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Abstract

Purpose: To enhance SNR per unit time of diffusion MRI to enable high spatial
resolution and extensive g-sampling in a feasible scan time on clinical scanners.
Methods: 3D multi-shot enhanced recovery motion-insensitive diffusion
(MERMAID) consists of a whole brain nonselective 3D multi-shot spin-echo
sequence with an inversion pulse immediately before the excitation pulse to
enhance the recovery of longitudinal magnetization. The excitation flip angle
is reduced to the Ernst angle. The sequence includes a trajectory using radially
batched internal navigator echoes (TURBINE) readout, where a 3D projection
of the FOV is acquired at a different radial angle in every shot. An image-based
phase-correction method combined with compressed sensing image reconstruc-
tion was developed to correct phase errors between shots. The performance of
the 3D MERMAID sequence was investigated using Bloch simulations as well
as phantom and human scans at 3 T and then compared to a typical multi-slice
2D spin-echo sequence.

Results: Improvements in SNR per unit time of 70%-240% were observed
in phantom and human scans when using 3D MERMAID compared to a
single-slice 2D spin-echo sequence. This SNR per unit time improvement
allowed scans to be acquired at a nominal isotropic resolution of 0.74 mm and
a total of 112 directions across four shells (b =150, 300, 1000, 2000 s/mm?) in
37 min on a clinical scanner.

Conclusion: The 3D MERMAID sequence was shown to significantly improve
SNR per unit time compared to multi-slice 2D and 3D diffusion sequences. This
SNR improvement allows for shorter scan times and higher spatial and angular
resolutions on clinical scanners.
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1 | INTRODUCTION

High-resolution diffusion MRI (dMRI) is a powerful tool
to map the microstructure of small structures across the
entire brain. Ex vivo dMRI studies of healthy human
brains have been performed at isotropic resolutions of
~100-650 pm and validated using histology.™ These stud-
ies have revealed the complex geometry and microstruc-
ture of crossing fibers in the white matter (WM), the
layered intracortical myeloarchitecture showing radial
and tangential cortical projections as well as short-range
U-fibers.>7 High-resolution postmortem dMRI has also
revealed microstructural alterations of cortical gray matter
(GM) and small structures in patients such as the hip-
pocampus in Alzheimer’s,® seizures,’ and hippocampal
sclerosis!'®; the substantia nigra in Parkinson’s'!; and the
corpus callosum in amyotrophic lateral sclerosis.'? In con-
trast, the in vivo spatial resolution is limited due to the
inherently low SNR of dMRI, resulting in nominal reso-
lutions of ~2.5-1.5mm for scans performed in a reason-
able scan time for most clinical and research scans. These
high-resolution ex vivo and in vivo dMRI studies have
motivated the development of MRI techniques to enhance
SNR efficiency of in vivo dMRI to achieve high-resolution
imaging in clinical scan times.

Conventional dMRI employs a 2D single-shot acqui-
sition of a spin-echo (SE) sequence with an EPI read-
out. Using this sequence, whole brain spatial resolutions
of 2.5-1.5mm are achievable at 3 T, benefiting from
techniques such as partial Fourier'>!# and parallel imag-
ing!>-17 to shorten the EPI train. Furthermore, simultane-
ous multi-slice imaging'®' significantly shortens the TR,
allowing for the acquisition of more volumes with differ-
ent diffusion encodings (e.g., directions, b-values, diffusion
times) within a reasonable scan time. Whereas these meth-
ods are used to reconstruct WM tracts and obtain valuable
microstructural details through multi-compartment tissue
models,?*?? the tissue within the achievable voxel size is
highly complex due to partial volume effects with different
fiber populations, GM structures, and CSF, highlighting
the need for further improvement in resolution.

Pushing the resolution using these conventional meth-
ods requires lengthening the readout, which results in
longer TEs, excessive artifacts and distortions, and lower
SNR due to T, decay. New image acquisition approaches
have been proposed to mitigate these problems and
increase SNR. Most techniques for high-resolution dMRI
have relied on multi-shot SE acquisitions at the cost of
scan time. They often require the integrated acquisition of
a navigator to correct phase errors between shots caused
by microscopic and macroscopic motion.?* The navigator
can be acquired by adding a refocusing pulse at the end
of the image readout.?*2° Alternatively, a self-navigating

readout trajectory such as variable density spirals and key-
hole trajectories can be used.?”-?® Recent multi-shot acqui-
sition techniques use navigator-free approaches such as
multiplexed sensitivity encoding (MUSE) and multishot
sensitivity-encoded recovery using structured low-rank
matrix (MUSSELS) completion®*3! that take advantage
of the smoothness of the phase of each shot. Low-rank
Hankel matrix techniques have also been used to solve
for a smoothly varying phase, assuming the magnitude
of each shot is consistent.3? Other multi-shot acquisi-
tion approaches based on the periodically rotated overlap-
ping parallel lines with enhanced reconstruction (PRO-
PELLER) readout33-3> eliminate the need for an additional
navigator scan. This fast spin-echo sequence provides a
robust artifact-free solution suitable for clinical settings in
which the specific absorption rate (SAR) and low number
of diffusion directions are not limiting. Super-resolution
techniques are another category of multi-shot imaging
techniques that reconstruct high-resolution images from
a series of lower resolution scans with translation or
rotation.3®3” Most recently, rotating-view motion-robust
super resolution (ROMER) is combined with echo pla-
nar time-resolved imaging (EPTI) to achieve images at
3T with an isotropic resolution of 500 um, b-value of
1000 s/mm?, and 25 diffusion directions in 80 min.?® In
addition to the multi-shot 2D dMRI techniques described
above, 3D multi-slab approaches in which a slab of
brain is excited and acquired in multiple shots have
been proposed to enhance resolution.’** The same 2D
navigator-based methods are applied with the assumption
that phase changes in the slice direction are small for slabs
<2mm.*# Alternatively, multiple RF pulse profiles can
be used to differently encode slice information in a thick
slab acquired in multiple shots as in g-Slider.*>-%°

There are few 3D acquisition techniques for dMRI that
use a whole brain excitation. As for anatomical imaging,
these 3D techniques employ steady-state sequences with a
short TR.*#7 A 3D SSFP sequence was proposed by McNab
et al. for high SNR in vivo and ex vivo imaging using the
trajectory using radially batched internal navigator echoes
(TURBINE) readout.*® The main disadvantages of this
technique are the complex T,/T; and diffusion contrast,
and high sensitivity to motion that limits its application
in vivo. A 3D gradient and spin echo sequence that uses a
3D navigator to correct for phase errors was also recently
proposed.*® Instead of estimating and correcting for phase
errors between shots, some 3D dMRI sequence imple-
mentations use motion-compensated diffusion-encoding
gradients to minimize phase errors.’®>! This type of diffu-
sion encoding requires longer encoding times that result
in longer TEs and lower SNR. The TEs can be short-
ened by using high-performance gradient systems when
available.>?
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Most of the multi-shot 2D and 3D dMRI techniques
reviewed above increase SNR efficiency and achieve
high-resolution images, but they also have long scan times.
Whereas these techniques and protocols differ in terms
of SNR efficiency and image quality, the effective TRs
range from ~45s at 0.76 mm, with a maximum b-value
of 2500 s/mm,* to ~3.2min at 0.5 mm with a maximum
b-value of 1000 s/mm.*® These long scan times limit the
number of diffusion encodings that can be acquired within
a scanning session. Microstructure models, in particular
of the GM, require extensive q-space sampling and/or
multi-echo and multi-diffusion time experiments.>3->>
Therefore, although the anatomical specificity is enhanced
using the high-resolution techniques described above, the
microstructural interpretation of the data remains lim-
ited. More efficient sequences are needed to fully uti-
lize the potential of high-resolution dMRI for in vivo
applications.

We developed a whole brain 3D multi-shot enhanced
recovery motion insensitive diffusion-weighted (MER-
MAID) sequence that improves SNR per unit time com-
pared to a 2D SE sequence and keeps the scan time per
volume short.>® Going from 2D to 3D for high-resolution
imaging improves SNR, spin history, and B;* uniformity
and also eliminates slab/slice profile artifacts. However,
several challenges need to be addressed. First, the avail-
able steady state signal is low due to saturation of the
longitudinal magnetization caused by the short TR in a
SE sequence. This was addressed by adding an inversion
pulse before the excitation and reducing the excitation flip
angle. The second challenge is phase errors between shots
caused by macroscopic motion and cardiac cycles. A TUR-
BINE readout with a new image reconstruction pipeline
was developed to correct for these errors. We demonstrate
that this SNR-efficient 3D dMRI technique can be used
to acquire high spatial resolution images, up to 0.74 mm
isotropic with maximum b-value of 2000s/mm? in 112
directions in 37 min (corresponding to 19s per volume),
suitable for high-resolution microstructural mapping.

2 | METHODS

21 | 3D steady-state SE dMRI

with enhanced longitudinal magnetization
recovery

The simplest way of creating a 3D diffusion sequence is
to change the excitation and refocusing pulses into 3D
pulses, minimize TR, and add phase encoding along the
slice direction to create a multi-shot 3D readout trajectory
(henceforth referred to as the 3D SE sequence). Instead of
lengthening the TR to improve signal recovery, we propose

a novel sequence referred to as 3D MERMALID, illustrated
in Figure 1A. This sequence significantly enhances signal
recovery in the 3D SE sequence by incorporating an inver-
sion pulse immediately before excitation. To demonstrate
the mechanism, we performed Bloch simulations compar-
ing 3D MERMAID with a 3D SE sequence. These simula-
tions used a TE of 64 ms and T; /T, of 866/71 ms, consistent
with the T; of WM at 3 T.>”»>8 Figure 1B shows that in a tra-
ditional dMRI sequence with 90- and 180-degree pulses,
reducing the TR leads to prolonged recovery times for
the longitudinal magnetization transitioning from nega-
tive to positive, resulting in a reduced steady-state signal.
By inserting an inversion pulse just before the excitation,
as depicted in Figure 1C, the longitudinal magnetization
is flipped back to the positive side by the refocusing pulse,
thereby enhancing signal recovery until the next TR.

According to the Bloch equations® and the sequence
diagram in Figure 1A, the steady-state longitudinal mag-
netization M;_ is described by Equation (1):

TE
- +TI

TI TR
e’ (cos(a) —1) —e™ +2e & —cos(a)
M, = = @
—e™ + cos(a)

Here, TI represents the time between the inversion and
excitation pulses, and « is the excitation flip angle. The
transverse magnetization at the TE My, is calculated by
Equation (2).

TE
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To maximize the M,,_, an optimal excitation flip angle
must be employed. Determining this flip angle using
Equations (1) and (2) yields the Ernst angle formula for
gradient echo sequences,’® shown in Equation (3).

(-%)
OFrnst = arccos <e T > 3)

IR
—e™ + cos(a)

2.2 | Image reconstruction and motion
correction

Another challenge of multi-shot 3D SE imaging is sen-
sitivity to intershot phase errors. We implemented the
TURBINE**! strategy, as shown in Figure 1D. Each shot
acquires a radial plane of k-space rotated around the
anteroposterior axis such that each is individually recon-
structed into a projection of the FOV. The acquisition
is accelerated by undersampling each EPI plane, simi-
lar to a 2D EPI readout (Rin-plane), and undersampling in
the projection dimension (Rpojection), Which requires Nz /2
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projections to meet the Nyquist criteria where N is the
matrix size. Partial Fourier is also applied within each
radial plane in the EPI phase-encode direction as typically
employed in 2D EPI readouts.

The 3D dMRITURBINE image reconstruction pipeline
is summarized in Figure 2. A generalized autocalibrating
partially parallel acquisitions (GRAPPA) kernel®® is esti-
mated for in-plane (kx-ky) projection reconstruction, and
coil sensitivity maps are estimated for a compressed sens-
ing (CS) reconstruction'’ of each phase-encode (PE) plane
(kx-kz) with radial sampling as depicted in Figure 2A.
The raw k-space data from the calibration scans are cor-
rected for Nyquist ghosting using the method described
by Heid.®? From the corrected data, the in-plane GRAPPA
kernel for each projection is estimated as for a typical 2D
GRAPPA reconstruction. Before estimating coil sensitivity
maps for each PE plane,% the phase of each projection is

ky

removed using a triangle filter with a width of 0.25, as sug-
gested in Ref. 64, similar to the method used by Pipe et al.%
and Wang et al.%® for removing motion-corrupted phase.
Once the GRAPPA kernel and coil sensitivity maps
are calculated, scans are reconstructed using the pipeline
shown in Figure 2B. Nyquist ghost correction and phase
correction are done as previously described. Motion
related to the cardiac cycle also corrupts the k-space data
and introduces significant deviations in image magni-
tude. These artifacts appear as large hypointense areas
in regions of significant motion such as the ventricles
and spine. To identify the corrupted projections, we com-
pare the total image signal of each projection against
the average across all projections. The projections that
deviate significantly from the average are removed. This
method eliminates the need to record cardiac rhythm or
make the acquisition cardiac gated. The motion-corrected
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k-space data are subsequently obtained by computing
the inverse Fourier transformation of the corrected pro-
jections. To eliminate Gibbs ringing artifacts along the
frequency-encode (FE) direction, a semi-Hanning fil-
ter is applied to the outer 20% of k-space representing
high-frequency components in the FE direction. Lastly,
projections are combined using an inverse fast Fourier
transformation along the PE direction, followed by CS
reconstruction of each PE plane using the Berkeley
Advanced Reconstruction (BART) toolbox.*”% Output of
each step of the reconstruction pipeline is shown in
Figure S1.

The reconstructed images can be postprocessed using
the tools developed for 2D EPI scans. Due to the long
readout duration of each shot of the TURBINE trajec-
tory, By field inhomogeneities cause artifacts in the images
that appear similar to EPI distortion artifacts. An image
with an opposite PE direction is acquired and used to cor-
rect these artifacts®® with topup and eddy implemented in
FMRIB Software Library.”® To achieve optimal denoising
results, the image reconstruction pipeline was modified to
include a denoising step right after the reconstruction of
projections, as shown in Figure S2.

2.3 | Bloch simulations to optimize
the 3D MERMAID sequence

The SNR per unit time of the 3D MERMAID sequence is
affected by various factors, including TR, flip angle, and
B; " uniformity. To explore the impact of these parameters
on the sequence’s efficiency, four Bloch simulations were
conducted.

The first simulation aimed to compare the signal
recovery enhancement using the 3D MERMAID sequence

versus the 3D SE sequence across various b-values and res-
olutions. This simulation was performed with TEs and TRs
adjusted to b-values of 1000, 2000, and 3000 s/mm?, and
a T; of 866 ms, alongside readouts matching the nominal
resolution range of 0.8 to 1.5 mm achievable by the stan-
dard Siemens diffusion sequence. The excitation flip angle
was adjusted to the Ernst angle for the corresponding TR.
The analysis focused on the steady-state transverse mag-
netization of the 3D MERMAID sequence and the conven-
tional 3D SE sequence, highlighting the signal recovery
improvements.

The steady-state signal is sensitive to the flip angle of
the inversion and refocusing pulses. A second Bloch sim-
ulation was performed to assess the impact of B;* field
variations, ranging from 0.4 to 1.4 times the nominal value,
on the 3D SE and 3D MERMAID signals, and a T; of
866 ms.

A third Bloch simulation was performed to study the
effect of TR on the steady-state transverse magnetization
at the TE. This was done for the WM, GM, and CSF
with T, /T, relaxation times of 866/71 ms, 1300/72 ms, and
4160/1700 ms, respectively,®”*8 for a range of TRs from 100
to 300 ms.

Lastly, the effect of varying flip angle between 1 and 90
degrees on the steady-state transverse magnetization at TE
was simulated with the same relaxation times above and a
TR of 150 ms.

2.4 | Phantom scans to compare relative
SNR of 3D MERMAID with 2D SE sequence

All scans were performed on a 3T Prisma-Fit Siemens
scanner running VE11C software (Siemens, Erlangen,
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Germany). The 3D MERMAID sequence was devel-
oped by modifying the Siemens diffusion sequence
(henceforth referred to as the 2D SE sequence). An
amplitude-modulated hyperbolic secant adiabatic pulse of
5120 ps was implemented for inversion and refocusing. To
ensure complete fat signal suppression, a fat saturation
pulse was applied before the inversion pulse, and a nons-
elective water excitation pulse was implemented, as illus-
trated in Figure 1A. To prevent stimulated echoes, gradient
spoiling was applied immediately following the inversion
pulse and the readout, and RF spoiling was applied to the
inversion and excitation pulses.

For the readout, a TURBINE trajectory was imple-
mented as in Figure 1D, in which each shot is a rotated ver-
sion of the single-shot 2D EPI trajectory around the antero-
posterior axis, chosen for minimum peripheral nerve
stimulation.

To compare the SNR of the 3D MERMAID sequence
with that of the 2D SE sequence, we prepared a spheri-
cal phantom with T relaxation times of ~868 ms to model
the WM. To compute the SNR, 15 repetitions at nomi-
nal resolutions of 0.86, 1.0, 1.2, and 1.5 mm were acquired
using the scan parameters specified in Table 1. Addition-
ally, scans across a range of TEs and TRs corresponding
to b-values of 0, 1000, 2000, and 3000s/mm? were per-
formed without employing diffusion-encoding gradients
to avoid a signal loss due to the high diffusivity of the
phantom. The 3D MERMAID scans were retrospectively
undersampled in the projection dimensions (Rprojection = 1,
2, 3, 4) to investigate the impact of undersampling on
the relative SNR. One hundred twenty-eight slices were
acquired using 2D SE for all resolutions due to a lim-
itation in the VE11C version of the Siemens diffusion
sequence. The 3D MERMAID scans were reconstructed
using SENSE instead of CS, and no further postprocessing
was employed for 2D SE or 3D MERMAID. The SNR was
assessed in the center of the spherical phantom within a
FOV of 100 X 100 X 100 mm by dividing the magnitude of
the first scan by the SD of the noise, derived from the 15
repetitions.

2.5 | Removal of motion artifacts
in reconstruction of 3D images

All human scans received approval from the Research
Ethics Board of the Montreal Neurological Insti-
tute, and informed consent was obtained from all
participants.

The following scans were performed to test the motion
correction strategy and compare the resulting diffusion
metrics in brain tissue with the standard Siemens 2D SE

sequence. A participant (male, 25 years old) was scanned
using both the 2D SE and 3D MERMAID sequences at
an isotropic nominal resolution of 1.2mm, b-values of
1000 and 2000 s/mm? with 12 diffusion directions each.
Remaining acquisition parameters are detailed in Table 1.
For the 3D MERMAID sequence, all projections were
acquired to meet the Nyquist criteria and retrospectively
undersampled by a factor of 3 to match the scan time of
the 2D SE sequence. The subject’s pulse was recorded and
subsequently used to study the effects of the cardiac cycle
on the diffusion images.

Scans acquired with the 2D SE sequence were pro-
cessed using mrdegibbs to minimize Gibbs ringing arti-
facts. The fractional anisotropy (FA), direction-encoded
color (DEC), and ADC maps were generated using
MRtrix3.”-73

2.6 | 2D SE and 3D MERMAID
comparison at submillimeter resolution

To demonstrate the performance of the 3D MERMAID
compared to the 2D SE sequence in acquiring high spa-
tial and angular resolution scans, a second participant
(female, 27 years old) was scanned. A multi-shell proto-
col was used for microstructural modeling with match-
ing acquisition parameters: a nominal isotropic resolu-
tion of 0.9 mm and b-values of 0, 150, 300, 1000, and
2000s/mm? in 1, 7, 10, 30, 64 directions, respectively,
totaling 112 directions. The b=0s/mm? image was only
used for motion correction using eddy. To reduce the
impact of pulsatile CSF signal close to the cerebellum,
which causes strong streaking artifacts in the 3D MER-
MAID, a low b-value of 150 s/mm? was used for subse-
quent estimation of diffusion metrics. To calculate SNR
maps, 20 averages of a b-value of 150 s/mm? were acquired
using both sequences. Other scan parameters are listed in
Table 1. A T;-weighted CS MPRAGE sequence’* with a
nominal resolution of 1 mm was acquired for anatomical
reference. The 2D SE scans were reconstructed using the
scanner’s image reconstruction pipeline, which included
projection onto convex sets (POCS) to recover resolution
due to partial Fourier. Magnitude and phase images were
used for denoising by applying noise reduction with the
distribution-corrected (NORDIC) method.” The 3D MER-
MAID scans were reconstructed using the image recon-
struction pipeline in Figure S2, including projection onto
convex sets and NORDIC. The 2D SE and 3D MERMAID
scans used for calculating the SNR maps were not denoised
by applying the NORDIC method.

Reconstructed scans from both dMRI sequences were
postprocessed and analyzed as described in section 2.5.
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TABLE 1 Parameters of phantom and human scans.
Phantom scans
Scan 2D EPI 3D MERMAID
b-value 0 1000 2000 3000 0 1000 2000 3000
0.86 79/ 86/ 92/ 97/ 78/ 85/ 91/ 96/
) 19500 20400 21200 23300 160 166 172 188
. 65/ 74/ 80/ 85/ 64/ 73/ 79/ 84/
Isotropic 1.0
TE/TR (ms) | resolution 16000 17100 20400 23400 144 144 164 187
(mm) 1.2 52/ 62/ 69/ 75/ 51/ 61/ 68/ 73/
) 12500 16200 20700 23300 144 144 167 192
15 45/ 56/ 63/ 69/ 44/ 56/ 63/ 69/
) 10700 15000 19800 22600 144 144 160 181
FOV (mm) 240x240
Numberof | 1 ) 0.86 402
un'1 er o sotro;?lc 1.0 345
slices/ resolution 128
. 1.2 314
projections (mm)
1.5 232
Rin-pla_ne 3
Rslice/ Rprojection 1/ 1
PF factor 6/8
0.86 1.32
Echo Isotropic 1.0 1.16
spacing resolution
(ms) (mm) 1.2 0.97
1.5 0.93
In-vivo scans
o . High-
Initial Comparing 2D and 3D .
resolution
Scan Multi-shell protocol SNR calculation
2D SE 30 3D 3D 30
MERMAID MERMAID
2D SE MERMAID 2D SE MERMAID
Nominal isotropic 12 0.9 0.9 0.9 0.74
resolution (mm)
FOV (mm) 240x240 198x198 198x198 198x198
Total number of 126 314 126 345 126 345 420
slices*/projections
Rin-plane 3 3 3
Rslice/Rprojection 2 | 4 2 | 4 6
PF factor 5/8 5/8 5/8 5/8
TE/TR (ms) 71/10700 | 69/174 70/9700 | 68/170 70/9700 | 68/170 74/280
0, 150, 300
v 2 ’ ’ ’
b-value (s/mm?) 0, 1000, 2000 0, 150, 300, 1000, 2000 150 1000, 2000
Number of diffusion 1,7,10,30
2,12,12 (2 1 1 112 2 i i e
Miees fotall , 12,12 (26) , 7,10, 30, 64 (112) 0 (same direction) 64 (112)
Echo spacing (ms) 0.98 1.26 1.26 1.26
Scan time (min)** 8 24 26 26 6 6 37

Note: Phantom and human scans acquired to compare the 3D MERMAID and 2D SE sequences and to optimize 3D MERMAID sequence.
MERMAID, multi-shot enhanced recovery motion insensitive diffusion. PF, partial Fourier.

#Maximum available number of slices in the standard Siemens diffusion sequence in VE11C.
bTotal scan time for 2D SE was adjusted for a FOV of 160 mm in the slice direction.
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Additionally, fiber orientation distribution functions
(fODFs) were estimated using all shells in MRTrix3.71:76-80
The MPRAGE scan was then nonlinearly registered
to each diffusion sequence separately using advanced
normalization tools (ANTs).8%2 GM and WM were
then segmented using FMRIB Software Library’s fast
function.”83

2.7 | Pushing the spatial resolution of 3D
MERMAID

To demonstrate the capability of the 3D MERMAID
sequence in acquiring high spatial and angular resolu-
tion scans within a reasonable scan time, a third partic-
ipant (male, 24 years old) was scanned using the same
multi-shell diffusion-encoding protocol (112 volumes in
total) as the previous scan, with a nominal isotropic reso-
lution of 0.74 mm. The TR was set to 280 ms to improve the
SNR, resulting in a total scan time of 37 min. Other scan
parameters are listed in Table 1. The same image recon-
struction, postprocessing, and analysis were performed as
in the previous scan.

steady state signal vs. flip angle

GM, WM, and CSF with flip angle. CSF,
Cerebrospinal fluid; GM, gray matter; SE,
spin echo; WM, white matter.

flip angle [degree]

3 | RESULTS

3.1 | Bloch simulations to evaluate
the performance of the 3D MERMAID
sequence

Figure 3A illustrates the ratio between the steady-state
transverse magnetization of the 3D MERMAID sequence
and the 3D SE sequence. By employing the Ernst angle
for excitation, the 3D MERMAID sequence enhances sig-
nal recovery by ~64% and ~96% at resolutions of 0.8 and
1.5 mm, respectively. However, while TE and TR increase
at higher b-values, this enhancement in signal recovery
diminishes slightly.

The sensitivity of the 3D MERMAID sequence to B;*
nonuniformity is shown in Figure 3B. When the relative
B, " field varies from 0.4 to 1.4, the transverse magneti-
zation at steady state experiences a nonlinear change of
approximately 80% in the 3D MERMAID, compared to
about 38% in the 3D SE sequence. These results under-
score the importance of achieving uniform RF pulse pro-
files across the volume to maintain the signal recov-
ery enhancement of the 3D MERMAID sequence in all
regions.
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FIGURE 4 SNRmap and relative (A)

SNR of the 3D MERMAID sequence

compared to 2D SE sequence at different

TEs/TRs. (A) SNR maps of a 2D SE and SNR maps

3D MERMAID sequence at nominal

isotropic resolution of 1 mm. The scan .
oop scan time

times for both scans are matched to show

the SNR per unit time of the 3D

MERMALID sequence. The area at the

center of the phantom used to calculate

with matching
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The transverse magnetization at TE for three tissues
(WM, GM, and CSF) as a function of TR is plotted in
Figure 3C. When the TR is increased from 100 to 300 ms,
the available signal rises from ~0.02 for all tissues, to ~0.1,
~0.12, and ~0.13 for GM, WM, and CSF, respectively. This
represents a ~six-fold increase in the available signal when
the TR is tripled.

Figure 3D illustrates changes in the steady-state trans-
verse magnetization as a function of the excitation flip
angle. It shows a nonlinear change in the available signal
at TE, with a maximum occurring at the Ernst angle for
each tissue as described above.

resolution [mm]

3.2 | Phantom scans show improved
SNR for 3D MERMAID compared to 2D SE
sequence

Figure 4A showcases the higher SNR of the 3D MER-
MAID sequence in comparison to the conventional 2D
SE sequence in the phantom at 1 mm resolution. Both
sequences have approximately the same scan time per vol-
ume of 12 s and use the same in-plane acceleration factor
of 3. Although there was no slice acceleration applied in
2D SE sequence, an acceleration factor of 2 is required
to achieve this scan time, which does not affect the SNR
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significantly. The 3D MERMAID sequence employs a pro-
jection acceleration factor of 4 to reduce the scan time per
volume.

The SNR of the 3D MERMAID sequence relative to
the 2D SE sequence for the TEs and TRs associated with
b-values of 0, 1000, 2000, and 3000s/mm? is depicted in
Figure 4B-E. The relative SNR across different resolutions
ranges between ~1.4 and 3, depending on the acceler-
ation factor, with a notable exception at the resolution
of 0.86 mm where the relative SNR is lower (in particu-
lar, at higher b-values). This exception is attributed to the
increased duration between the inversion and refocusing
pulses during which magnetization decreases. At higher
b-values, longer TRs contribute to improved magnetiza-
tion recovery and, consequently, higher SNR. The SNR
decreases approximately as a function of the square root
of the projection acceleration (y/Rprojection)- I contrast, the
slice acceleration in the 2D SE sequence has a minimal
effect on SNR for multi-band factors of 1-3 (results not
shown).

3.3 | Removal of motion artifacts
in reconstructed 3D images

Reconstructed projections at 0, 45, and 90 degrees,
acquired across different shots and b-values, are shown in

FIGURE 5
acquired at b-values of 0, 1000, and

2000 s/mm? in 0, 45, and 90° angles. Each
projection is independently reconstructed

Raw projections

showing the brain overlaying on a single
image. Blue and yellow arrows show
artifacts due to ABy nonuniformities.

Figure 5. Each shot is independently reconstructed show-
ing projections of the brain from different angles in a 2D
image. Signal accumulation occurs in regions with high
AB,, such as the frontal lobe (indicated by a yellow arrow)
and around the ear canal (blue arrow), as seen in a 2D SE
with an EPI trajectory. Magnitude and phase images of the
reconstructed projections of each scan can be viewed in
Movies S1-S3.

Figure 6A illustrates the impact of the cardiac cycle on
the magnitude of the projection images acquired with a
b-value of 1000 s/mm?. It displays 10 consecutive projec-
tions corresponding to the duration of two cardiac cycles
(I and II), with colors specifying the time range at which
the projections are acquired. At the third projection of both
cycles, synchronized immediately after the peak of the car-
diac signal, there is a visible signal drop at the center of the
brain where the ventricles exhibit the greatest motion. This
effect was consistently observed across all projections. For
a healthy adult with a heart rate of 60-90 bpm, up to 20%
of shots for the TRs used here were affected by this type of
motion.

The effectiveness of the motion correction strategy
on raw diffusion images is demonstrated in Figure 6B.
The first column to the left presents images reconstructed
without motion correction, highlighting signal drops and
image artifacts. The second column shows the impact



FEIZOLLAH and TARDIF

FIGURE 6  Effects of the cardiac

. . o o 2321
Magnetic Resonance in MedlcmeJ—

cycle on the magnitude images of the
projections and performance of the
motion correction method. (A) Shows 10
consecutive sagittal projections for two
cardiac cycles. Colors of the pulse signal

correspond to a phase in the cardiac

cycle for which a projection is acquired.

Signal drop at the center of the brain is

obvious in the third projection of each

cycle. (B) Performance of the motion

correction when there is no correction, t !

only PC, PC + MC, and the difference

400

Il
800 1000 1200

time [ms]

1400

map between PC and PC + MC images
overlaid to the image. MC, magnitude
correction; PC, phase correction.

1000 s/mm?

b=

of removing the phase of each projection using a tri-
angle filter (phase correction [PC]), which significantly
reduces artifacts and recovers signal. The third column
illustrates the results of the full motion correction method
in which corrupted projections were also removed (mag-
nitude correction [MC]), leading to further enhanced
signal at the center where motion is most pronounced.
The percentage difference calculated between PC and
PC+MC in the last column shows up to 10% increase
in signal.

The image contrast of the 3D MERMAID sequence
differs from that of a typical 2D SE sequence; it has
an enhanced T; weighting due to the shorter TR, as
demonstrated in the b =0 images in Figure 7A. The scans
acquired using 3D MERMAID exhibit less WM-GM con-
trast compared to those from the 2D SE sequence.

Postprocessed images from 12 diffusion-encoding
directions were used to calculate mean diffusion-weighted
images, FA, and ADC maps for both sequences at two
b-values of 1000 and 2000s/mm? (Figure 7B). The SNR
gain of the 3D MERMAID, matched for scan time with
the 2D SE sequence, is clear in all diffusion maps, particu-
larly at the center of the brain where B; * nonuniformity is
higher. The FA, DEC, and ADC maps are consistent across
both sequences.

% difference of PC
and PC + MC

2D SE and 3D MERMAID
comparison at submillimeter resolution

34 |

Figure 8 compares the 2D SE and 3D MERMAID
sequences at high spatial and angular resolution. SNR
maps calculated from 20 averages show an approximate
36% improvement in SNR across the entire volume with
the 3D MERMAID sequence. This enhancement results in
higher quality FA and ADC maps, and more significantly,
less noisy fODFs derived from high b-values. Zoomed-in
areas in the temporal lobe (Figure 8A,B) and anterior
commissure (Figure 8C,D) clearly demonstrate improved
fODFs with reduced noise contamination. The crossing
fibers of the fornix and anterior commissure, shown in
Figure 8E,F, are more accurately detected using the 3D
MERMAID sequence. Multiple slices and views of the SNR
map, mean diffusion-weighted images, DEC, ADC maps,
and fODFs are presented in Figures S3-S11.

3.5 | Pushing the spatial resolution of 3D
MERMAID

High-resolution diffusion maps and fODFs derived from
the nominal 0.74mm isotropic scan are presented in
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Figure 9. The diffusion maps in the first row show small
anatomical features such as blood vessels that are not vis-
ible at lower resolutions. Additional views of this data can
be found in Figures S12-S17.

Zoomed-in areas of the fODFs overlaid on the anatomi-
cal scan show intricate details of various regions within the
GM and WM. In Figure 9A, subcortical U-fibers connect-
ing intracortical areas in the anteroposterior direction are
visible. In Figure 9B, orientations of tangential and radial
intracortical fibers in different layers as well as the projec-
tions of the WM into the cortex are displayed. The complex
structure of crossing fibers in the WM is also shown in

FIGURE 7
diffusion measures calculated from a 2D
SE and 3D MERMAID sequence with a

matching scan time. (A) Shows different

Comparison between

contrast between tissues in scans with no
diffusion weighting. (B) Shows calculated
diffusion parameters from 12 diffusion
directions using the 3D MERMAID
sequence compared to a standard 2D SE
sequence. DEC, direction encoded color;
FA, fractional anisotropy; MDWI, mean
diffusion-weighted images.

Figure 9C, and the small curvature of the hippocampus is
detectable in Figure 9D.

4 | DISCUSSION

41 | SNR advantage of 3D MERMAID
sequence over other 2D and 3D sequences

The comparison of multi-slice 2D SE and 3D MEM-
RAID sequences in Figures 4, 7, and 8 show that SNR is
enhanced for 3D MERMAID without increasing the scan
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FIGURE 8
high spatial- and angular-resolution
scans of the 2D SE and 3D MERMAID
sequences: SNR, MDWI, DEC, and ADC
maps are shown in the top two rows.

Comparison between

fODFs overlaid on the anatomical scan,
and their zoomed-in images are shown
below. Yellow boxes show enlarged areas
of the zoomed-in images. fODFs, fiber
orientation distribution functions.

3D MERMAID
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time. This improvement can be used to increase the reso-
lution of current multi-shell, high b-value, and advanced
diffusion-encoding protocols. Additionally, the increased
SNR per unit time can be leveraged to reduce the scan
time of comparable resolutions and diffusion protocols
currently achievable by 2D SE sequences by further accel-
erating the 3D MERMAID sequence. This will enable the
acquisition of a higher number of diffusion directions in a
shorter scan time.

As depicted in Figure 3C, the available signal, and
therefore the SNR, increases almost exponentially as a
function of TR. This presents a significant advantage
compared to 2D SE and other 3D multi-slab sequences,
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Nominal 0.9 mm isotropic

b =150, 300, 1000, 2000 s/mm?, 112 directions

26 minutes

Mean DWI DEC

5 5 . &
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L e
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where SNR is increased by averaging as a function of
V/Naverages- The 3D MERMAID sequence is considerably
more efficient for scans where longer acquisition times
are permissible, as demonstrated in the 0.74 mm isotropic
scan.

The RF pulse sequence design of the 3D MERMAID
sequence enhances the SNR, as demonstrated in the phan-
tom scans in Figure 4 that were reconstructed using
SENSE. By incorporating CS into the image reconstruc-
tion pipeline, the apparent SNR is enhanced, as discussed
extensively in Refs.17,84,85 This combined approach also
allows for higher radial acceleration factors, resulting in
greater SNR per unit time.
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Nominal 0.74 mm isotropic using 3D MERMAID
b =150, 300, 1000, 2000 s/mm?, 112 directions
37 minutes
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FIGURE 9 High-resolution
diffusion maps and fODFs calculated
from the nominal 0.74 mm isotropic
scan, acquired using the 3D MERMAID
sequence- diffusion maps in the first row,
and fODFs overlaid on the MPRAGE
scan in different orientations are shown
in the second row. Zoomed-in areas,
delineated by different box colors, reveal
exquisite details of the intracortical
fibers, WM crossing fibers, and the
curvature of the hippocampus.
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4.2 | Effective resolution of 3D
MERMAID

We previously demonstrated in Ref. 86 that T,* decay
causes blurring and lowers the effective image reso-
lution, depending on the type of readout. In an EPI
trajectory, the PE direction has the lowest bandwidth.
Because the PE directions of the 2D EPI trajectory and
TURBINE are the same, the resulting effective resolu-
tion in the PE direction is similar. For nominal reso-
lutions of 1.5, 0.9, and 0.74 mm used, the effective res-
olutions are expected to be ~1.7, ~1.2, and ~0.93 mm,

f
‘

‘f\\Ag;_;P,gaf/,,,,

respectively, which are ~30% lower than the nominal
values.

In the 2D SE case, the resolution along the slice direc-
tion depends on the quality of the slice profile, whereas in
the 3D MERMAID sequence, effects of CS reconstruction
resulting from radial acceleration factors and the regular-
ization parameter chosen, as well as the semi-Hanning
filter, can slightly lower the effective resolution within the
coronal plane, as seen in the coronal and sagittal views of
Figures S3-S8. This can be compensated for by oversam-
pling ~20% of the FE direction without a TE and readout
time penalty.
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4.3 | Microstructure modeling using 3D
MERMAID

The 3D MERMAID sequence provides a novel con-
trast that includes both T; and T, weighting. Accord-
ing to Equations (1) and (2), both longitudinal and
transverse magnetizations at steady state are sensitive to
TE. Tissue relaxation rates are not considered in sev-
eral diffusion-based microstructure models that compute
compartmental volume fractions,?® which in reality are
T,-weighted signal fractions. To estimate true volume frac-
tions, a co-encoded diffusion-relaxometry acquisition is
required.?”88 Although the scans included in this work
are suitable for microstructure modeling, the effect of the
enhanced T; weighting on the compartmental signal frac-
tions should be studied further in future work.

44 | Limitations

The short scan time of 3D MERMAID and
phase-correction approach developed was achieved by
using a single-shot EPI acquisition for each projection.
However, this approach is limiting for very high spatial
resolutions in which By nonuniformities and higher eddy
currents cause significant artifacts due to long readout
times. For instance, the readout length for the scan with
an isotropic resolution of 0.74mm was 112.56 ms for
Rinplane =3, which causes significant By nonuniformity
artifacts and excessive T,* blurring. Reducing echo spac-
ing shortens the readout time but also increases eddy
current-induced artifacts due to higher gradient mag-
nitudes. Techniques such as dual polarity GRAPPA,%
better reference scans,”®®! and using a field monitoring
system®®92-%* can help mitigate these artifacts, with an
additional scan and/or image reconstruction time. These
artifacts can also be minimized by segmenting the acqui-
sition of each projection®3° using EPTI*®* or PSF.%%Y’
All three approaches increase scan time.

The SAR is relatively high for the 3D MERMAID
sequence due to the additional inversion pulse and the
use of adiabatic inversion and refocusing pulses, which
may limit the TR for scans with a short readout train.
Extending the duration of the adiabatic pulses can signif-
icantly reduce SAR without considerable loss of perfor-
mance or increase in TE, for example, doubling the pulse
duration of the inversion and refocusing results in a 40%
reduction in SAR from ~80% to ~40%, and 3 ms increase
in TE.

Imaging at ultrahigh fields will enhance the SNR per
unit time of the 3D MERMAID.% However, the higher
B; ™ nonuniformity and increased SAR at ultrahigh field
are two limiting factors for the 3D MERMAID sequence

due to its high sensitivity to B;™ nonuniformity and
added inversion pulse. Parallel transmit approaches®-102
are needed to solve these limitations and achieve uniform
high-resolution diffusion images at 7 T.

Removing corrupted projections prior to 3D image
reconstruction increases the signal in the reconstructed
image, as demonstrated in Figure 6B. However, in cases
in which projections are neither corrupted nor removed,
SNR decreases by an amount similar to that produced by
a higher acceleration factor, calculated as 1/ \/R, which
corresponds to approximately an 11% reduction for remov-
ing 20% of the projections. The CS method used partially
compensates for this SNR loss as discussed above, and
reduces streaking artifacts associated with high accelera-
tion factors.

Large-scale motion between shots will introduce arti-
facts in the final reconstructed images and causes vari-
ability in diffusion encoding across different shots. Com-
pared to other multi-shot techniques, which involve signif-
icantly longer intervals between shots, the 3D MERMAID
sequence is less affected due to its short effective TR per
volume. In this study, we assumed this type of motion to be
negligible during the effective TR of each volume, consis-
tent with the assumption used in 2D SE sequences. Motion
effects could be mitigated by using navigators acquired at
short intervals, reconstructed from reordering the acquisi-
tion angle of projections to follow a Fibonacci sequence, as
suggested in Graedel et al.®!

Lastly, comparing the SNR plots of the phantom and
human scans in Figures 4 and 8 shows that the SNR
gain of 3D MERMAID compared to 2D SE for the human
scan was lower than for the phantom scan, decreas-
ing from ~50% to ~30%. This was expected due to the
remaining small discrepancies between different projec-
tion magnitude images caused by the cardiac cycle. Using
a cardiac-gated approach or motion-compensated gradi-
ents %3103 can potentially improve the SNR, but the trade-
off between the SNR gain and longer TE and/or scan times
should be considered.

5 | CONCLUSION

The 3D MERMAID sequence offers several advantages
over typically used 2D and 3D acquisitions: higher
SNR per unit time, shorter TR per volume compared
to 2D multi-slice acquisitions, no slice/slab profile arti-
facts, better spin history, and better B;* uniformity.
These benefits become more pronounced in high-
and ultrahigh-resolution imaging. The 3D MERMAID
sequence balances the tradeoff between high-resolution
k-space and g-space sampling. Preliminary results at
0.74 mm isotropic show the potential of this technique to
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study small and complex structures in vivo in a reasonable
scan time on clinical scanners.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Output of each image reconstruction
step described in section 2.2. (A, B) are triangle and
semi-Hanning filters, respectively.

Figure S2. 3D multi-shot enhanced recovery motion
insensitive diffusion (MERMAID) image reconstruction
pipeline including denoising. First all projections of all
volumes are reconstructed, then denoising (NORDIC) is
performed for each coil channel individually. In the next
step, denoised projections are used to reconstruct every
volume as in the pipeline described in Figure 2 of the
paper.

Figure S3. Signal-to-noise ratio (SNR) maps of 3D
multi-shot enhanced recovery motion insensitive diffusion
(MERMAID) and 2D SE at nominal resolution of 0.9.
Figure S4. Diffusion images of b = 1000 s/mm? with nom-
inal isotropic resolution of 0.9 mm.

Figure S5. Diffusion images of b= 2000 s/mm? with nom-
inal isotropic resolution of 0.9 mm.

Figure S6. Mean diffusion-weighted images (MDWTI) of
3D multi-shot enhanced recovery motion insensitive diffu-
sion (MERMAID) and 2D SE at nominal resolution of 0.9.
Figure S7. Direction encoded color (DEC) maps of 3D
multi-shot enhanced recovery motion insensitive diffusion
(MERMAID) and 2D SE at nominal resolution of 0.9.
Figure S8. Apparent diffusion coefficient (ADC) maps
of 3D multi-shot enhanced recovery motion insensitive
diffusion (MERMAID) and 2D SE at nominal resolution
of 0.9.

Figure S9. Axial fiber orientation distribution functions
(fODFs) of 3D multi-shot enhanced recovery motion
insensitive diffusion (MERMAID) and 2D SE overlayed on
the MPRAGE scan.

Figure S10. coronal fiber orientation distribution func-
tions (fODFs) of 3D multi-shot enhanced recovery motion
insensitive diffusion (MERMAID) and 2D SE overlayed on
the MPRAGE scan.

Figure S11. Sagittal fiber orientation distribution func-
tions (fODFs) of 3D multi-shot enhanced recovery motion
insensitive diffusion (MERMAID) and 2D SE overlayed on
the MPRAGE scan.

Figure 12. Diffusion images of b= 1000 s/mm? with nom-
inal isotropic resolution of 0.74 mm.
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Figure 13. Diffusion images of b = 2000 s/mm? with nom-
inal isotropic resolution of 0.74 mm.

Figure S14. Mean diffusion-weighted images (MDWTI) of
nominal isotropic 0.74 scan.

Figure S15. Direction encoded color (DEC) maps of nom-
inal isotropic 0.74 mm scan.

Figure S16. Apparent diffusion coefficient (ADC) map of
nominal isotropic 0.74 mm scan.

Figure S17. Fractional anisotropy (FA) map of nominal
isotropic 0.74 mm scan.

Movie S1. Magnitude (left) and phase (right) images of
reconstructed projections for b=0s/mm? before phase
correction- slight changes due to the cardiac cycle appear
in magnitude and phase images.

Movie S2. Magnitude (left) and phase (right) images of
reconstructed projections for b= 1000 s/mm? before phase

correction- the diffusion contrast causes significant phase
differences between shots. A slight signal drop in magni-
tude images is also visible.

Movie S3. Magnitude (left) and phase (right) images of
reconstructed projections for b = 2000 s/mm? before phase
correction- considerable phase differences between shots
are visible, as well as signal drop due to the cardiac cycle.
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