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Abstract

Purpose: To develop a high-fidelity diffusion MRI acquisition and reconstruction framework 

with reduced echo-train-length for less T2* image blurring compared to typical highly accelerated 

echo-planar imaging (EPI) acquisitions at sub-millimeter isotropic resolution.

Methods: We first proposed a circular-EPI trajectory with partial Fourier sampling on both 

the readout and phase-encoding directions to minimize the echo-train-length and echo time. 

We then utilized this trajectory in an interleaved two-shot EPI acquisition with reversed phase-

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
*Corresponding author at: Department of Radiology, Stanford University, Stanford, CA, USA. xiaozhic@stanford.edu (X. Cao). 

Declaration of Competing Interest
The authors report no competing interests.

Credit authorship contribution statement
Congyu Liao: Conceptualization, Methodology, Software, Investigation, Validation, Visualization, Writing – original draft, Writing 
– review & editing. Uten Yarach: Conceptualization, Software, Validation, Visualization, Writing – review & editing. Xiaozhi Cao: 
Conceptualization, Methodology, Investigation, Writing – review & editing. Siddharth Srinivasan Iyer: Software, Investigation, 
Writing – review & editing. Nan Wang: Software, Investigation, Writing – review & editing. Tae Hyung Kim: Software, 
Investigation, Writing – review & editing. Qiyuan Tian: Software, Validation, Writing – review & editing. Berkin Bilgic: Software, 
Methodology, Validation, Writing – review & editing. Adam B. Kerr: Conceptualization, Methodology, Software, Validation, Writing 
– review & editing. Kawin Setsompop: Conceptualization, Methodology, Writing – review & editing, Supervision, Resources, 
Funding acquisition.

Supplementary materials
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.neuroimage.2023.120168.

HHS Public Access
Author manuscript
Neuroimage. Author manuscript; available in PMC 2023 August 25.

Published in final edited form as:
Neuroimage. 2023 July 15; 275: 120168. doi:10.1016/j.neuroimage.2023.120168.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


encoding polarity, to aid in the correction of off-resonance-induced image distortions and provide 

complementary k-space coverage in the missing partial Fourier regions. Using model-based 

reconstruction with structured low-rank constraint and smooth phase prior, we corrected the shot-

to-shot phase variations across the two shots and recover the missing k-space data. Finally, we 

combined the proposed acquisition/reconstruction framework with an SNR-efficient RF-encoded 

simultaneous multi-slab technique, termed gSlider, to achieve high-fidelity 720 μm and 500 μm 

isotropic resolution in-vivo diffusion MRI.

Results: Both simulation and in-vivo results demonstrate the effectiveness of the proposed 

acquisition and reconstruction framework to provide distortion-corrected diffusion imaging at 

the mesoscale with markedly reduced T2*-blurring. The in-vivo results of 720 μm and 500 μm 

datasets show high-fidelity diffusion images with reduced image blurring and echo time using the 

proposed approaches.

Conclusions: The proposed method provides high-quality distortion-corrected diffusion-

weighted images with ~40% reduction in the echo-train-length and T2* blurring at 500μm-

isotropic-resolution compared to standard multi-shot EPI.
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1. Introduction

Submillimeter-isotropic-resolution in-vivo diffusion MRI (dMRI) with echo-planar imaging 

(EPI) acquisition has shown great potential for reducing partial volume effects of laminar 

fiber analysis in superficial gray-matter (Assaf, 2019; Gulban et al., 2018; McNab et al., 

2013; Wang et al., 2021), improving brain parcellation in gray-matter regions (Johansen-

Berg et al., 2005; Leuze et al., 2014) and detecting small microinfarcts in cerebral small 

vessel Disease (Misquitta et al., 2022). The key challenges of submillimeter in-vivo dMRI 

acquisition include: i) the physiological noise and bulk motion-induced phase variations, ii) 
image distortions from magnetic susceptibility and eddy-current, iii) T2* blurring due to the 

long echo spacing (ESP) and echo-train-length (ETL), and iv) decreased SNR.

To address these issues, numerous acquisition, reconstruction, and post-processing 

techniques have been developed. During the lengthy ETL, the local B0 inhomogeneity 

from magnetic susceptibility and eddy-current can lead to voxel pile-ups, T2* blurring, and 

signal loss. Multi-shot EPI acquires the entire k-space in multiple excitations, which enables 

shorter ETL to mitigate distortion and blurring. However, due to the shot-to-shot phase 

variations, combining shots is difficult. To correct the shot-to-shot phase variations, both 

navigator-based (Dai et al., 2017; Holdsworth et al., 2008; Jeong et al., 2013; Porter and 

Heide-mann, 2009) and self-navigated methods (Chen et al., 2013; Chu et al., 2015; Moeller 

et al., 2020) with advanced reconstruction methods (Hu et al., 2019; Liao et al., 2017; Mani 

et al., 2017) are proposed to remove background phase of each shot.

To further eliminate the image distortions, additional acquisitions with reversed phase-

encoding polarity were necessitated to account for the distortion in post-processing (e.g. 
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FSL TOPUP (Andersson et al., 2003)). Furthermore, interleaved multi-shot EPI with 

reverse polarities and joint parallel imaging reconstruction method that incorporate field 

maps and shot-to-shot phase-difference maps into the forward model of the reconstruction 

were proposed (Zahneisen et al., 2017; Zhu et al., 2016), which allows for reduced 

g-factor penalty and higher in-plane acceleration factor compared to the conventional post-

processing methods. Recently, a multi-shot EPI with spatial-temporal Controlled Aliasing in 

Parallel Imaging (CAIPI) sampling trajectory along ky-t dimension technique termed echo 

planar “time-resolved” imaging (EPTI) (Wang et al., 2019) was also proposed to achieve an 

efficient distortion-corrected high-resolution dMRI with relaxometry capability (Dai et al., 

2022; Dong et al., 2022; Fair et al., 2021).

To boost the SNR of submillimeter dMRI acquisition, 3D volumetric encoding techniques 

have been developed (Engström and Skare, 2013). Compared to the 2D and simultaneous 

multi-slice (SMS) acquisitions (Feinberg et al., 2010; Larkman et al., 2001; Setsompop et 

al., 2012), the 3D multi-slab acquisition has higher SNR efficiency with short TR (Engström 

et al., 2015; Moeller et al., 2020). However, the 3D volumetric acquisition is also sensitive 

to the shot-to-shot phase variations from three dimensions and the reconstructed image 

is sensitive to slab-boundary artifacts due to the imperfect slab profile and spin-history 

issue. To solve these issues, 3D multi-slab acquisition uses a dual-SE-EPI sequence to 

acquire both image- and navigator-echoes (Chang et al., 2018; Dai et al., 2021). With 

robust slab-boundary correction methods (Van et al., 2015; Wu et al., 2016), the slab-

boundary artifacts are much mitigated. gSlider-SMS (generalized SLIce Dithered Enhanced 

Resolution Simultaneous multi-slab) is another self-navigated 3D volumetric encoding 

technique (Setsompop et al., 2018), which performs consecutive RF-encoding rather than 

gradient encoding along slice direction for robust self-estimation and removal shot-to-shot 

phase corruption and a linear model-based reconstruction to resolve sub-slices within each 

acquired slab.

Our recent work proposed a multi-shot interleaved EPI with Blip-Up and -Down phase-

encodings Acquisition (BUDA-EPI) and reconstruction framework (Cao et al., 2021; Liao 

et al., 2019a; Zhang et al., 2022) that incorporates B0 forward-modeling and structured-low-

rank constraint to enable distortion-corrected and navigator-free dMRI. Combined with 

the SNR-efficient gSlider technique, it enables high-fidelity diffusion imaging across the 

whole-brain in vivo at 600 μm isotropic resolution (Liao et al., 2021). However, at higher 

resolutions at the mesoscopic scale such as 500 μm, the original BUDA with standard EPI 

trajectory can result in lengthy ETL and undesirable T2*-induced image blurring.

Building on our previous work, we further develop approaches to improve the quality 

and fidelity of mesoscale diffusion MRI, where: i) We developed a circular-EPI trajectory 

with a new approach for complementary readout (RO) and phase-encoding (PE) partial 

Fourier (pF) sampling across the blipped-up and blipped-down shots to reduce the ETL 

and TE, which enables reduced image blurring and improved SNR. Compared to a 

previously published work on circular 3D-EPI for fMRI by (Rettenmeier et al., 2019), the 

proposed circular-EPI trajectory with two-dimensional pF acquisition specifically targets 

submillimeter isotropic resolution diffusion imaging with reduced ETL, TE and point-

spread-function. ii) We combined the circular trajectory with BUDA-EPI, where the variable 
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ESP of the circular EPI trajectory was incorporated into the model-based joint parallel 

imaging reconstruction to correct image distortions induced by B0 inhomogeneity. To allow 

accurate estimation of B0 inhomogeneity and eddy-currents, we used constant echo-spacing 

sampling in the central k-space of both blip-up and -down shots. iii) We implemented 

a structured low-rank constraint with smooth phase prior (S-LORAKS) reconstruction 

(Haldar, 2014; Kim et al., 2017) across the two reverse-polarity shots to compensate shot-to-

shot phase variations as well as offer a “smart readout and phase-encoding partial Fourier” 

approach, which could help prevent loss of resolution. Compared to our previous structured 

low-rank reconstruction (Liao et al, 2021), the use of implicit phase-constrained S-LORAKS 

reconstruction could account for both shot-to-shot phase variations and smooth background 

phase to enable high-fidelity partial Fourier filling in both phase and readout directions, 

which we thoroughly validated in Results section.

With the proposed gSlider-BUDA-circular-EPI acquisition with S-LORAKS reconstruction, 

we demonstrate high-fidelity 720 μm- and 500 μm-isotropic-resolution dMRI with ~40% 

reduction of ETL and T2* blurring compared to two-shot EPI sequence. This work is 

an extension of our earlier work, which was reported in a conference abstract form and 

presented as an oral presentation at the International Society of Magnetic Resonance in 

Medicine (ISMRM) 2022 (Liao et al., 2022).”

2. Methods

2.1. Trajectory and pulse sequence design

Circular EPI was first proposed for real-time cardiac imaging (Kerr et al., 1997) and a 

recent study (Rettenmeier et al., 2019) shows that the circular EPI with reduced readout 

length could also be beneficial in improving fast volumetric functional MRI. In our work, 

we combine circular-EPI with the two-shot blip-up and -down acquisition and augment 

it with both RO- and PE-pF sampling for high-resolution dMRI. Fig. 1(A) shows the 

sequence diagram and the sampling trajectories of gSlider-BUDA-circular-EPI, where the 

two circular-EPI shots are sampled with reversed PE polarity to obtain opposite distortion. 

As shown in Fig. 1(A), in each shot, the circular-EPI only covers ~30% of the total 

k-space area, using both RO- and PE-pF 5/8 sampling and full ramp-sampling, which 

significantly reduces ETL and TE. The missing k-space is filled using BUDA-S-LORAKS 

reconstruction, which leverages the two-shot complementary subsets of k-space data and the 

smooth background phase prior. More details of the BUDA-S-LORAKS reconstruction will 

be described in the next section.

To estimate B0 inhomogeneity and eddy-current fields, the blip-up and -down low-resolution 

images are individually reconstructed using the central k-space lines which were acquired at 

a constant echospacing. The resolution of central part of k-space with full-Fourier coverage 

is kept at ~2mm, which could cover the low-frequency area well and be robust to potential 

k-space shift of the diffusion encoding that we kept to b=1000 s/mm2 at submillimeter 

resolution so that we have sufficient SNR.

Five gSlider RF slab-encodings (Fig. 1(C)) are used for a total of 10 circular-EPI shots per 

volume across blip-up and -down encodings, where both shots are acquired in an interleaved 
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fashion. Both the gSlider RF slab-encodings and refocusing pulses are designed using the 

toolbox (https://github.com/wgrissom/gSliderRF) (Ma et al., 2017). Simultaneous multi-slab 

at MB = 2 is combined with gSlider RF pulses in the sequence to acquire data from 10 

imaging slices simultaneously per shot. To reduce peak power of the RF pulses, VERSE 

method (Conolly et al., 1988) is performed on both gSlider-SMSb and the multi-band 180° 

refocusing RF pulses.

3. BUDA-S-LORAKS reconstruction

The flowchart of the proposed reconstruction pipeline is shown in Fig. 2. The reconstruction 

of each gSlider-encoding volume includes the following steps: i) Nyquist ghost correction 

with a constant gradient-delay and linear phase-error estimated from a calibration scan with 

Gy turned off (Rettenmeier et al., 2019). Due to the variable ESP and ramp-sampling in 

circular-EPI, 1D non-uniform FFT (NUFFT) is performed. ii) The central k-space of each 

shot is reconstructed using SENSE (Pruessmann et al., 1999) with l1 wavelet regularization. 

The reconstructed low-resolution images of a BUDA pair are used to estimate field map 

via FSL TOPUP (Andersson et al., 2003). iii) This field map is multiplied by the variable 

ESP of each ky-line to create the off-resonance operator Et in tth shot. Note that the 

operator of circular-EPI shot is reversed for the reversed phase-encoding polarity. iv) The 

operator Et is then incorporated into a model-based joint parallel imaging reconstruction 

with structured-low-rank constraint, with smooth phase prior (S-LORAKS operator) across 

the two shots to take advantage of the smooth background phase for pF-filling and account 

for shot-to-shot phase variations. This reconstruction can be expressed as:

minxt
t = 1

Ns

F tEtCxt − dt
2

2

+ λRr H S xt (1)

where Ft is the undersampled Fourier operator in the tth shot, C are the coil sensitivities 

estimated from a FOV-matched gradient-echo prescan data using ESPIRiT (Uecker et al., 

2015, 2014), xt is the distortion-corrected image in the tth shot and dt are the k-space 

data for shot t. The constraint Rr(H(·))is a non-convex regularization imposing rank-r 
approximation of the corresponding Hankel structured low-rank matrix H(S(x)), where S(x) 

is the S-LORAKS operator that constructs the Hankel matrix in the concatenated k-space of 

the two shots by leveraging the conjugate symmetry property of k-space (smooth phase prior 

in image domain). The S-LORAKS operator S(x) can be expressed as:

S x = Sreal − Sreal
* −Simag + Simag

*

Simag + Simag
* Sreal + Sreal

* (2)

where S is a circular kernel (e.g., radius = 3) in the local k-space of each shot and 

S* is the kernel in the conjugate position of k-space, shown in Fig. 2. The subscripts 

“real” and “imag” represent the real and imaginary parts of the complex k-space data. 

Once the S and S* kernels are formed for both the blip-up and blip-down shots, we then 

slide them around the data to build the Hankel matrix H(S(x)), and apply the low rank 

constraint on this matrix. With multiple iterations, the missing k-space data are filled using 

S-LORAKS reconstruction. The BUDA-S-LORAKS reconstruction can also be extended 
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to multiband (MB) dataset by concatenating the slice-group along the readout dimension 

(Moeller et al., 2010). In this work, we selected the rank-r = 80 and λ=0.0008 for the Rr(·) 

low-rank regularization. The maximum number of S-LORAKS iterations (inner loop) of 

8 and the maximum number of data-consistency iterations (outer loop) of 20 is used for 

the diffusion datasets at submillimeter resolution. The demonstration reconstruction scripts 

are available online at: https://github.com/CongyuLiao/BUDA_SLORAKS. After this image 

reconstruction process, the reconstructed two-shot distortion-less images are then combined 

to produce a single image, where the background phase in each shot is estimated by 

real-valued post-processing and removed before the shot combination (Eichner et al., 2015; 

Holdsworth et al., 2012).

The proposed reconstruction is performed for each gSlider RF-encoding volume, and 

subsequently, the reconstructed images of all RF slab-encoded volumes are combined in 

a forward-model-based reconstruction with T1 and B1
+ corrections to create a high slice-

resolution volume as per (Liao et al., 2020).

After reconstruction of each diffusion volumes, we utilized FSL “eddy” function (Andersson 

and Sotiropoulos, 2016) to model and correct head motions across diffusion volumes which 

should minimize head motion issues between these different diffusion directions.

4. Simulations

To characterize the advantages of circular-EPI over standard-EPI, we simulated both 

circular- and standard-EPI trajectories at 500 μm resolution with an in-plane acceleration 

factor of 4 per shot. Partial Fourier acquisition was also employed in these trajectories with 

5/8 PE-pf on standard-EPI, and 5/8 RO- & PE-pF on circular-EPI (resulting in the central 

symmetrically sampled k-space region of 2.2 mm, which is deemed sufficient in capturing 

the smooth shot-to-shot phase variations). The gradient waveforms of the standard- and 

circular-EPI are shown in Fig. 3(A). For circular-EPTI, the maximum gradient amplitude 

is set to 50mT/m to avoid aliasing along the readout direction for a 23.4 cm readout 

FOV considering the maximum sampling bandwidth of 500kHz on our MR system. The 

maximum slew-rate is set to 200T/m/s to keep within the limits of the peripheral nerve 

stimulation and hardware limit. On the other hand, the standard-EPI trajectory is directly 

extracted from a product EPI sequence which reached the maximum gradient and slew 

rate of 37 mT/m and 188 T/m/s, respectively, while utilizing 30% ramp-sampling. To 

characterize the blurring effect from T2 and T2* relaxations, point-spread-function (PSF) 

was calculated for both circular- and standard-EPI assuming T2 and T2* values of 70 

& 36 ms. To compare the PSFs between circular-EPI and conventional EPI in diffusion 

MRI, we also acquired new in vivo data to evaluate image quality. For BUDA-circular-

EPI acquisition, we applied in-plane acceleration factor of 4 per shot with both readout 

and phase-encoding partial Fourier 5/8, while for BUDA-standard-EPI, we used in-plane 

acceleration factor of 4 per shot with only phase-encoding partial Fourier 6/8 acquisition that 

was used before with our previous reconstruction approach (Liao et al, 2021). This resulted 

in TE = 55ms for BUDA-circular EPI acquisition and TE = 70ms for BUDA-standard EPI 

acquisition.
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To characterize the performance of S-LORAKS in reconstructing missing pF data of 

BUDA-circular-EPI, BUDA-circular-EPI with 6/8 RO- & PE-pF was simulated by applying 

a circular sampling mask to a fully-sampled data synthesized from reconstructing BUDA-

standard-EPI with 6/8 PE-pF dataset (Fig. 4(A)). The in-vivo simulation data contained 

motion-induced shot-to-shot phase variations. The protocol of the acquired BUDA-standard-

EPI data for this simulation is: FOV: 220 × 220mm, matrix size: 176 × 176, in-plane 

resolution: 1.25 mm × 1.25 mm, slice thickness: 2 mm, number of slices: 57, TR/TE = 

2800/77 ms, multi-band factor: 3 with CAIPI-shift FOV/2 per shot (Setsompop et al., 2012), 

in-plane acceleration factor: 2 per shot, resulting in an effective echo-spacing of 0.37 ms, 

partial Fourier factor: 6/8, two interleaved BUDA shots with anterior to posterior (AP) 

and posterior to anterior (PA) phase-encodings. b value= 1000 s/mm2 with 32 diffusion 

directions acquired.

5. In-vivo acquisitions

To validate our proposed method, 10 healthy volunteers were scanned with the approval 

of the institutional review board (IRB) with informed consent obtained. To compare the 

reconstruction performance with and without S-LORAKS constraint on the prospectively 
undersampled dataset, we first acquired the in-vivo brain BUDA-circular-EPI dataset 

without gSlider encoding: FOV: 220 × 220 × 80 mm3 (16 slices, 5 mm slab thickness), 

image matrix size: 300 × 300, TR/TE = 5000/55 ms, Rinplane = 4 per shot with both RO- 

& PE-pF =5/8 (symmetric acquired k-space region of 2.2mm resolution). Fifty diffusion-

directions with b =1000 s/mm2 and ten b=0 volumes were acquired. The total acquisition 

time is 10 min.

To achieve high slice resolution, 5 gSlider encodings were employed on top of the BUDA-

circular-EPI sequence to provide high slice resolution with good SNR. In-vivo brain datasets 

were acquired with gSlider-BUDA-circular-EPI at 720 μm-isotropic resolution. The 720 μm 

data were acquired with: FOV: 220 × 220 × 57.6 mm3 (16 slabs, 3.6mm slab thickness, 

5 gSlider encodings), image matrix size: 300 × 300, TR/TE = 5000/55 ms, Rinplane = 4 

per shot with both RO- & PE-pF = 5/8. Ten diffusion-directions with b =1000 s/mm2 were 

acquired. The total acquisition time is 9 min.

To further push the image resolution and obtain mesoscale in vivo diffusion tensor results, 

we acquired 500 μm-resolution dataset with: FOV: 220 × 220 × 80 mm3 (32 slabs, 2.5mm 

slab thickness, 5 gSlider encodings), image matrix size: 440 × 440, TR/TE = 3500/65 ms, 

MB × Rinplane =2 × 4 per shot with both RO- & PE-pF = 5/8. Sixty diffusion-directions with 

b =1000 s/mm2 and interspersed ten b=0 volumes were acquired, which was repeated three 

times to achieve sufficient SNR for such high resolution. The total acquisition time was 105 

min. Diffusion analysis and colored fractional anisotropy (FA) maps were generated using 

the FSL software (Jenkinson et al., 2012).

A FOV-matched low-resolution B1 + map was obtained to correct the B1 + inhomogeneity-

induced slab-profile imperfection in gSlider reconstruction using a 1-minute Bloch-Siegert 

sequence (Sacolick et al., 2010) at 3.4 × 3.4 × 5 mm3 resolution.
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To evaluate the reconstructed diffusion datasets of multiple healthy volunteers at various 

spatial resolutions, we repeated the same diffusion-direction 20 times and evaluated 

temporal SNR (tSNR) maps for both 720 μm and 500 μm diffusion images.

In this study, the sequence was developed based on KSFoundation platform (https://

ksfoundationepic.org/). All the in-vivo data were acquired on a 3T GE Ultra High 

Performance (UHP) scanner (GE Healthcare, Waukesha, WI) with a NOVA 32-channel 

head-coil, and all the image reconstructions were performed in MATLAB (MathWorks, 

Natick, MA).

6. Results

Fig. 3 shows the comparison of ETL, T2* decay, and PSF between circular- and standard-

EPI at 500 μm resolution. The trajectory lengths of circular- vs standard-EPI are 51.1 ms 

vs 90.0 ms, as shown in Fig. 3(A), which demonstrates a ~40% reduction in ETL (Fig. 

3(B)). The minimum achievable TE for circular- vs standard-EPI are 65ms vs 79ms. The 

signal curves with T2’- and T2* decay during the echo-trains were simulated in Fig. 3(B) 

(signal intensity at TE was normalized to 1 to aid comparisons of T2’- and T2* decay of 

the two acquisitions). The corresponding PSFs were calculated as shown in Fig. 3(C), where 

the full-width-half-max (FWHM) of the PSF of BUDA-standard-EPI is 1.58 × that of the 

actual resolution, while the FWHM’s of the PSF of BUDA-circular-EPI is 1.30 ×; resulting 

in a 40% reduction in image-blurring for 500 μm acquisition. Fig. 3(D) presents an invivo 

slice of BUDA-EPI and BUDA-circular-EPI at 720 μm resolution. As seen in Fig. 3(D), 

the SNR of BUDA-circular-EPI is significantly higher than that of BUDA-EPI. Regarding 

image sharpness, BUDA-circular-EPI exhibits less blurring than standard-EPI and reveals 

more cortical information in the in vivo data.

Fig. 4 shows reconstruction performance with and without S-LORAKS constraint for 

the simulated BUDA-circular-EPI data with additional RO-pF (reconstructions termed 

“BUDA-SENSE” for reconstructing blip-up and down simultaneously only using the 

forward-model of the Eq.(1) without S-LORAKS constraint, and “BUDA-S-LORAKS” 

for reconstructing the BUDA-circular-EPI data with S-LORAKS constraint, respectively). 

Fig. 4(B) demonstrates that BUDA-circular-EPI reconstructed using SENSE without S-

LORAKS resulted in missing high k-space data while incorporating S-LORAKS into the 

reconstruction enables effectively recovering this missing k-space. Fig. 4(C) indicates that 

incorporating S-LORAKS into the reconstruction resulted in a lower root-mean-square-error 

(RMSE) when compared to using SENSE alone, while also providing similar image quality 

when compared to the reference images (reconstructed from the BUDA-standard-EPI data) 

for b=1000 s/mm2.

Supporting movie S1(A) shows comparisons between reconstructed data from single-

shot EPI (blip-up only) and BUDA-circular EPI with BUDA-SENSE and with BUDA-S-

LORAKS reconstructions across 50 diffusion directions. The single-shot EPI results contain 

distortion artifacts that cause the brain to move/distort in the anterior-posterior differently 

across the diffusion directions. On the other hand, BUDA-circular-EPI results with BUDA-

SENSE and with BUDA-S-LORAKS both are distortion-corrected with good geometric 
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fidelity. Compared to the BUDA-SENSE reconstruction that loses resolution in the missing 

k-space regions, the proposed BUDA-S-LORAKS reconstruction fills out the missing k-

space data and achieves improved resolution as shown in S1(A). S1(B) shows the colored 

FA maps of the same BUDA-circular-EPI data with BUDA-SENSE and BUDA-S-LORAKS 

reconstructions. The blue arrow in the zoomed-in view indicates the dark-band gap between 

adjacent sulci (i.e. it should go green-black-green instead of green-green) in the BUDA-S-

LOARKS results, which is blurred out in the BUDA-SENSE reconstruction.

Fig. 5 shows representative single diffusion-weighted images and 10 diffusion-directions 

averaged images reconstructed by the proposed BUDA-S-LORAKS method at 720 μm-

isotropic-resolution, where good SNR was achieved.

Fig. 6(A) shows the DWIs of the 500 μm diffusion data across 3 averages of 60 diffusion 

direction acquisition. Fig. 6(B) shows the FA map of a representative axial slice, and 

the zoom-in figure shows the high-resolution capability of the 500μm data. Since at this 

mesoscopic scale resolution the FA map from our scan is still noisy, we applied a spatially 

adaptive nonlocal means denoising method (Manjón et al., 2010) to increase SNR and 

enable a better depiction of the detailed high-resolution in-plane information. The denoised 

FA maps show high-quality mesoscale cortical diffusion images and the expected dark-band 

at the white-matter and gray-matter boundaries as the diffusion fibers turn sharply at these 

locations. The denoised colored-FA maps in three orthogonal views are shown in Fig. 6(C).

The calculated temporal SNR (tSNR) maps of 720 μm and 500 μm diffusion images are 

shown in Supporting figure S2. While the 720 μm images have sufficient tSNR (averaged 

SNR = 10.85) with our proposed reconstruction, the 500 μm data are noisy (averaged SNR 

= 3.02) and need to utilize the proposed acquisition technique together with denoising 

approaches that are emerging in the field (Haldar et al., 2013; Moeller et al., 2021; Muckley 

et al., 2021; Ramos-Llordén et al., 2021, 2020; Tian et al., 2020). With such a low SNR level 

at 500 μm resolution, it is also important to use real-valued diffusion in signal averaging 

and FA calculation, rather than taking the absolute value which would cause signal bias 

in low-SNR data (Jones and Basser, 2004; Eichner et al., 2015). In this work, we utilize 

real-valued diffusion post-processing in the BUDA-shot combination, which helps enable 

true signal averaging and mitigate the noise bias issue, resulting in better estimation of 

microstructure at high spatial resolution.

7. Discussion

In this work, for high-quality mesoscale diffusion imaging, we combine circular EPI 

acquisition with RO- and PE-pF sampling, to achieve a reduction in the ETL of ~ 40% 

and TE of 14 ms when compared to conventional EPI at 500 μm isotropic resolution. 

With interleaved blip-up and -down acquisition, the field maps (representing the combined 

effect of eddy current and field inhomogeneity) are estimated using the central k-space 

regions of the circular-EPI acquisition which is acquired using a constant ESP. The filed 

maps are then incorporated into the forward model of joint parallel imaging reconstruction 

using both the constant-ESP and the varying-ESP k-space lines to correct image distortions. 

Compared to reconstructing the blip-up and -down EPIs separately and then correcting 
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for the image distortion via e.g. FSL TOPUP, joint multi-shot EPI reconstruction with 

build-in model-based distortion correction achieves improved reconstruction conditioning 

and reduced g-factor noise penalty (Liao et al., 2021). In addition, by using the S-LORAKS 

reconstruction across the acquired two-shot data, which takes advantage of the smooth 

background phase for partial Fourier filling and accounts for shot-to-shot phase variations, 

high-fidelity diffusion-weighted images could be obtained without the need for navigators. 

To improve SNR efficiency, we further combine the BUDA circular-EPI with gSlider-SMSb 

for submillimeter-isotropic-resolution dMRI. Using the proposed gSlider-BUDA-circular-

EPI with S-LORAKS reconstruction, we achieve high-fidelity 500 μm-isotropic-resolution 

in-vivo dMRI.

Compared to the standard EPI trajectory, circular EPI trajectory is essentially an interleaved 

EPI trajectory that is clipped to a circle in k-space providing isotropic resolution. By 

acquiring data during the ramp and clipping the trajectory to a circle in k-space, a significant 

reduction in ETL over conventional square EPI is achieved. Combining the circular-EPI 

with both RO- and PE-pF sampling, the decreased readout duration, and ESP would further 

reduce TE and ETL (e.g., for the 500 μm case, 11ms circular EPI readout before the 

center k-space with dual 5/8 pF vs 18ms standard EPI readout before center k-space with 

5/8 PE-pF, which results in (18-11) × 2 = 14ms TE reduction). Spiral imaging is another 

promising technique for high-resolution diffusion acquisition, which provides a shorter TE 

to increase SNR when compared to EPI with partial Fourier (Lee et al., 2021). Compared 

to the spiral and standard-EPI trajectory, the advantage of circular-EPI in high-resolution 

dMRI is its reduced sensitivity to off-resonance and blurring at the high-frequency k-space. 

The off-resonance-induced image distortions of the circular-EPI can be corrected using 

BUDA and the model-based parallel imaging reconstruction. The blurring of circular-EPI 

at high-frequency k-space is also less pronounced than spiral and standard-EPI trajectories. 

This is because spiral needs to cover π·(1/resolution) for each ky out in k-space at high 

frequencies (e.g. from ky to ky +Δ ky), while EPI needs to cover (1/resolution) from −kxmax 

to +kxmax, and circular-EPI can cover less by curving the standard-EPI trajectory with a 

smaller effective ESP at high k-space.

In this work, we corrected the Nyquist ghost by characterizing gradient delays and 

estimating the linear-phase term between EPI odd and even lines from the calibration scan 

with Gy gradient turned off. However, the imperfect gradient waveform at high gradient 

strength and slew rate could potentially cause residual Nyquist ghost and artifacts. In the 

future study, we plan to add “field camera” hardware (Gross et al., 2016) to the scanner and 

measure the multi-shot circular-EPI trajectories in real time, which could further improve the 

image quality. In addition, because the encoding speed of circular-EPI trajectory is primarily 

limited by the maximum usable gradient strength and slew rate, novel high-performance 

gradient systems (Feinberg et al., 2021; Foo et al., 2020) with higher maximum gradient 

strength, slew rate, and peripheral nerve stimulation threshold, as well as higher receiver 

bandwidth should help further reduce ETL and TE. For example, if the maximum usable 

gradient strength is increased to 200 mT/m, the slew rate is increased to 900 T/m/s and 

the maximum sampling bandwidth is increased to 2MHz, our 500 μm BUDA-circular-EPI’s 

ETL would be reduced from 51ms to 20 ms and TE would shorten by another 40% of 65ms 

to 39ms, which would offer an exciting possibility in high quality mesoscale in-vivo dMRI.
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Intravoxel dephasing will lead to rapid signal decay over the readout period, causing much 

lower overall amplitude at the reconstructed voxel as well as blurring. This issue cannot be 

corrected via BUDA-estimated field map. However, we note that the ability to go to smaller 

voxel with our technique should help reduce the level of intravoxel dephasing. Moreover, 

with our shorter readout from circular EPI and “double” partial Fourier, the amount of signal 

attenuation across k-space will also reduce, which will help mitigate this issue.

In this work, S-LORAKS was implemented to correct shot-to-shot phase variations 

and recover missing k-space regions for BUDA-circular-EPI reconstruction. With the S-

LORAKS reconstruction, the two-shot images with smoothly varying phases can be mapped 

into structured low-rank matrices because of consistent linear dependencies within local 

k-space neighborhoods. Compared to other phase-constrained image reconstruction methods 

such as virtual conjugate coil reconstruction (Blaimer et al., 2009; Liao et al., 2019b), 

the S-LORAKS reconstruction imposes phase constraint implicitly through low-rank matrix 

modeling and was demonstrated to have a good reconstruction performance of conventional 

partial Fourier scheme in previous studies (Bilgic et al., 2018; Kim et al., 2017). However, 

one of the challenges associated with implementing the S-LORAKS reconstruction is the 

slow reconstruction speed. In each iteration of the S-LORAKS reconstruction, building 

the structured Hankel matrix can be slow and computationally intensive, which limits the 

application of the proposed method. For the 0.72mm isotropic datasets, the reconstruction 

time of each diffusion direction is approximately 320 min per whole-brain volume (160 

slices) without parallel computing. Using the MATLAB parallel computing toolbox, the 

reconstruction time can be reduced to 50 min per volume. For the whole-brain 0.50 mm 

isotropic datasets, with 60 diffusion directions and 3 averages, the total reconstruction time 

amounts to about 225 h. By dividing the dataset among 8 different computers, we were able 

to obtain the final reconstruction data in 30 h. Research to overcome this issue is being 

undertaken, in particular, employing deep learning methods to speed up low-rank-based 

reconstructions, which can provide more than 100x gain in reconstruction speed (Aggarwal 

et al., 2020; Hu et al., 2021; Yarach et al., 2022).

A 105-minute scan for diffusion imaging is challenging. However, the 105-minute protocol 

refers to scanning 60 diffusion-directions × 3 averages = 180 diffusion-directions for 

0.5mm isotropic diffusion MRI at a low SNR level. For each diffusion direction, it takes 

approximately 35 seconds to acquire the whole-brain volume. To achieve a clinically 

feasible duration, a ten-diffusion-direction scan necessitates just 9 min and can provide 

high-quality 0.72mm isotropic mean diffusivity and apparent diffusion coefficient maps. 

Acquisition at such high isotropic resolution has started to be proven valuable for 

clinical applications now that approaches for acquiring such data are starting to become 

available. For instance, our recent study using standard gSlider-EPI acquisition at 0.86 

mm isotropic (Misquitta et al., 2022) indicates that submillimeter isotropic DWI can help 

detect silent acute microinfarcts in patients with cerebral small vessel disease. With the 

improved acquisition and reconstruction strategies proposed in this work, there will be the 

feasibility of acquiring even higher resolution data at improved SNR, enabling detection and 

visualization of even smaller infarcts which in ex-vivo studies have shown to be hall mark of 

aging and dementia (Smith et al., 2012)
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The motion sensitivity timeframe of each of our reconstructed diffusion volumes is 35s, 

which is 10 TRs from 5 gslider-encodings across blip-up and -down directions. This 

timeframe is shorter than that of other competing 3D multi-slab diffusion acquisitions. For 

example, 3D simultaneous multi-slab diffusion approaches require 86 seconds per volume 

at 1mm isotropic resolution (Dai et al., 2021). Various methods have been proposed to 

mitigate motion artifacts across gSlider encoding and blip up and down acquisitions per 

diffusion direction (Wang et al., 2018; Cao et al., 2020). These methods can significantly 

reduce the motion sensitivity, bringing the timeframe down to 3.5-7.0 seconds. Future work 

will include the incorporation of these techniques into this work. It is also worth noting 

that motion corruption artifacts in gSlider appear to be less severe compared to 3D k-space 

encoding approaches, given that each gSlider encoding can provide a thick-slab image. The 

resulting motion artifacts seem to be localized to blurring in the final reconstructed image 

(Wang et al., 2018) rather than extensive aliasing/blurring artifacts and spin-history induced 

slab-boundary artifacts found in 3D multi-slab approaches.

As we push forward with our encoding capability to achieve higher isotropic resolution 

dMRI, a significant decrease in voxel size will lead to a proportionate decrease in SNR. To 

achieve high SNR efficiency, gSlider simultaneous multi-slab acquisition was employed in 

this work, but SNR remains a challenge for 500 μm dMRI. To boost SNR, future work will 

explore the incorporation of recent promising diffusion denoising methods (Haldar et al., 

2013; Moeller et al., 2021; Muckley et al., 2021; Ramos-Llordén et al., 2021, 2020; Tian et 

al., 2020) into our mesoscale dMRI framework.

8. Conclusion

In this work, we developed a gSlider-BUDA-circular-EPI with readout and phase-encoding 

partial Fourier acquisition, together with model-based S-LORAKS reconstruction to achieve 

high-fidelity in vivo diffusion MRI at the mesoscale. In comparison to standard EPI, the 

proposed method provides improved SNR and reduced blurring.
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Fig. 1. 
(A) The sequence diagram of the gSlider-BUDA-circular-EPI sequence and the trajectory 

of the proposed circular EPI with readout and phase-encoding partial Fourier acquisition. 

Central k-space are acquired with constant ESP for ΔB0 estimation. (B) The RF waveforms 

of the five gSlider RF-encodings pulses.
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Fig. 2. 
Flow chart of the gSlider-BUDA circular-EPI reconstruction.
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Fig. 3. 
(A) Comparison of gradient waveforms for the circular-EPI and standard-EPI. (B) Echo-

spacing and the signal curves of circular- and standard-EPI acquisitions. (C) The point-

spread-functions were calculated for both circular- and standard-EPI to characterize T2’ 

and T2* blurring effect. (D) In-vivo comparison between BUDA-standard-EPI and BUDA-

circular-EPI acquisitions at 0.72mm resolution.
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Fig. 4. 
(A) Sampling masks of the standard-EPI with 5/8 phase-encoding partial Fourier and 

circular-EPI with both readout and phase-encoding partial Fourier. (B) Reconstruction 

performance comparison of BUDA-EPI vs. synthesized BUDA-circular-EPI with additional 

RO-pF generated from the same dataset. BUDA-circular-EPI reconstructed using SENSE 

without S-LORAKS resulted in missing high k-space data (reconstructed k-space of one 

of the two blip-up&down EPI-shots is shown), while incorporating S-LORAKS into the 

reconstruction can help effectively recover the missing k-space data. (C) reconstructed 

results and the difference maps of reference BUDA-standard-EPI (both magnitude and 

phase images of blip-up &down EPI-shots are shown), BUDA-circular-EPI with SENSE and 

S-LORAKS for b= 1000 s/mm2 images.
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Fig. 5. 
S-LORAKS reconstructed results for gSlider-BUDA-circular-EPI acquisition at 720 μM 

isotropic resolution. (A) Reconstructed gSlider encoded thin-slabs at 0.72 × 0.72 × 3.6 mm3 

(1 out of 5 shown), and (B) diffusion-weighted and 10 diffusion-directions averaged 720 μM 

isotropic resolution reconstruction for two representative slices. Sagittal and coronal views 

are also shown in (B).

Liao et al. Page 22

Neuroimage. Author manuscript; available in PMC 2023 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
(A) averaged DWIs of the 500 μM diffusion data. (B) a representative slice of the FA maps 

and the zoom-in figures of the 500 μm data. To boost SNR, a spatially adaptive nonlocal 

means denoised results are also shown in (B). (C) Denoised colored-FA maps in three 

orthogonal views.
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