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Abstract

Purpose: Diffusion weighted (DW) imaging near metal implants has not been widely explored
due to substantial challenges associated with through-slice and in-plane distortions, the increased
encoding requirement of different spectral bins, and limited SNR. There is no widely adopted
clinical protocol for DW imaging near metal since the commonly used EPI trajectory fails
completely due to distortion from extreme off-resonance ranging from 2-20 kHz. We present

a sequence that achieves DW imaging near metal with moderate b-values (400-500 s/mm?) and
volumetric coverage in clinically feasible scan times.

Methods: Multispectral excitation with Cartesian sampling, View Angle Tilting, and kz phase
encoding reduce in-plane and through-plane off-resonance artifacts, and CPMG spin-echo
refocusing trains counteract T2* effects. The effect of random phase on the refocusing train

is eliminated using a stimulated echo diffusion preparation. Root-flipped Shinnar-Le Roux
refocusing pulses permits preparation of a high spectral bandwidth, which improves imaging times
by reducing the number of excitations required to cover the desired spectral range. B1 sensitivity
is reduced by employing an excitation that satisfies the CPMG condition in the preparation. A
method for ADC quantification insensitive to background gradients is presented.

Results: Non-linear phase refocusing pulses reduces the peak B1 by 46% which allows RF
bandwidth to be doubled. Simulations and phantom experiments show that a non-linear phase
CPMG pulse pair reduces B1 sensitivity. Application in vivo demonstrates complementary
contrast to conventional multispectral acquisitions and improved visualization compared to DW-
EPI.

Conclusion: Volumetric and multispectral DW imaging near metal can be achieved with a 3D
encoded sequence.

Correspondence: Philip K. Lee MS, Electrical Engineering, Stanford University, Stanford, CA, 94305, USA, pkl.lee@stanford.edu.
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1| Introduction

Diffusion weighted imaging is a highly desired contrast for cancer diagnosis, detecting
inflammation, and treatment evaluation [1]. Yet despite an estimated 2.4% of adults in the
United States having a total knee or hip replacement (2010) [2], and over 200,000 lumbar
spinal fusions being performed per year [3], diffusion weighted (DW) imaging near metal
has not been widely explored. There is no widely adopted clinical protocol for DW imaging
near metal since the commonly used EPI trajectory fails completely due to distortion from
extreme off-resonance ranging from 2—-20 kHz. Multispectral imaging (MSI) sequences such
as MAVRIC-SL and SEMAC [4, 5] have been shown to be highly effective at suppressing
the off-resonance artifact from metal and visualizing tissue near hip arthroplasties [6, 7],
knee arthroplasties [8], and plates and screws [9].

A significant challenge in diffusion weighted multispectral imaging (DW-MSI) is that MSI
acquisitions require 3D encoding to resolve spins that are excited outside of the slice, and
generally use Carr-Purcell-Meiboom-Gill (CPMG) spin-echo readouts to reduce imaging
time and counteract T2* decay. CPMG readouts satisfy the CPMG condition, which requires
that the phase of the refocusing pulse be shifted 90° to the phase of the excitation when
multiple refocusing pulses are applied [10]. This condition poses a challenge for DW-MSI,
since eddy currents and bulk motion during diffusion encoding impart an unknown and
variable phase at the end of the preparation. Directly acquiring the diffusion-prepared
magnetization using a CPMG readout results in rapid signal loss and oscillations in the echo
train, which creates image artifacts such as ghosting, banding, and dropout [11]. Multiple
methods have been developed for eliminating non-CPMG effects caused by diffusion
preparation in 2D imaging [11, 12, 13, 14, 15], but not all can be easily applied to 3D

MSI encoding.

The stimulated echo diffusion preparation is one method of resolving non-CPMG
magnetization and has recently been applied to 3D CPMG echo trains for imaging of the
prostate and carotid vessel [15], knee [16], and 2D single-shot CPMG in the abdomen

[17]. The diffusion-prepared stimulated echo module reduces sensitivity to unknown phase
from motion and eddy currents by measuring diffusion weighted magnetization through a
stimulated echo pathway that is rephased during the CPMG echo train. This approach is
compatible with Variable Flip Angle (VFA) refocusing [18] but reduces signal by a factor of
2%,

Static non-linear background gradients caused by off-resonance near the metal implant

are a known source of local encoding errors [19], but their effect on diffusion contrast

near implants has not yet been evaluated. Static background gradients are distinct from
diffusion gradient non-linearities, which affect the achieved b-value if sufficiently large [20].
We integrate prior NMR work that characterized interactions between static background
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gradients and diffusion weighting, and proposed methods for suppressing their influence
[21].

Diffusion weighted imaging near metal was previously approached by Koch et al. [22]

by combining 2D MSI [23] with DUO split-blade periodically rotated overlapping parallel
lines with enhanced reconstruction (PROPELLER) [24] for ADC estimation near metal
implants at 1.5T. 2D MSI uses slice-select gradient reversal to limit excited spins to a

single slice and narrow bandwidth, which simplifies the reconstruction of DW-MSI since
each shot can encode the low-resolution phase in a self-navigated approach. However, 2D
MSI has low SNR efficiency because the slice-select gradient reversal creates a diamond
shaped composite spin profile in z-f space [23]. Because of its low SNR efficiency, initial
demonstration of 2D DW-MSI was limited to low b-values of 150-300 s/mm?, slice
coverage of 1-4 slices, and required 6 averages in scan times of 4.5 to 6 minutes. In the
spine, 2D DW-MSI achieved a greater b-value of 600 s/mm? but was still limited to 3 slices
[25]. Furthermore, a high RF bandwidth is required to excite spins near the metal, but the 2D
DW-MSI approach used a relatively small bin bandwidth of 600 Hz. This limitation is due
to peak B1 amplitude constraints from the 180° refocusing pulse used for diffusion encoding
and increases imaging time to maintain adequate spectral coverage.

In this work, we combine the magnetization prepared, stimulated echo diffusion preparation
with a 3D MSI encoding scheme and improve on the 2D DW-MSI approach [22]. 3D
encoding improves scan efficiency, which allows us to achieve higher b-values of 400-500
s/mm2, and greater spectral and volumetric coverage in an 8-10 minute acquisition. Imaging
time is reduced by the application of root-flipped Shinnar-Le Roux (SLR) refocusing pulses
in the diffusion preparation [26]. We present an application of non-linear phase CPMG

[27], which reduces B1 sensitivity by using the SLR transform to design an excitation

that satisfies the CPMG condition with the root-flipped refocusing pulses. We also present
theoretical results and phantom experiments that demonstrate insensitivity of the selected
diffusion encoding scheme to static background gradients. Application in vivo demonstrates
that 3D DW-MSI suppresses distortion artifacts from metal and provides complementary
contrast to conventional MSI acquisitions.

Theory

Stimulated Echo Diffusion Preparation

The stimulated echo diffusion preparation [15, 16, 17] with linear phase pulses is shown
in Figure 1. Diffusion weighted magnetization is measured through a stimulated echo
pathway which ensures that only magnetization satisfying the CPMG condition is part of
the refocusing train. This method is closely related to the Alsop method [11], which tips
non-CPMG magnetization to the longitudinal axis prior to readout. Both methods apply
an integer number of cycles across the slice before the tipup, which reduces sensitivity to
random phase but reduces SNR by a factor of 2x. One difference is that the Alsop method
will have residual non-CPMG magnetization that can cause ghosting if the tipup flip angle is
not exactly 90° due to B1 inhomogeneity. We will show in Section 2.4 that the tipup pulse
used to store the stimulated echo provides additional flexibility for RF pulse design in the
diffusion preparation.
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Effect of Static Background Gradients on Diffusion Weighting

The effect of static background gradients was known empirically in early NMR diffusion
work [28], and can be considered as a spatially varying, “always on” gradient with

unknown amplitude and polarity. For a monopolar pulsed gradient spin-echo sequence, the
background gradient increases or decreases the amplitude of the applied diffusion gradient
and changes the achieved b-value. An analysis of interactions between background gradients
and diffusion weighting was introduced in [29] by Williams et al.

Diffusion-related attenuation is associated with the b-value [30], given by:

Tairr
b=1y? / F(t) dt, (€
0

Where A8 = Fgir(§) + Fpg(8) and:

t
Fdiff(t) = A gairy(u)du ()]

t
Fbg(t)zlgbg(u)du. (3)

In Equations 2 and 3, ggir(v) is the applied diffusion gradient and gp,(4) is the background
gradient. Expanding the integrand in Equation 1 gives:

F(t) = Faiff(t) + 2Fpg(t)Faigg(t) + Foglt)® @

In Equation 4, Fiz{#? is the desired b-value contribution, and /-'bg(t)2 is cancelled after
division by the b = 0 s/mm? image, leaving the cross-term Fo D Fgirf D). For the twice-
refocused MO-nulled diffusion encoding shown in Figure 1, Fp (8 Fgirf2) = 0, which

implies the background gradient has no effect on ADC quantification. This is illustrated

in Supporting Information Figure S1. Diffusion encoding schemes that are insensitive to
background gradients are not unique and single-refocused options exist. The effect of
background gradient cannot be removed from the diffusion weighted image, similar to T1 or
T2 “shine-through”.

Diffusion Preparation with Root-Flipped SLR Refocusing Pulses

In MSI, the excitation bandwidth of each spectral bin (generally 1-1.5 kHz) and slice-select
gradient amplitude must be precisely managed. Due to off-resonance, the same slice-select
gradient amplitude must be applied for both preparation and readout to ensure that the same
spatial locations are prepared, excited, and imaged, regardless of resonance frequency. This
is akin to matching the excitation k-space velocity of both the preparation and CPMG echo
train so that off-resonance induced spatial shifts appear identical. In conventional diffusion
preparation, the slice thickness that is prepared is often widened to increase the region that
experiences 180° refocusing, and can be trivially achieved by reducing the amplitude of the
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slice-select gradient. This is not possible for MSI, since the slice-select gradient amplitudes
in the preparation and readout must be equal. MSI sequences must therefore consider only
the RF BW of the preparation instead of the combination of RF BW and gradient amplitude.

One method of preparing an excitation bandwidth larger than the readout is to reduce the
spectral width of each bin, but this increases the scan time required to maintain the same
total spectral coverage, on the order of +12 kHz at 3T for the most severe implants. It is
desirable to maximize the bandwidth of the preparation, but a short, high time-bandwidth
(TBW) 180° pulse can easily exceed the peak B1 limit. Variable rate selective excitation
(VERSE) pulses can reduce SAR and peak B1 but the non-constant gradient (and excitation
k-space velocity) results in smearing of the slice profile in the presence of off-resonance
[31].

To create a short 180° pulse with high TBW, we relax the linear phase constraint on the slice
profile of the refocusing pulse. This constraint can be relaxed because signal attenuation
from diffusion-sensitizing gradients is dependent on the magnitude of the nutation created
by the refocusing pulse, not its axis of rotation. We employ Shinnar-Le Roux (SLR) pulses
[26] and root-flipping to obtain a non-linear phase refocusing with reduced peak B1. The
SLR algorithm represents RF pulses as two complex polynomials Ap(2) and Bp[2) which
can be approximated using digital filter algorithms. The Fourier transform of the Ba(2)
polynomial is referred to as the beta profile B. By applying root-flipping to the beta profile
of the refocusing pulse, the peak B1 of the refocusing pulse can be reduced by 30-45%
while maintaining the same flip angle amplitude profile [32].

Reducing B1 Sensitivity of the Stimulated Echo Diffusion Preparation with a Twice-

Refocused Spin-Echo and an Identical Phase Pulse

In most literature employing non-linear phase refocusing pulses, the phase of the 90°
excitation is “matched” with that of the refocusing pulse to create a linear phase coherent
spin-echo [33, 34]. The rotation axes for linear phase and matched pulse pairs are illustrated
in Figure 2A and B. Matched phase SLR pulses have been effectively applied to diffusion
preparation using adiabatic spin-echoes at 7T [35, 36, 37].

We now introduce the “identical phase” pulse pair, illustrated in Figure 2C. An identical
phase excitation or tipup is a 90° pulse whose slice phase profile is the same as the slice
phase profile of its non-linear phase refocusing pair. The beta profile of the identical phase
pulse satisfies:

P1go
Bidentical phase = ! ﬁ . ®)

The transverse magnetization after an identical phase pulse pair can be computed using the
alpha and beta profiles. For any general excitation and refocusing pulse pair:
~ * 2
Myy & — 2090 excPo0 excP180 ®)

The transverse magnetization after an identical phase pulse pair using Equations 5 and 6 is:
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. 2
My identical phase = 1v2excP180lB180l Mo - )

In Equation 7, the phase profile of the excitation-refocusing pulse pair is equal to that of the
initial excitation assuming little phase contribution from agg exc. This pulse combination was
introduced by Pauly et al. in [27] for 3D imaging and creates a phase modulation along the
slab dimension that was resolved during image encoding.

The stimulated echo diffusion preparation shown in Figure 1 is a stand-alone module
consisting of excitation, refocusing, and tipup pulses where a linear phase coherent

echo does not need to be formed within the preparation. To avoid subvoxel cancellation
during readout, a uniform longitudinal magnetization profile is required at the end of the
preparation. This is distinct from matched pulse pairs where a linear phase transverse
magnetization is formed after two pulses. Unaccounted non-linear phase from the root-
flipped refocusing pulse causes cancellation within the voxel for slice-selective 2D imaging
and MSI where the kz phase encoding resolution is much coarser than the excited slice
thickness (kzmax = 0 cm™1 for 2D).

The longitudinal magnetization /m; after applying a tipup to any general /7, is:
m;= — a{ﬁﬁ{ﬁmxy - atuﬁtum;cky (8

Substituting /7, from Equation 6 into Equation 8 and assuming a single-refocused
preparation gives:

2 2 \*
my; = zat},f]aexcﬁé]ﬂgxcﬁmo + zatuagxcﬂtuﬁexc(ﬂl 80) (C)]

The uniform longitudinal magnetization constraint requires /7, = 1, which can be satisfied in
many different ways using either single-refocused or twice-refocused preparations.

For single-refocused preparations, a matched excitation-refocusing pulse pair and linear
phase tipup can be used, but this configuration is asymmetric which can be sensitive to
phase reference errors. A symmetric, single-refocused preparation that creates a uniform
longitudinal magnetization is a 90identical phase * 180non-linear phase - ~90identical phase

scheme. This single-refocused preparation with identical phase 90° pulses is sensitive to

B1 inhomogeneity because B1 inhomogeneity changes the achieved phase profile of non-
linear pulses, and the phase profile of the scaled 90° will not compensate the phase of

the scaled refocusing pulse. A twice-refocused preparation circumvents this issue since
repeating a non-linear phase refocusing pulse cancels its phase contribution. As described in
Section 2.2, twice-refocused M0-nulled diffusion encoding is also insensitive to background
gradients.

A twice-refocused preparation can achieve uniform 1, using a linear phase excitation and
tipup with two non-linear phase refocusing pulses. However, this preparation violates the
CPMG condition at the slice level. The CPMG condition requires that the phase of the
refocusing pulse be shifted 90° to the phase of the excitation when multiple refocusing
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pulses are applied [10]. If the CPMG condition is not met, the amplitude of the spin-echo is
considerably reduced when the refocusing flip angle is not precisely 180°.

Instead of a linear phase excitation and tipup, identical phase pulses can be used to satisfy
the CPMG condition while achieving a uniform m, at the end of the preparation. The
CPMG condition is satisfied because the rotation axis of the refocusing pulse is offset 90°
from the excitation rotation axis everywhere within the slice. From Equation 7, subsequent
applications of the same refocusing pulse after the initial 90-180 continue to satisfy the
CPMG condition. Non-linear phase from the excitation is eliminated by negating the tipup
amplitude and repeating the refocusing pulse cancels its phase contribution. We refer to

a preparation with identical phase 90° pulses and non-linear phase refocusing pulses as a
“non-linear phase CPMG preparation”.

3| Methods

3.1| Sequence and Reconstruction

The stimulated echo diffusion preparation with SEMAC encoding [5] and a linear phase
preparation is shown in Figure 1. View Angle Tilting (\VAT) gradients suppress in-plane
off-resonance artifacts and kz phase encoding reduces through-slice distortion to avoid
pileup and dropout. The preparation is nearly identical to that used in [15] and [16],

except we employed the twice-refocused non-linear phase CPMG diffusion preparation to
maximize the RF bandwidth of the preparation. All slice-select gradients have equal gradient
amplitude and 2 cycles of spoiling across the nominal slice width was applied prior to the

tipup.

A challenge with 3D diffusion imaging is the correction of shot-to-shot phase from motion
sensitizing diffusion gradients. Multiplexed Sensitivity Encoding (MUSE) [38] is commonly
used in 2D, which applies parallel imaging to reconstruct a low-resolution phase navigator
for each shot. Applying MUSE to 3D acquisitions is difficult since the undersampling
factor in ky-kz for each shot is too high to reconstruct the navigator. Directly sampling a
low-resolution phase navigator every shot would harm scan efficiency, since a large fraction
of each echo train would be dedicated to sampling the low-resolution ky-kz region. We
correct for shot-to-shot phase by observing that the majority of the signal in each bin exists
in a contiguous slab. Therefore, a 2D projection of the phase navigator in the xy-plane is

a fair approximation of the spatial phase variation. Although out-of-plane spins are ignored
with this phase correction method, coherent ghosting from these regions is reduced by
randomly distributing ky-kz phase encodes between shots.

The low-resolution 2D phase navigator was acquired during the pseudo-steady-state
stabilization of the VVFA train as previously employed for 3D TSE diffusion [39]. The
phase navigator was 4 lines with Ry = 2. Images were reconstructed using coil sensitivities
estimated with ESPIRIT [40] from b=0 s/mm? images.

3.2| RF Pulse Design and Simulations

A minimum-phase SLR pulse with TBW 5 was used to initialize the root-flipping algorithm,
and SLR design relations [26] were used to achieve an effective slice profile passband ripple
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610 = 0.005 and stopband ripple &, = 0.001. The associated minimum-phase, minimum
power Ax(2) polynomial was used. Monte Carlo root-flipping with 100 iterations was
applied with each root having a 0.5 probability of being flipped.

The slice profile of the complete preparation was simulated for B1 inhomogeneities

ranging from 0.7 to 1.0 and included crusher gradients (10 cycles across the nominal slice
thickness). Three different preparations were simulated: single-refocused with non-linear
phase refocusing and identical phase excitation and tipup, twice-refocused with non-linear
phase refocusing and linear phase excitation and tipup, and twice-refocused with non-linear
phase refocusing and identical phase excitation and tipup. Simulations were performed for

a phase insensitive preparation with 2 cycles of spoiling prior to tipup. The total signal was
computed by summing the magnetization after the tipup assuming that the stimulated echo is
completely rephased during readout.

Phantom Validation

The non-linear phase CPMG diffusion preparation was validated in three phantom
acquisitions. Phantom acquisitions were performed at 3T on a GE Healthcare (Milwaukee,
WI1) Signa Premier with constant refocusing flip angle 120° and diffusion gradients designed
with 50 mT/m per axis amplitude and 40 T/m/s slew rate.

First the B1 sensitivity of the preparation was evaluated by acquiring the center slice

of a uniform agar ball using a 2D CPMG echo train and the following twice-refocused
preparations: entirely linear phase pulses, root-flipped refocusing with linear phase
excitation and tipup, and root-flipped refocusing with identical phase excitation and tipup.
Scan parameters: FOV = 20 cm, slice thickness = 5 mm, matrix size = 96x96, b = 0 s/mm?,
TEprep = 55 ms (as indicated in Figure 1), ETL = 16, 48-channel head coil. A B1 map was
acquired using Bloch-Siegert shift B1 mapping [41].

Next the effect of increased RF bandwidth was tested by using a 3D MSI readout to scan

a phantom consisting of a total shoulder replacement (Biomet U.K. Ltd.) composed of a
cobalt-chromium alloy head and titanium alloy stem submerged in agar and embedded in a
3D grid. This phantom exhibits severe off-resonance and B1 shading. The spectral widths
of the CPMG echo train/ preparation/ bin separation were: 600/ 800/ 500 Hz for linear
refocusing, and 1200 / 1500 / 1000 Hz for root-flipped refocusing, each having the same
maximum B1 amplitude of 0.18 G. The evaluated preparations were the same as the agar
ball experiment. Scan parameters: FOV = 26 cm, slice thickness =5 mm, 16 bins, matrix
size = 128x128x16, b = 0 ss/mm?, 32-channel anterior Air Coil (GE Healthcare), ETL =

12 for low bandwidth preparation and 24 for high bandwidth preparation, TEprep = 55 ms,
readout bandwidth = +125 kHz. Since RF BW affects echo spacing, the ETL was changed to
maintain similar T2 blur.

Finally, the ability to reliably quantify diffusion weighting in the presence of metal was
tested at ambient room temperature in a diffusion phantom consisting of vials with varying
concentrations of H,O dissolved in acetone [42]. Acetone vials were arranged annularly
around the femoral head of a total hip arthroplasty. This phantom allows for easy removal
of the implant head to compare ADCs with and without metal-induced off-resonance. Scan
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parameters were: in-plane resolution 2 x 2 mm, b-value = 0, 500 s/mm2, 24 bins, bin
bandwidth = 1.5 kHz, ETL = 24. Mean ADC values in each vial obtained with and without
metal were compared using linear regression analysis.

To demonstrate the sensitivity of ADC to static background gradients from metal, we
acquired DW-MSI using twice-refocused M0 and M1-nulled waveforms with two diffusion
encoding directions. The second direction negated the amplitude of all diffusion gradients,
which would ideally yield identical diffusion weighting and ADC maps in the absence of
background gradients since the acetone-H,O phantom exhibits isotropic Gaussian diffusion
[42].

in vivo Experiments

The twice-refocused non-linear phase CPMG diffusion preparation with identical phase
excitation and tipup was used for all in vivo DW-MSI acquisitions.

A 46-year-old female volunteer with two titanium screws from anterior cruciate ligament
(ACL) reconstruction surgery was scanned with approval of the local Institutional Review
Board and informed consent at 3T (GE Signa Premier). DW-MSI (b = 400 s/mm?)

was compared to self-navigated 4-shot DW-EPI with spectral-spatial fat suppression and
reconstructed with MUSE [38]. DW-MSI scan parameters are shown in Table 1. DW-EPI
scan parameters were: matrix 192 x 192, voxel size 0.8 x 0.8 x 4 mm, TR = 2500 ms,

TE =62 ms, 2 NEX b=0 s/mm?, 6 NEX b=400 s/mmZ2. Vendor PD and Short-T1 Inversion
Recovery (STIR) MAVRIC-SL were acquired for comparison.

The DW-MSI sequence was appended to clinical exams of three patients (two with unilateral
hip replacements, one with bilateral intramedullary rods) following informed consent and
IRB approval. These acquisitions were performed at 1.5T (GE Healthcare Optima 450W)
with 30 mT/m per axis diffusion gradient amplitude and 20 T/m/s slew rate. The exam
included T1-weighted and STIR MAVRIC-SL.

Results

RF Pulse Design and Simulations

The refocusing pulse obtained using the root-flipping method and its identical phase pair are
shown in Figure 3. Root- flipping reduced the peak B1 of the refocusing pulse from 0.34 G
t0 0.19 G for a 3.24 ms pulse, 1.6 kHz bandwidth at 90% of maximum profile.

Simulated slice profiles of different preparation schemes and B1 scales are shown in Figure
4. The ideal slice profile of cos? 2rt(22) from the stimulated echo pathway is plotted for
reference. For B1 = 1.0, rapid oscillations are visible in the transition band of the preparation
employing linear phase excitation and root-flipped 180s. This is because the achieved flip
angle is not 180° in the transition band and the CPMG condition is not met with linear phase
excitation. Fewer oscillations are observed in the transition band with identical phase pulses.

For severe B1 inhomogeneity of 0.7, the profile using identical phase pulses is most similar
to the ideal profile. The slice profile of the single-refocused preparation experiences the
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most severe degradation as B1 decreases because the phase profiles of the scaled non-linear
excitation and refocusing are no longer identical. The effect of amplitude scaling is reduced
when using a twice-refocused scheme since a refocusing pulse applied twice cancels its
phase contribution.

The total signal of each preparation is plotted in Figure 4D. The identical phase excitation
produces 20% more signal compared to a linear phase excitation at B1 = 1.0, and improves
to 30% more signal at B1 = 0.7. This is consistent with non-CPMG effects becoming

more prominent as the flip angle deviates further from 180°. The non-linear phase CPMG
preparation achieves slightly less signal than the theoretical maximum at B1 = 1.0 mainly
due to reduced performance in the transition band. The twice-refocused schemes are less
sensitive to B1 compared to the single-refocused preparation but requires a 20-30% longer
TE to achieve the same b-value.

Phantom Experiments and the Effect of Static Background Gradients

A comparison of b = 0 s/mm? images acquired in a uniform agar ball acquired with different
RF pulses is shown in Figure 5. A preparation with only linear phase pulses serves as a
reference. Root-flipped 180s with a linear phase excitation has shading in the center of the
phantom due to B1 inhomogeneity, shown in the B1 map. Employing root-flipped 180s with
an identical phase excitation that satisfies the CPMG condition has similar shading to a
solely linear phase preparation. The 1D profile of images acquired with root-flipped 180s
normalized to the linear phase preparation is also shown. The identical phase excitation has a
signal ratio near unity whereas the signal of the linear phase excitation is reduced by 20% at
the center.

A fixed xy-slice in the shoulder phantom from excitations at different spectral offsets using
preparations with different RF pulses is shown in Figure 6. Root-flipped 180s permit the
bin bandwidth to be doubled and results in excitation of spins closer to the implant, visible
in the bin with 0 kHz offset. Signal differences near the shaft using root-flipped refocusing
pulses are likely due to T2 contrast differences created by B1 variations, which affects the
stimulated echo pathway of the twice-refocused preparation by underflipping or overflipping
magnetization into the longitudinal axis. High RF bandwidth improves MSI scan efficiency
because the number of excitations required to cover the desired spectral range is decreased.
The identical phase excitation reduces B1 shading above the implant and at the edges of
the phantom. Signal improvement at the head of the implant is marginal due to the spectral
coverage of the low bandwidth preparation being nearly sufficient to cover the range of
off-resonance. The high bandwidth preparation could alternatively be used to achieve an
image with equal spectral extent to the low bandwidth preparation in half the scan time.

DW-MSI images and ADC maps obtained with and without metal in the acetone diffusion
phantom are shown in Figure 7. Regression analysis between mean ADCs in each vial with
and without metal gave the following linear fit: ADCyith metal = 0.945 - ADCpo metal + 0.05
x 1073 mm?/s, R% = 0.97, p < 0.001. The twice-refocused, MO-nulled diffusion encoding in
Figure 1 is insensitive to static background gradients [28, 29, 43, 44]. While the background
gradient affects diffusion weighting in the b = 0 s/mm?2 image, the net effect after computing
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Spwi /Spo is zero. This can be observed in Figure 7 by the excellent ADC correspondence
between H,0 a few millimeters away from the implant and reference H,O vials.

With a twice-refocused M1-nulled diffusion encoding, background gradients affect diffusion
weighting since the cross-term Fp (9 Fgi#( ) is non-zero, as evaluated in Supporting
Information Figure S1. ADC values are biased in regions with spatially rapid field

variation, shown in Supporting Information Figure S2. ADC maps obtained with M1-nulled
waveforms, shown in Supporting Information Figure S3, demonstrate anisotropy in regions
with rapid field variation as in Supporting Information Figure S4.

in vivo Experiments

The slice containing the screw in the subject with ACL reconstruction surgery is shown

in Figure 8. The metal screw (green arrow) causes severe pileup artifacts in DW-EPI. The
proposed DW-MSI sequence permits calculation of ADC in bone marrow adjacent to the
screw, which had a mean less than0.1 x 10~3 mm?/s because no fat suppression was used
[45]. ADCs in cartilage (purple arrow), were 1.8 + 0.2 x 1073 mm?%/s and 1.7 + 0.3 x 1073
mm?/s for DW-EPI and DW-MSI respectively (mean, standard deviation). Joint fluid (blue
arrow) ADCs were 2.7 + 0.2 x 10~3mm?/s for DW-EPI, and 2.4 + 0.4 x 10-3mm?2/s for
DW-MSI.

Flow along the frequency encode direction in the popliteal artery (yellow arrow) is visible

in b=0 s/mm?2 DW-EPI and STIR MAVRIC-SL but not in DW-MSI. The CPMG refocusing
train has large first moment differences between the stimulated and spin-echo components

[46] which accumulate due to small refocusing flip angles [47].

Images acquired in clinical exams are shown in Figure 9. T1-weighted and STIR MAVRIC-
SL acquired in the same exam are provided for reference. Patient 1 is a 25-year-old

female with proximal femoral osteosarcoma status post resection and placement of a hip
arthroplasty which includes multiple additional fixation screws. Marked edema of the
visualized extremity is due to treatment related lymphedema. Subcutaneous fluid visible

in STIR MAVRIC-SL is also visible in ADC maps obtained with DW-MSI. ADCs in the
subcutaneous fluid pockets (dashed white arrows) are between 2.5 — 3.0 x 1073 mm?/s but
are affected by partial voluming with fat. Soft tissue edema in the combined ROI indicated
by dotted white arrows had an overestimated ADC of 3.5 + 0.3 x 10~3mm?/s. Patient 2 is

a 9-year-old female with a mid to proximal femoral endoprosthesis and hip arthroplasty for
treatment of Ewing’s sarcoma. SNR is lower due to smaller voxel size and shorter scan time
of 5 minutes. ADCs in the blue circle muscle ROI are noisy, but in a reasonable range of
1.2 + 0.5 x 1073mm?/s [48]. Reduced spectral coverage compared to MAVRIC-SL results
causes signal loss near the head. Unresolved shot-to-shot phase due to the low resolution

of the phase navigator results in signal loss and ADC overestimation in subcutaneous fat.
Patient 3 is an 11-year-old male with bilateral intramedullary rods for bilateral proximal
femoral pathologic fracture fixation. Fluid above the right femur had an ADC of 2.7 £ 0.2 x
10-3mm?/s.
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Discussion

We have presented a sequence that combines a stimulated echo diffusion preparation

with multispectral CPMG spin-echo trains, permitting diffusion weighted imaging with
volumetric coverage near metal in clinically feasible scan times. Our method has increased
spectral coverage and SNR efficiency compared to 2D DW-MSI [22]. We elected to

use a stimulated echo diffusion preparation for removing non-CPMG artifacts, but other
alternatives exist.

The SPLICE method [13] splits CPMG and non-CPMG components into two echoes,
resulting in a /2 SNR loss and marginally increased echo spacing. The two echoes can

be combined with magnitude summation, but complex summation with a navigator echo is
necessary to reduce ghosting artifacts [12].

Le Roux proposed that a quadratic phase increment between refocusing pulses [14] can be
used to measure the full signal in a single echo, but this requires additional phase encodes
or solving a parallel imaging problem to reconstruct the full FOV [49]. Quadratic phase
modulation also requires flip angles greater than 150° to produce a stable echo train, which
can quickly exceed SAR limits. This approach is not well suited for MSI which requires 3D
encoding, high RF bandwidth, and multiple slice/bin excitations per TR.

Signal near metal can be encoded using readouts other than CPMG echo trains, hence
avoiding the need to account for non-CPMG magnetization.

UTE MAVRIC approaches can resolve metal-induced off-resonance artifacts [50, 51]. UTE
readouts have been paired with diffusion weighted driven equilibrium preparations and
phase-cycled tipups (90, - 180,,- 90--,) to obtain diffusion weighted images relatively free
of distortion [52]. Phase-cycling reduces shading artifacts from random phase but requires
two acquisitions with different tipup phases and is sensitive to intra-scan motion which

may change the diffusion-prepared magnetization that is returned to the longitudinal axis.
Stimulated echoes can reduce the shading artifact, but the increased echo time causes signal
loss near the implant due to T2* [50].

SPatial temporal ENcoding (SPEN) methods can achieve diffusion contrast [53], and have
demonstrated resistance to field inhomogeneities from titanium screws [54] by limiting
the spatial extent of spins using a method similar to 2D MSI where the intersection of
slice-select bands is manipulated with gradient reversal. SPEN is a possible encoding for
DW imaging near metal, but slice-select gradient reversal is SNR inefficient because it
reduces the number of spins that are measured each excitation.

An alternative diffusion preparation is the Stimulated Echo Acquisition Mode (STEAM)
[55] where the maximum preparation flip angle is 90°. This circumvents the peak B1
constraint but results in an additional 2x signal loss.

Non-linear phase CPMG excitation and root-flipped refocusing was applied to reduce the
sensitivity of the diffusion preparation slice profile to B1 inhomogeneity. We attributed
B1 sensitivity of the root-flipped refocusing pulse to phase differences between excitation
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and refocusing that occur within the slice profile and prevent CPMG, which was remedied
using identical phase pulses. In [35], a twice-refocused spin-echo using quadratic phase SLR
pulses (which exhibit adiabatic properties) with linear phase excitation was compared to a
matched 90-180 pulse pair for diffusion encoding at 7T. This twice-refocused spin-echo
was more sensitive to B1, which may be due to non-CPMG effects. The identical phase
excitation cannot be incorporated because no tipup pulse is used and diffusion weighted
magnetization is immediately acquired using an EPI readout.

Several sources of error can bias ADC measurements in the presented sequence. First, no fat
suppression method was employed. Due to off-resonance, STIR is the only option for robust
fat suppression near metal implants, but this reduces the signal by ~40%. Future work will
incorporate this inversion pulse, which can be added before the diffusion preparation with
the appropriate inversion delay [17].

Static non-linear background gradients from metal-induced off-resonance constitute a
possible source of ADC bias since the true diffusion encoding gradient is a superposition

of the background gradient and the linear scanner gradient. These background gradients

are proportional to field strength, and affect diffusion encoding in the monopolar pulsed
gradient spin-echo that was used by Koch et al. We demonstrated that ADC values obtained
with a twice-refocused MO-nulled scheme are not affected by the background gradient
from metal, but a twice-refocused M1-nulled scheme can exhibit large ADC deviations

and diffusion anisotropy adjacent to the metal. Geometric averaging of opposite diffusion
encoding polarities also eliminates the cross-term [56]. Fieldmaps from in vivo acquisitions
in Supporting Information Figure S5 and simulations of the background gradient created
by a titanium total hip replacement shown in Supporting Information Figure S6, and knee
fixation screws in [19] indicate that the magnitude of the background gradient’s linear
component is negligible a few centimeters from the implant. For smaller metallic hardware
or acquisitions where spectral coverage is not sufficient to excite spins adjacent to the
implant, the effect of background gradient will not be observed [57] and is unlikely to
affect diagnosis. Assessing the diagnostic value of accurate diffusion weighting and ADC
quantification adjacent to the implant will be a topic of future studies, but clinical evaluation
of multispectral sequences suggests that visualization of structures adjacent to implants is
desirable and can affect diagnosis [4,58,59,60,61].

A low-resolution 2D projection of the phase was used to correct for motion-induced phase
before shot combination. Using a 2D projection to correct for the phase of a thicker slab
has been employed in multiple works for diffusion imaging in the brain [62,63,64]. Signal
close to the metal lies outside the principal slice and its phase is not spatially encoded.
When the projection produces a pileup artifact, the phase estimation may be incorrect if
off-resonance spins are spatially distant from the slab. Ghosting artifacts from these regions
are not apparent because these regions are small, and ghosting is distributed in the yz-plane.
ADC overestimation can be observed in Figure 9 for Patients 1, 2, and in Supporting
Information Figure S7, which compares ADC values calculated with and without phase
navigator correction. Effects of shot-to-shot phase are exacerbated in DW-MSI due to its
extremely high shot count. Center oversampling to improve the 2D phase navigator or
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motion-compensated diffusion gradients for implants with small background gradients may
be advantageous.

6| Conclusion

Volumetric diffusion weighted imaging near metal can be achieved in clinically feasible scan
times with a stimulated echo diffusion preparation and 3D CPMG spin-echo readouts. Root-
flipped refocusing pulses increase spectral coverage and non-linear phase CPMG reduces
sensitivity to B1. A twice-refocused, M0-nulled diffusion measurement is insensitive to
static background gradients from metal that affect ADC quantification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1

Stimulated echo diffusion preparation that corrects non-CPMG artifacts. Dephasing prior
to tipup ensures uniform signal is returned to the longitudinal axis, regardless of phase
from bulk motion. View Angle Tilting (\VAT) gradients are applied during readout to reduce

in-plane distortion as in most selective MSI methods.

Magn Reson Med. Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

Matched Phase Linear Phase

Identical Phase

Page 19

FIGURE 2:
Magnetization path for different pulse pairs at separate locations in the slice profile after

excitation and refocusing. During excitation, the magnetization rotates about the orange
arrow and follows the path denoted by the orange dotted line. During refocusing, the
magnetization vector rotates about the blue arrow. A) Linear phase pulses have a rotation
axis that is constant in the slice direction. The refocusing axis of rotation is offset 90° from
the excitation to satisfy the CPMG condition. B) Excitation and refocusing rotation axes
are matched so that the magnetization is aligned along the x direction at the end of the
pulse pair. The gray arrow represents the magnetization after excitation. The rotation axes
vary across the slice. C) With an identical phase pulse pair, magnetization at the end of the
90-180 pair does not have linear phase but the CPMG condition is satisfied within the slice.
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(A) (B) (©)
Linear Phase Beta Profile Non-Linear Phase Root-Flipped Beta Profile Identical Phase Excitation Beta Profile
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Top: Beta magnitude and phase profile of a minimum-phase, TBW 5 SLR pulse (A)
compared to the beta profile of the minimum peak B1 RF obtained using root-flipping
(B). The phase of the excitation beta profile (C) is identical to that of the refocusing
pulse. Bottom: RF pulse obtained using the SLR transform and a minimum-phase alpha
polynomial. The root-flipping algorithm reduces the peak B1 from 0.34 G t0 0.19 G. The
root-flipped SLR approach enables the use of a short and high TBW refocusing pulse that
remains within the maximum B1 limit.
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Transverse Slice Profile of Preparation After Rephasing Stimulated Echo

B1 = 1.00 B1 =0.85 B1 =10.70
o 1 1 = = 1 v =
3 Y & H y i
o
£
=2 05
o B
&
=
80
S 05
@
- 1
180y(2)+90 B
g g
ke I )
9 R 05
5
o
N g X
\,/ £H
<9
Y| e g o
o =
S
B
B
= 1
1805(:)+90 1809(:)+90 G}
£
.1 1905(,) Do 8 3
= __j 0.5
Ta |
£ g ol
&
8
z 0.5
t 3 0.5 0 0.5
z [em] 7 [cm)] z [cm]
D) BI Sensitivity of Phase Insensitive Preparations
05F T e q
— 045
=
=04
=
S 035
]
= 03}
El
é%n 0.25 -
=02 1
o - -
) Single-Refocused Identical Phase
s 0.15 - " Excitation and Tipup 1
154 Twice-Refocused Lincar
20 0.1+ T Phase Excitation
R Twice-Refocused Identical
H ool Phase Excitation
— = Theoretical Maximum Signal
0 . . ; ;
0.7 0.8 0.9 1 11 12
Bl

A-C) Simulated slice profiles of the transverse /m, demonstrate the improvement of a
twice-refocused, non-linear phase CPMG preparation (C) over single-refocused (A) and
twice-refocused with linear phase excitation and tipup (B). RF waveforms are shown on
the left, where subscripts X, y, denote linear phase slice profiles, and &2) a non-linear
phase profile. The dotted line shows the ideal cos? 2(22) modulation resulting from
rephasing the stimulated echo after 2 cycles of spoiling prior to the tipup. Negative m,
values add destructively. D) The total signal, determined by the area in the shaded regions
of the simulated slice profiles, shows the reduced B1 sensitivity of the twice-refocused
scheme with identical phase 90s. The maximum value is 0.5 due to 2x signal loss from the
stimulated echo pathway. The theoretical maximum signal assumes an ideal twice-refocused
CPMG preparation.
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1D Profile Normalized to Linear Phase
Excitation and Refocusing

E)

YR

Linear Phase Excitation
T Root-Flipped Refocusing
Identical Excitation
" Root-Flipped Refocusing

Effect of excitation beta profile on B1 sensitivity of preparations using root-flipped
refocusing pulses in a uniform agar ball phantom. A) Center slice of the linear phase
refocusing and excitation preparation with dotted yellow line showing location of extracted
1D signal profile. B) A linear phase excitation with root-flipped 180 has evident B1 shading,
corresponding to the B1 map in D. C) An identical phase excitation with root-flipped

180 has similar shading to the linear phase preparation. The signal profiles of B and C

normalized to the linear phase preparation in A are shown in E.
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-0.5 kHz +0.5 kHz

FIGURE 6:
Three of the 16 acquired bin images at a fixed slice location from different preparation

schemes and the sum-of-squares bin combination. The difference is calculated using the

low bandwidth bin combined image as reference. Top row: Preparation with only linear
phase pulses reduces the bin bandwidth, resulting in unexcited spins close to the head of the
implant and above the phantom (yellow arrow). Middle row: A root-flipped refocusing pulse
enables greater bin bandwidth, exciting spins that are not excited with the low bandwidth
preparation (yellow, red arrows). Signal differences adjacent to the shaft (blue arrow) are
likely due to B1 affecting the stimulated echo pathway. B1 inhomogeneity also causes
band-like signal loss above the head. Bottom row: An excitation with identical phase to the
root-flipped refocusing pulse reduces band-like signal loss above the implant (green arrow).

Magn Reson Med. Author manuscript; available in PMC 2023 June 01.

Bin Images Bin Combination Percent Difference

L1,
100 - 0‘5(212#11)

7100
180

- 60

-80

-100



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

Without Metal

With Metal

Page 24

DW-MSI in Acetone Diffusion Phantom With and Without Metal
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FIGURE 7:
A-F) DW-MSI b = 0, 500 s/mm?, and calculated ADC maps obtained with and without

metal using a twice-refocused M0-nulled sequence. ADC maps are unaffected by the static
background gradient caused by metal-induced off-resonance and exhibit no spatial distortion
due to BO inhomogeneity. The femoral head lies in-plane, denoted by the circle in (D).

G) Mean ADC values in each vial with the corresponding H,O/acetone concentrations by
volume.
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b400 EPI

Proton Density MAVRIC-SL
A) 4

STIR MAVRIC-SL TTI 150 ms b0 DW-MSI TE prep 41 ms

FIGURE 8:
Comparison of ADC maps overlaid on b = 0 s/mm? images acquired with DW-MSI

and DW-EPI in subject with ACL reconstruction surgery, with reference PD and STIR
MAVIRC-SL. The metal screw (green arrow) causes severe distortion in DW-EPI. DW-MSI
corrects these distortions and permits ADC calculation in tissue near the screw. Cartilage
(purple arrow), and joint fluid (blue arrow) are visible on both DW-EPI and DW-MSI. The
popliteal artery (yellow arrow) is bright on b0 DW-EPI but not bO DW-MSI due to first order
moments in the CPMG refocusing train and a small minimum refocusing flip angle.
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Patient 1
Sagittal Hip Arthroplasty

Patient 2
Sagittal Hip Arthroplasty

Patient 3
Bilateral Intramedullary Rods

Radiographs
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T1 MAVRIC-SL STIR MAVRIC-SL b0 DW-MSI TE prep 55 ms b500 DW-MSI ADC DW-MSI

T1 MAVRIC-SL STIR MAVRIC-SL b0 DW-MSI TE prep 55 ms b500 DW-MSI ADC DW-MSI

Axial STIR b0 DW-MSI TE prep 50 ms b400 DW-MSI ADC DW-MSI

p

Patient 1 Patient 2 Patient 3

FIGURE 9:
A) Patient with unilateral hip replacement. Fluid that is bright on STIR MAVRIC-SL

(dashed white arrows), appears on the ADC map as an elevated ADC. Soft tissue edema is
indicated by the dotted white arrows. DW-MSI has reduced spectral coverage compared to
MAVRIC-SL due to limited scan time, resulting in signal appearing on MAVRIC-SL but not
in DW-MSI (purple arrow). B) The green arrow indicates an area where the phase navigator
resolution was too low, resulting in loss of signal and ADC overestimation. A signal void
due to reduced spectral coverage relative to MAVRIC-SL is present on DW-MSI (orange
arrow). C) Patient with bilateral hip replacement has a small amount of fluid above the right

femur (solid white arrow) which can be visualized with DW-MSI and appears on axial STIR.

D) Coronal radiographs for implant visualization.
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TABLE 1:

Sequence parameters for in vivo DW-MSI acquisitions

Page 27

DW-MSI Parameters

ACL Reconstruction
Surgery (3T)
(46-year-old female)

Unilateral Hip
Replacement (1.5T)
(25-year-old female)

Unilateral Hip
Replacement (1.5T)
(9-year-old female)

Bilateral Intramedullary
Rods (1.5T)
(11-year-old male)

FOV [cm]

Matrix Size

Voxel Size [mm]
b-value [s/mm?]
NEX [b0/bx]
Readout BW [kHz]
TR [ms]

TE prep [ms]

ETL

Bins

Bin Bandwidth [kHz]

Scan Time

16 x 16

192 x 192 x 16
0.8x0.8x4
0, 400

1/2

+100

2500

41

68

8

1.2

9:56

45 x 36

256 x 100 x 32
1.7x36x%x5
0, 500
0.7/0.7
+100

4500

55

68

8

1.2

8:40

30 x 18

256 x 76 x 16
1.2x24x%x5
0, 500
0.7/0.7
+125

6500

55

68

8

1.2

5:08

35x35

128 x 128 x 24
27 x27x5
0, 400
0.7/0.7
+100

4500

50

68

8

1.2

8:40
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