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Abstract

Purpose—To develop an externally calibrated parallel imaging technique for three-dimensional
multispectral imaging (3D-MSI) in the presence of metallic implants.

Theory and Methods—A fast, ultrashort echo time (UTE) calibration acquisition is proposed to
enable externally calibrated parallel imaging techniques near metallic implants. The proposed
calibration acquisition uses a broadband radiofrequency (RF) pulse to excite the off-resonance
induced by the metallic implant, fully phase-encoded imaging to prevent in-plane distortions, and
UTE to capture rapidly decaying signal. The performance of the externally calibrated parallel
imaging reconstructions was assessed using phantoms and in vivo examples.

Results—Phantom and in vivo comparisons to self-calibrated parallel imaging acquisitions show
that significant reductions in acquisition times can be achieved using externally calibrated parallel
imaging with comparable image quality. Acquisition time reductions are particularly large for
fully phase-encoded methods such as spectrally resolved fully phase-encoded three-dimensional
(3D) fast spin-echo (SR-FPE), in which scan time reductions of up to 8 min were obtained.

Conclusion—A fully phase-encoded acquisition with broadband excitation and UTE enabled
externally calibrated parallel imaging for 3D-MSI, eliminating the need for repeated calibration
regions at each frequency offset. Significant reductions in acquisition time can be achieved,
particularly for fully phase-encoded methods like SR-FPE.
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WI 53705. cwiens@wisc.edu.
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INTRODUCTION

Joint replacement surgery (arthroplasty) is a common procedure to treat degenerative joint
disease. The number of joint replacement surgeries (eg, total hip replacements, total knee
replacements) is increasing as a result of an aging population and an increasing incidence of
osteoarthritis (1). Although arthroplasty is generally highly successful with good outcomes,
prosthetic-related complications are common and include particle disease, pseudo-tumors,
loosening (osetolysis), infection, synovitis, osteolysis, osteonecrosis, tendinopathy, fracture,
and neurovascular impingement (2-4).

Detection of prosthetic-related complications using conventional MRI techniques is very
limited. The large magnetic susceptibility difference between metallic implants and tissue
generate severe By inhomogeneities (5). These By inhomogeneities present several
challenges including RF excitation of the entire off-resonance spectrum, distortions in the
frequency-encoding direction, and rapid intravoxel dephasing (6,7).

3D multispectral imaging (3D-MSI) techniques such as multi-acquisition with variable
resonance image combination (MAVRIC) (8) and slice encoding for metal artifact correction
(SEMAC) (9) can substantially reduce susceptibility-related artifacts. These techniques are
both based on a Carr-Purcell-Meiboom-Gill (CPMG) spin-echo sequence. In SEMAC, the
off-resonance induced by the combination of a slice-selective gradient and the metallic
implant produces distorted slices that are resolved using through-plane phase encoding. In
MAVRIC, multiple spin-echo acquisitions are acquired at different transmit and receive
frequencies spanning the off-resonance spectrum induced by the implant. These techniques
use high read-out bandwidths, low RF excitation bandwidths, and in the case of SEMAC and
slab-selective MAVRIC (MAVRIC-SL (10)), view angle tilting to minimize distortions in
the frequency-encoded direction that manifests as geometric distortions, signal pile-up, and
signal void artifacts.

To avoid frequency-encoding-related artifacts, fully phase-encoded methods have been
proposed (11-13). One method, known as spectrally resolved fully phase-encoded three-
dimensional (3D) fast spin-echo (SR-FPE), uses a CPMG spin-echo sequence with phase
encoding in all three dimensions and temporal sampling across the spin echo. The primary
barrier to the clinical implementation of such methods is prohibitively long acquisition times
(on the order of hours for a fully sampled acquisition). Although self-calibrated 3D parallel
imaging and off-resonance encoding methods have been proposed to accelerate SR-FPE
(11,14), clinically acceptable acquisition times (<10 min) are not yet feasible.

Both frequency and fully phase-encoded 3D MSI techniques rely on self-calibrated parallel
imaging to reduce acquisition time (15). However, a substantial amount of time is spent
acquiring fully sampled calibration regions at each of the radiofrequency (RF) offsets. Fully
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phase-encoded 3D MSI techniques rely on sampling schemes that are highly undersampled
in all three phase dimensions. As a result, the relative portion of time spent on self-
calibration for 3D parallel imaging is substantially greater than for two-dimensional (2D)
parallel imaging methods that accelerate conventional frequency-encoded 3D data sets.

The purpose of this work is to develop a strategy for externally calibrated parallel imaging
near metallic implants. To enable this, a rapid calibration method using a broadband RF
excitation, ultrashort echo time (UTE), and fully phased-encoded imaging is proposed.
Externally calibrated PMRI near metallic implants is demonstrated in phantoms and in vivo
using both frequency-encoded and fully phase-encoded methods.

Externally Calibrated Versus Self-Calibrated Sampling Strategies for 3D-MSI

In 3D-MSI techniques, the extreme range of off-resonance induced by a metallic implant can
be split into more manageable segments, each spanning a smaller frequency bandwidth (Fig.
1a). With 3D-MSI, separate frequency-encoded or fully phase-encoded 3D-FSE acquisitions
are performed for each RF offset. These segments are combined to form a composite image
spanning the entire range of frequencies.

Self-calibrated parallel imaging can be used to accelerate 3D-MSI acquisitions (15). In
frequency-encoded methods, 2D parallel imaging acceleration can be performed in the ky
and k, dimensions (Fig. 1b). With 3D phase-encoded methods, parallel imaging can be
performed in all three phase-encoding directions. In either case, fully sampled calibration
data are acquired for each RF offset.

The acquisition of calibration regions for all of the RF frequency offsets of a 3D-MSI
acquisition is time-consuming. The problem exacerbated when moving from frequency-
encoded methods to less efficient fully phase-encoded methods in which calibration data are
acquired point-wise for each RF frequency offset. Consider the case of a modest 18 x 18 x
18 calibration and 24 RF offsets. Acquisition of these calibration data require 139968
samples, and would take approximately 15 min using SR-FPE with an echo spacing of 6.5
ms. Multiband excitations can reduce the number of RF offsets required for a given spectral
coverage by simultaneously exciting the signal from multiple RF offsets (16). Assuming that
a triband excitation was used, calibration would take approximately 5 min. Similarly, the
default calibration region (elliptical 32 x 16, 24 RF offsets) of the product MAVRIC
sequence (frequency-encoded 3D-MSI method) would require approximately 1 min.

For these reasons, the use of a single external calibration for all RF offsets used in MSI
methods would be a far more efficient strategy, particularly for fully phase-encoded
methods. The use of a single external calibration requires that calibration data be acquired
rapidly with minimal artifact. With this approach (Fig. 1c), the entire 3D-MSI acquisition,
including the central region of k-space, can be heavily undersampled for each RF offset,
offering substantial reductions in acquisition times. To achieve this goal, we developed an
external-calibration technique using a fully phase-encoded UTE acquisition.
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Requirements of External Calibration

Metallic implants with a high magnetic susceptibility (eg, stainless steel and cobalt-
chromium-molybdenum) induce off-resonance signal exceeding + 10 kHz at 1.5 Tesla (T)
with even more severe off-resonance at 3T (6,7). Difficulties in exciting the entire off-
resonance are substantially greater if the gradients are left on during RF excitation to
minimize the TE. In this case, the total off-resonance is the sum of the off-resonance caused
by both the system gradients and those induced by the metallic implant. Nonselective RF
pulses with low flip angles can be used to excite the entire off-resonance, provided that the
bandwidth of the RF pulse is greater than the sum of the off-resonance induced by the
gradients and the metallic implant.

Large static gradients in the Bg field, particularly in regions in close proximity to the
metallic implant, lead to increased intravoxel dephasing and rapid T’ decay. To excite the
signal close to the metallic implant, echo times must be minimized. Fortunately, coil
sensitivity images have inherently low spatial resolution, which limits the maximum k-space
encoding necessary, allowing for very short echo times.

The combination of frequency encoding and wide bandwidth pulses creates substantial
artifact (17). Extreme off-resonance signal induced by the metallic implant and excited by
the broadband RF pulse leads to large bulk distortions in the frequency-encoded direction,
resulting in the formation of signal loss and signal pileup artifacts.

Broadband Ultrashort Echo Time Fully Phase-Encoded Imaging

To address the aforementioned challenges of imaging near metallic implants (extreme off-
resonance, rapid T% decay, and frequency-encoding distortions), a fully phase-encoded
calibration acquisition using broadband excitation and ultrashort echo times is introduced.
This techniques uses a UTE signal acquisition to capture signal before it has dephased,
broadband excitation using low flip angles, and nonselective RF pulses to excite the entire
off-resonance spectrum and fully phase-encoded imaging to prevent large in-plane
distortions caused by the combination of frequency encoding and broadband excitation.
Figure 2 describes the proposed calibration pulse sequence. This acquisition acquires a
single point in k-space per pulse repetition time (TR). Each TR has the same echo time,
independent of the set of phase-encoding gradients applied for that particular TR. The
minimum achievable TE is determined by the resolution of the calibration acquisition and
the performance of the system (maximum gradient strength, gradient slew rate). To
minimize the echo time, both RF excitation and data acquisition occur while the phase-
encoding gradients are on. Unwanted slice selectivity (18) and signal excitation loss near the
implant caused by the frequency profile of the RF pulse are limited by restricting the
maximum gradient amplitude during RF excitation (“Grg”). Immediately after RF
excitation, gradients are ramped.

METHODS

The proposed method was evaluated using phantoms and in vivo experiments. All images
were acquired at 3 T (MR 750 GE Healthcare, Waukesha, Wisconsin, USA). In vivo
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experiments were performed after obtaining informed consent and approval from the
University of Wisconsin Health Sciences Institutional Review Board.

Phantom Experiments

A total hip prosthesis consisting of a Co/Cr/Mo alloy head and titanium stem (Alliance X-
Series, Integral Porous Primary Hip System, Biomet Orthopedics, Warsaw, Indiana, USA)
was used to construct a total hip replacement phantom.

SR-FPE, MAVRIC, and MAVRIC-SL acquisitions of the total hip replacement phantom
were prospectively undersampled using either a self-calibrated sampling Externally
Calibrated PMRI Near Metallic Implants 3 pattern (ie, including a fully sampled calibration
region at each RF offset, Fig. 1b) or an external-calibration sampling pattern (ie, without a
fully sampled calibration region at each RF offset, Fig. 1c) using a 16-channel wrap coil
(NeoCoil, Pewaukee, Wisconsin, USA). Furthermore, the central calibration regions of the
self-calibrated data sets were retrospectively decimated to generate retrospectively
decimated external calibration data sets. SR-FPE acquisitions were acquired using the
following parameters: outer acceleration factor = 3 x 2 x 2, autocalibration signal (ACS) =
18 x 18 x 18/0 x 0 x 0 (self-calibrated/external-calibrated), echo train length (ETL) = 24,
temporal samples = 34, receiver bandwidth (BW) = £8.6 kHz, echo spacing = 6.4 ms, 2.3-
kHz multiband Gaussian pulses centered at [-4, 0, 4] kHz (16), variable flip angle schedule
with max and minimum flip angles of 58° and 10°, 24-kHz spectral coverage, field of view
(FOV) =225 x 14.8 x 15.2 cm, matrix = 150 x 100 x 38, TR = 560 ms, TEg¢ = 47.5 ms,
acquisition time- = 46/38 min (self-calibrated/external-calibrated). MAVRIC and MAVRIC-
SL acquisitions were acquired with the following parameters: R =2 x 2, ACS =32 x 16
elliptical/0 x 0 (self-calibrated/external-calibrated), ETL = 24, BW = £128 kHz, 2.3-kHz
Gaussian pulse, 24-kHz spectral coverage, matrix = 256 x 168 x 38, phantom acquisition
time = 7 min 48 s/6 min 25 s (self-calibrated/external-calibrated).

Retrospective In vivo Experiments

Self-calibrated SR-FPE and MAVRIC acquisitions were acquired in a volunteer with a total
knee replacement. The calibration region of self-calibrated SR-FPE and MAVRIC
acquisitions were retrospectively undersampled to demonstrate the in vivo feasibility.

SR-FPE acquisitions were acquired using the following parameters: outer acceleration factor
=3x2x2, ACS=18x 18 x 18, ETL = 24, temporal samples = 42, receiver BW = +£10.4
kHz, 2.3-kHz multiband Gaussian pulses centered at [-4, 0, 4] kHz, variable flip angle
schedule with max and minimum flip angles of 56° and 10°, 18-kHz spectral coverage,
matrix = 150 x 100 x 38, FOV =22.5 x 14.8 x 15.2 cm, TR =545 ms, TEg¢ = 47 ms,
acquisition time = 28 min. The fully sampled region of this self-calibrated acquisition was
retrospectively subsampled to create an externally calibrated sampling pattern that could
have been acquired with an acquisition time of 22 min.

MAVRIC acquisitions were acquired with the following parameters: R =2 x 2, ACS =32 x
16 elliptical, ETL = 20, TR = 2891 ms, 2.3-kHz Gaussian pulse, 24-kHz spectral coverage,
matrix = 160 x 106 x 38, acquisition time =5 min 10 s. The fully sampled region of this
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self-calibrated acquisition was retrospectively subsampled to create an externally calibrated
sampling pattern that could have been acquired with an acquisition time of 3 min 11 s.

In vivo Experiments

Prospectively undersampled self-calibrated SR-FPE, MAVRIC, and 2D-FSE acquisitions
were acquired on a volunteer with a total knee replacement. SR-FPE acquisitions were
acquired using the following parameters: outer acceleration factor =3 x 2 x 2, ACS = 18 x
18 x 18, ETL = 24, temporal samples = 42, receiver BW = +10.4 kHz, 2.3-kHz multiband
Gaussian pulses centered at [-4, 0, 4] kHz, variable flip angle schedule with max and
minimum flip angles of 56° and 10°, 18-kHz spectral coverage, matrix = 140 x 106 x 30,
FOV =225 x 17.1 x 18.0 cm, TR = 545 ms, TEg¢ = 47 ms, acquisition time = 22 min.

MAVRIC acquisitions were acquired with the following parameters: R =2 x 2, ACS =32 x
16 elliptical, ETL = 24, 2.3-kHz Gaussian pulse, 24-kHz spectral coverage, matrix = 160 x
122 x 30, FOV = 22.5 x 17.1 x 18.0 cm, ETL = 24, TR = 4892 ms, acquisition time = 4 min
34s.

For comparison, a multislice 2D-FSE acquisition was also acquired with the following
parameters: FOV = 22.5 x 22.5 cm, matrix size = 256 x 256, slices = 30, slice thickness =4
mm, TR = 4000 ms, ETL = 24, BW = 143 kHz, TE.¢ = 8.8 ms, NEX = 2, scan time = 3
min 28 s.

Calibration Acquisition

For all externally calibrated acquisitions (phantom and in vivo SR-FPE, MAVRIC, and
MAVRIC-SL acquisitions), an additional parallel imaging calibration acquisition was
performed using the proposed broadband fully phase encoded UTE sequence. The following
acquisition parameters were used: 8-us hard pulse (150-kHz excitation bandwidth), Grg =9
mT/m, TE =80 us, TR = 1.1 ms, matrix size = 31 x 31 x 31 with elliptical k-space
sampling, flip angle = 2°, acquisition time = 23 s.

Image Reconstruction

All image reconstructions were performed using MATLAB (v2014, The MathWorks,
Natick, Massachusetts, USA) on iMac workstations (Apple Computer, Cupertino,
California, USA). For both externally calibrated and self-calibrated MAVRIC acquisitions,
autocalibrated reconstruction of Cartesian data (ARC) reconstruction (19) was performed
using a 3 x 7 x 7 kernel. For both externally calibrated and self-calibrated SR-FPE, source
images of each temporal SR-FPE data set were reconstructed using a 3D undersampled
GRAPPA (20) reconstruction and a kernel size of 7 x 5 x 5. Complex fitting of the temporal
SR-FPE data were performed pixel-wise using a nonlinear gradient-based least squares
algorithm (Isgnonlin, MATLAB, The MathWorks, Natick, Massachusetts, USA) to generate

a signal image, By field map, and R decay map (11).
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SR-FPE, MAVRIC, and MAVRIC-SL acquisitions using self-calibrated, retrospectively
decimated externally calibrated, and prospectively acquired externally calibrated parallel
imaging of a total hip replacement phantom are shown in Figure 3. Externally calibrated SR-
FPE, MAVRIC, and MAVRIC-SL acquisitions offer similar image quality when compared
with the reference standard of self-calibrated parallel imaging. Difference maps between
externally calibrated and self-calibrated images show the minimum effect of additional
subsampling and external calibration. Larger differences are seen between prospectively
acquired, externally calibrated images and self-calibrated images. These differences are
caused by differences in sampling patterns, view ordering schemes, and the resulting
differences in the evolution of the magnetization. Significant reductions in acquisition times
were seen when moving from self-calibrated to externally calibrated acquisitions, 8-min
reduction for SR-FPE, and a 83-s reduction for MAVRIC and MAVRIC-SL. Furthermore,
the feasibility of externally calibrated parallel imaging in the absence (MAVRIC) or
presence (MAVRIC-SL) of a slice-selective gradient was also demonstrated in this example.

Figure 4 compared the self-calibrated and retrospectively undersampled, externally
calibrated parallel imaging for a volunteer with a total knee replacement. SR-FPE and
MAVRIC acquisitions acquired with self-calibrated parallel imaging sampling patterns were
retrospectively decimated to simulate the externally calibrated acquisitions. When compared
with the self-calibrated parallel imaging, externally-calibrated SR-FPE and MAVRIC
acquisitions both offered similar image quality with reduced acquisition times. Externally
calibrated SR-FPE resulted in a 6-min reduction in acquisition time, whereas externally
calibrated MAVRIC offered a 2-min reduction.

Figure 5 shows an example of a prospectively undersampled example of externally
calibrated SR-FPE and MAVRIC acquired in a volunteer with a total knee replacement.
Prospectively undersampled, externally calibrated SR-FPE and MAVRIC acquisitions are
shown and compared with traditional 2D-FSE. Both SR-FPE and MAVRIC show substantial
improvements in imaging the tissue directly adjacent to the knee prosthesis, with minimal
distortion and less signal dropout.

DISCUSSION

In this work, we developed a new strategy for externally calibrated parallel imaging near
metallic implants. By using a fully phase-encoded calibration acquisition with broadband RF
excitation and ultrashort echo times, parallel imaging calibration data for all RF offsets of a
3D-MSI acquisition were acquired within a single acquisition. Removing the requirement to
acquire calibration data at every RF offset enables substantial time-savings, particularly for
fully phase-encoded methods such as SR-FPE. Our external-calibration approach was
validated through comparisons with self-calibrated parallel imaging in a retrospectively
decimated and prospectively undersampled phantom study and a retrospectively
undersampled in vivo study in a volunteer with a total knee replacement. Furthermore, this
approach was demonstrated through a prospectively undersampled in vivo study of a
volunteer with a total knee replacement.
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The proposed calibration technique was insensitive to the presence or absence of a slab-
selective gradient in a 3D-MSI acquisition (ie, MAVRIC-SL and MAVRIC, respectively).
Using slab selection for each RF offset in 3D-MSI excites spins at locations where the sum
of off-resonance from both the slice-selective gradient and the metallic implant falls within
the excitation bandwidth. Sveinsson et al (21) recently proposed an approach to further
accelerate 3D-MSI techniques that use a slice-selective gradient (SEMAC or MAVRIC-SL)
by reconstructing hexagonally undersampled k-space patterns rather than fully sampled k-
space patterns. Provided that the FOV is larger than the extent of the implant distortions, the
aliasing artifact will not interfere with intended image and can easily be removed using a
post-processing masking step. Our proposed technique should be compatible with the
hexagonal sampling approach, as reconstructing aliased images will allow higher
acceleration factors regardless of whether self or external-calibration is used. However, the
acquisition-time improvements for externally calibrated hexagonal sampling patterns would
be smaller, because the calibration region is already undersampled.

Motion between calibration and imaging acquisitions will cause artifacts in externally
calibrated parallel imaging techniques (22). Artifacts resulting from motion between
calibration and imaging acquisitions were not apparent in the knee examples shown.
However, this technique might cause artifacts in anatomic locations that are more prone to
motion.

Despite substantial reductions in acquisition times through the use of externally calibrated
parallel imaging, further acceleration is still required to translate fully phase-encoded
methods like SR-FPE into the clinical setting. Optimization of pulse-sequence design, such
as strategies to reduce the FOV (8,23) and optimization of multiband excitations (16), are
complementary methods that could be used to further accelerate acquisitions. Furthermore,
improvements in reconstruction techniques through the use of compressed sensing (12,24),
hexagonal undersampling (21), and/or off-resonance encoding (14) could also accelerate
acquisitions.

Acquisition of a single high-resolution fully phase-encoded UTE acquisition rather than a
low-resolution calibration and a 3D-MSI acquisition may also be a viable option for in vivo
imaging near metal (25). The fully phase-encoded UTE sequence is substantially faster than
fully phase-encoded spin-echo based sequences like SRFPE. Furthermore, wide bandwidth
pulses would improve the spectral coverage, allowing imaging of tissue closer to the metallic
implant, provided that the T decay is not too rapid. However, peak By constraints limit the
maximum attainable flip angles of broadband RF pulses, and as a result, limits the amount of
T4 weighting that can be achieved.

CONCLUSIONS

In conclusion, a fully phase-encoded acquisition with broadband excitation and UTE is a
viable approach for externally calibrated parallel imaging for 3D-MSI, eliminating the need
for independent calibration regions for each RF offset. Significant reductions in acquisition
time can be achieved, particularly for fully phase-encoded methods like SR-FPE.
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FIG. 1.
(a) External calibration using a fully phase-encoded UTE acquisition with broadband

excitations spanning the extremely large off-resonance signal induced by metallic implants,
which can be used for parallel imaging calibration across all RF offsets (colored Gaussians)
of a 3D-MSI acquisition. (b) Self-calibration requires fully sampled calibration regions at
each RF offset. (c) External-calibration acquires the fully sampled calibration region only
once, allowing for a reduction in data sampling for all RF offsets and shorter scan times.
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Page 12

Pulse sequence diagram of the proposed external calibration acquisition. The maximum
gradient amplitude during RF excitation is limited to a maximum value of Ggg to prevent
slice-selectivity artifacts and signal excitation loss near metallic implants. Immediately after
excitation, gradients are ramped, allowing calibration acquisitions with ultrashort echo

times.
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FIG. 3.
SR-FPE, MAVRIC, and MAVRIC-SL acquisitions using both self and externally calibrated

parallel imaging (both retrospectively decimated self-acquired and prospectively acquired)
are shown on a total hip replacement phantom, demonstrating reductions in acquisition time
of approximately 25% (8 min for SR-FPE and 83 s for MAVRIC and MAVRIC-SL). The
higher net acceleration factor and the external calibration process caused relatively small
differences between self-calibrated and retrospectively decimated externally-calibrated
acquisitions. Different sampling patterns, view-ordering schemes, and the resulting
differences in the evolution of the magnetization in the echo train caused larger differences
in self-calibrated and prospectively acquired, externally calibrated acquisitions.

Magn Reson Med. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wiens et al.

Page 14

Self External
Calibrated Calibrated

SR-FPE

MAVRIC

FIG. 4.
In vivo knee acquisitions show externally calibrated SR-FPE and MAVRIC acquisitions with

equivalent image quality as self-calibrated but with substantial time savings. The calibration
region of self-calibrated SR-FPE and MAVRIC acquisitions were retrospectively
undersampled to demonstrate in vivo feasibility of externally calibrated parallel imaging in a
volunteer with a total knee replacement. Reductions in acquisition time were 6 min for SR-
FPE and 2 min for MAVRIC.
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FIG.5.
Prospectively undersampled, externally calibrated SR-FPE and MAVRIC acquisitions of a

volunteer with a total knee replacement. Both MAVRIC and SR-FPE improved visualization
of tissue near the implant compared with a traditional 2D-FSE acquisition.
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