images without dynamic shifts,

demonstrating its robustness to eddy currents distortion.
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Figure 7: Representative diffusion weighted images from 4 diffusion directions and 4 different TEs acquired by
ACE-EPTI at 0.86-mm in-plane resolution.

Figure 7 presents the diffusion images across different slices acquired by ACE-EPTI at 0.86-mm in-
plane resolution. DWIs from 4 representative diffusion directions and 4 different TEs are shown, with
high image quality and SNR. The calculated colored-FA maps obtained from the same data are shown
in Fig. 8. Within the same acquisition time, FA maps from ACE-EPTI shows higher image quality with
clearer and more consistent structures than ss-EPI. This is highlighted by the zoomed-in areas and
yellow arrows. The improved quality of DTI can be attributed to the higher SNR and distortion and
blurring-free feature of ACE-EPTL

Matched 20-min whole-brain scan at 0.86x0.86x3 mm?3

ACE-EPTI

Figure 8: Comparison of colored-FA maps from ACE-EPTI and ss-EPI with matched scan time at 0.86 x 0.86 x
3 mm?. ACE-EPTI provides higher quality FA maps and more consistent structures than ss-EPI highlighted by
the zoomed-in areas and yellow arrows.
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Figure 9: Results of the 0.86-mm in-plane experiment using ACE-EPTI. (a) Mean non-DW and DW images, and
the fitted T," maps from the mean images with and without diffusion weighting. (b) Colored-FA maps at different
TEs. (c) Calculated ODFs at early (38-53 ms) and late TEs (85-99 ms). In the ODF from the late TEs, a connection
along the anterior-posterior direction (green-colored) is present (white arrow) which is not visible in the early TE
data.

a Mean images b T, maps at different b-values
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Figure 10: Results of the 1.5-mm isotropic experiment with 3 different b-values (0, 1000, 2000 s/mm?) acquired
by ACE-EPTI. (a) Mean images at 3 different b-values. (b) T," maps fitted from the mean multi-echo images at
three b-values. (c¢) Three orthogonal views of the whole-brain cFA maps. (d) ODFs at different TEs of a zoomed-
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in area located at the semiovale. The white arrows highlight a left-right fiber (red-colored) which is visible in the
early TEs but gradually disappears in the later TEs.

The use of multi-echo images provided by ACE-EPTI is preliminarily evaluated in Fig. 9 at 0.86-mm
in-plane resolution, and Fig. 10 at 1.5-mm isotropic resolution. Figure 9a shows the fitted T>" maps
using averaged non-DW images and diffusion images, where a more homogeneous and lower value is
observed from the DW-T>", which could be caused by the significant reduction of the extracellular water
signal after diffusion weighting, whose T>" should be longer than that of axonal and myelin water.
Figure 9b shows example cFA maps at different TEs. Using the multi-TE data, different ODFs
generated using data at different TEs are shown in Fig. 9¢c, where a fiber along the anterior-posterior
direction (green-colored) which are present (white arrow) in the late TE is not visible in the early TE.
Figure 10 shows the results of the 1.5-mm isotropic data with 3 different b-values (0, 1000, 2000 s/mm?).
The fitted T>" maps using the mean multi-echo images (Fig. 10a) at three b-values are presented (Fig.
10b), and lower values can be seen under higher b values, which is consistent with the previous
observation from Fig. 9a, potentially caused by the reduction of extracellular water signal. Figure 10c
shows whole-brain cFA maps in 3 orthogonal views, and ODFs at different TEs of a zoomed-in area
within the semiovale are presented in Fig. 10d. The ODFs show substantial differences across TEs, for
example, a left-right fiber (red-colored) visible in early TEs gradually disappears in the later TEs (white

arrows), indicating the additional information provided from data at multiple TEs.
Discussion

The results have demonstrated the improved SNR efficiency of ACE-EPTI over conventional ss-EPI,
and also the effectiveness of the phase-corrected subspace reconstruction framework to provide artifact-
free diffusion images. In addition, the fast 3-shot acquisition enabled by the variable density
spatiotemporal encoding reduces motion sensitivity. Both susceptibility and eddy currents induced
distortions are eliminated in the time-resolved multi-echo images, providing high anatomical integrity

without the need for post-processing corrections.

The higher SNR efficiency of ACE-EPTI is attributed to the minimized TE and optimized ETL. At low
resolutions, where the typical EPI readout window is short, the optimized ETL can improve the SNR
efficiency more by using a longer readout to acquire more signals for noise averaging. Although the
ETL of ss-EPI can be increased by reducing the in-plane acceleration and partial Fourier factors, the
resultant longer TE and stronger blurring and distortion artifacts would compromise the SNR and image
quality. At high resolution, the benefit of TE reduction using echo-train shifting over the conventional
acquisition is more prominent, since the long echo train before the spin-echo with large echo spacing
will lead to long TE in ss-EPI. The benefit of minimizing the TE has also been studied in many previous
works, such as center-out spiral (49,50), and center-out EPI (51). One challenge of using a center-out

trajectory in conventional single-shot acquisition is that the fast T>" decay would lead to more image
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blurring that needs to be corrected. This problem is fully addressed in ACE-EPTI which time resolves

the signal evolution, providing images free from the signal-decay related blurring.

The distortion-free feature is another important advantage of ACE-EPTI. The time-resolved images are
not only free from the susceptibility distortion, but also dynamic eddy currents across different diffusion
directions as demonstrated in Fig. 6. There are still minor differences in the image contour of the ACE-
EPTI and TSE images in Fig. 5a, which may be caused by small displacements between the two scans.
In the time-resolving approach, the dynamic change of By from eddy currents across different diffusion
directions would not lead to distortion, however, the reconstruction accuracy can be compromised. By
updating the By change of every diffusion-encoded volume (Fig. 2), the By change due to eddy currents
and drift can be estimated and corrected to ensure accurate reconstruction (Fig. 5 c&d). In addition to
eddy currents, the odd-even echo phase difference and shot-to-shot phase variations are also effectively
corrected by the proposed phase correction framework, eliminating potential image artifacts (Fig. 5

a&b).

The capability to resolve multi-echo images in ACE-EPTI provides an efficient acquisition for
diffusion-relaxometry and TE-dependent diffusion analysis. Many previous studies have shown that the
richer information provided by a joint diffusion-relaxometry acquisition could help disentangle more
complicated tissue composition (8,10), detect unique features of diseases (9), and might be useful in
tractography (52). The potential use of the time-resolved multi-echo images from ACE-EPTI is
preliminary evaluated in this study, showing that multi-TE ODFs provide richer fiber orientation
information. The T>" values are also different with different diffusion weightings, which could be
caused by the change of signal contribution between axonal and extracellular water compartments under
different diffusion weightings. To obtain the T; relaxation information (11) together with To/T,", the
efficient ACE-EPTI acquisition can be further combined with an inversion-recovery preparation. To
provide shorter TRs and higher SNR-efficiency for whole-brain imaging, SMS acquisition has been
integrated into the ACE-EPTI, and shown consistent high-quality results. To further improve the
efficiency for a high isotropic resolution acquisition, simultaneous multi-slab acquisition such as
gSlider (53-55) can also be combined with ACE-EPTI in the future. Additionally, ACE-EPTI can be
also applied to other imaging applications outside of dMRI, such as multi-echo fMRI (56,57) and T,"
mapping that has been previously studied using EPTI (28,58), with effective correction of shot-to-shot

variation and a higher temporal resolution.
Conclusions

ACE-EPTI was demonstrated to be a powerful and versatile technique for high-resolution diffusion
MRI and diffusion-relaxometry. With a fast 3-shot acquisition scheme, ACE-EPTI is able to provide
high SNR-efficiency, high image quality without distortion, blurring, and ghost artifacts, effective self-

navigated phase correction, and capability for time-resolved multi-echo imaging.
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