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Abstract
Purpose—To apply compressed sensing (CS) to in vivo multi-spectral imaging (MSI), which
uses additional encoding to avoid MRI artifacts near metal, and demonstrate the feasibility of CS-
MSI in post-operative spinal imaging.

Materials and Methods—Thirteen subjects referred for spinal MRI were examined using T2-
weighted MSI. A CS undersampling factor was first determined using a structural similarity index
as a metric for image quality. Next, these fully sampled datasets were retrospectively
undersampled using a variable-density random sampling scheme and reconstructed using an
iterative soft-thresholding method. The fully- and under-sampled images were compared by using
a 5-point scale. Prospectively undersampled CS-MSI data were also acquired from two subjects to
ensure that the prospective random sampling did not affect the image quality.

Results—A two-fold outer reduction factor was deemed feasible for the spinal datasets. CS-MSI
images were shown to be equivalent or better than the original MSI images in all categories: nerve
visualization: p = 0.00018; image artifact: p = 0.00031; image quality: p = 0.0030. No alteration of
image quality and T2 contrast was observed from prospectively undersampled CS-MSI.

Conclusion—This study shows that the inherently sparse nature of MSI data allows modest
undersampling followed by CS reconstruction with no loss of diagnostic quality.
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INTRODUCTION
Compressed sensing (CS) has seen many recent developments, enabling its use in clinical
MRI, since its first description in MRI by Lustig et al (1). An area that could lend itself
particularly well to CS is MRI near metallic implants, where recently developed methods
apply additional encoding to resolve and correct for metal-induced spatial distortion (2–4).
These methods, generally known as multi-spectral imaging (MSI), have a relatively long
acquisition time (at 5–10 minutes, despite acceleration strategies (5)) due to the extra
encoding needed to resolve the large range of off-resonance frequencies induced by the
presence of metal.
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There are two recently developed MSI methods that have enabled distortion-free MRI in
clinically feasible times. In slice encoding for metal artifact correction (SEMAC), 2D slices
are excited and imaged with extra (3D) slice phase encoding (which is immune to off-
resonance) to resolve the spatial slice distortion induced by extreme susceptibility effects
(3). In multi-acquisition variable-resonance image combination (MAVRIC), a slightly
different approach is used in which a volume is repeatedly excited with multiple overlapping
frequency-selective excitations and scanned in 3D (2). Fundamentally, both of these
methods seek to achieve the same goal of encoding frequency and spatial domains (i.e., f-r
space). To perform this encoding, SEMAC uses spatial bins1 and MAVRIC uses spectral (or
frequency) bins. The more recent version MAVRIC-SL (a.k.a. VS-MSI, Hybrid) (4)
combines the advantages of SEMAC and the original MAVRIC for a volume-selective,
clinically feasible MSI acquisition. The extra phase encoding or repeated multi-frequency
sampling is the primary reason for increased acquisition time.

Regardless of the particular MSI acquisition method used, it is vital to note that the total
amount of signal (or information) is almost unchanged by the presence of metal; therefore
the amount of signal within each bin is sparse. Typically in SEMAC and MAVRIC-SL, the
signal near metal within each bin has a potato-chip-like appearance and most of the 3D
image of each bin is composed of noise. The sparsity in MAVRIC is slightly different as the
central/on-resonance bin is less sparse compared to the other off-resonance bins.
Nonetheless, there is an inherent sparsity in MSI acquisitions that could be used to reduce
acquisition time and perhaps improve image reconstruction quality. Lu presented work on
reducing noise in SEMAC by using a singular value decomposition approach and taking
advantage of redundancy between coils (6). Some other preliminary work applied CS to
MSI acquisitions with a promising degree of success – Lu used a total variation
minimization and POCS-based approach to CS (7, 8) while Koch applied parallel imaging
and then CS reconstruction sequentially (9). These recent advances serve as a compelling
motivation for this study.

In this work, we investigate the applicability of CS to post-operative spinal MSI with the
goal of using this routinely in clinical practice. The number of lumbar spinal fusions is
rapidly increasing in the United States, reaching 368,000 in 2007, and this number is
projected to rise (10, 11). Furthermore, as many as 30% of patients remain symptomatic
after surgery and require follow-up treatment including repeat surgery. Unfortunately, the
metal hardware in these patients causes severe imaging artifacts on MRI and CT, and the
imaging modalities currently available clinically often provide suboptimal assessment of
these patients. MRI could potentially be excellent at depicting spine disease in patients with
recurrent or residual symptoms after spinal surgery, and MSI could have a significant impact
on clinical practice. However, the long imaging times of MSI currently limit its use in
patients with severe back pain; furthermore, parallel imaging is difficult to apply in spine
imaging due to incompatible coil array sensitivity variation. The imaging time reduction
achieved by CS could facilitate MR imaging of patients in severe pain who are unable to
withstand long acquisition times.

The goal of this work is to demonstrate CS-MSI in human subjects with spinal hardware.
First, we demonstrated the feasibility of CS-MSI by retrospective application to a fully-
sampled T2-weighted dataset from thirteen subjects. Second, we acquired prospectively
undersampled CS-MSI to verify the consistency of T2-weighted contrast and image quality
in MSI of the spine in two subjects.

1In MSI, a bin refers to one of multiple excited volumes that is spatially encoded in 3D and is later combined with other bins to form
the final 3D distortion-free volumetric image.
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MATERIALS AND METHODS
The retrospective studies were acquired using a 1.5 T MRI system (Signa HDx, GE
Healthcare, Waukesha, WI) while the prospective studies were acquired using a 3.0 T MRI
system (MR 750, GE Healthcare, Waukesha, WI). Informed consent was taken from all
subjects according to our institution’s IRB protocol.

Compressed Sensing Reconstruction
All reconstructions used an Intel Core2Duo machine (2.4 GHz, RAM 2 GB, bus speed 1.07
GHz, Mac OS X 10.6). A Gaussian-weighted variable-density random sampling pattern with

the following parameters was used: probability function  ,
where α = 3.0. For each ky-kz point, a random number is generated and if the number is less
than the probability function at ky, then the point is sampled, otherwise, the point is not
sampled.

For the CS reconstruction, an approximate message passing (AMP) algorithm was used to
enable short computational time (12). The AMP algorithm is a variation of an iterative soft-
thresholding method (13) and Fig. 1 gives an overview of the AMP algorithm that performs
the L1 minimization in the wavelet domain. A 2D wavelet transform (Daubechies 4, in y–z)
was used and the iteration loop was performed for each bin, coil and readout location (after
readout Fourier transform). The thresholding level is determined by multiplying a noise
variance σ and an optimally tuned factor λ (14). The noise variance σ is computed by the
median magnitude value of the highest wavelet sub-band at each iteration and the factor λ is
set according to the undersampling factor as described in (14). The residual is calculated as
the difference between the new and input data at sampled (not synthesized) k-space
locations. The stopping criterion was met when the normalized difference of the root-mean-
squared (i.e., L2-norm) of two successive residuals was less than 0.1%.

Homodyne processing for partial Fourier reconstruction was applied after the AMP step.
Also, a surface coil intensity correction similar to the correction described in (15) was
implemented to reduce the anterior-posterior signal intensity variation due to differing
proximity from the linear spine array coil.

Retrospective Study
First, the reduction factor was determined using a structural similarity (SSIM) index, which
is a reference-based quantitative measure (16). Due to the non-linear and noise-altering
behavior of CS-type reconstructions, many conventional quantitative measures, such as root-
mean-squared error, do not always accurately or realistically reflect the quality of non-linear
reconstruction methods and as such, there remains no widely accepted measure for CS
reconstructions. To the best of our knowledge, a fully quantitative assessment of CS-type
reconstructions is an ongoing research area. The SSIM method normalizes the image
luminance and contrast, and has been shown to be a very good indicator for the perceived
image quality in image processing. Therefore, for this preliminary step of determining the
reduction factor, SSIM was chosen to assess the CS image quality and to try to represent a
user perception (as semi-quantitative radiologist scoring is used later for the main study). A
full quantitative assessment of CS-type reconstruction is beyond the scope of this paper. An
average SSIM greater than 0.95 (with 1.0 being best and −1.0 being worst) within a region-
of-interest (ROI) located at the center of the spine was imposed to determine the reduction
factor. Three outer reduction factors of 2.0, 2.5, and 3.0 (which refer to the undersampling
compared to the fully-sampled data in the non-calibrating region) were tested on a single bin
from a representative MSI acquisition. The calibration region was set to 24×24 in ky-kz.
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Next, thirteen T2-weighted sagittal spine datasets acquired from patients with spinal
hardware were undersampled with a reduction factor (as determined by the SSIM metric)
and reconstructed using AMP. All spine acquisitions were made with a six- or eight-channel
linear array receive-only coil. The MSI acquisition parameters were: 1.5 T; TE = 90–110
ms; TR = 4–6 s; matrix resolution = 256×224; FOV = 26–28 cm; slice thickness = 4 mm;
echo train length = 18–20; RF bandwidth = 1.6 kHz; readout bandwidth = 977 Hz/pixel;
half-Fourier (ky) acquisition with 24 phase-calibration lines; acquisition time 4–8 minutes.

The original and CS images were anonymized and compared side-by-side (randomized to
left and right locations) by an experienced radiologist (14 years of musculoskeletal
radiology) using a 5-point scale in three categories: (1) visualization of nerves and nerve
roots; (2) image artifact (metal-induced and otherwise); and (3) overall image quality. A
single-person evaluation was used here as this study was designed to be an initial,
preliminary investigation to determine the feasibility of CS in spinal MSI. After de-blinding
of images, the 5-point scale translates to: −2: CS much worse than original; −1: CS
somewhat worse than original; 0: CS same as original; 1: CS somewhat better than original;
2: CS much better than original. A one-sided, paired Wilcoxon test was performed against
the null hypothesis that CS images are somewhat worse than the original. If the null is
rejected (p < 0.05), this indicates that the CS images are the same as or better than the
original, within the tolerance of "somewhat worse" to "same as".

Prospective Acquisition
In this section, prospectively undersampled MSI acquisitions were performed in two
subjects to verify that the view-ordering scheme used to achieve the random sampling
pattern would not degrade the image quality in T2-weighted MSI. From each subject, a
reference half-Fourier and a matching randomly-sampled half-Fourier acquisition were
made with the following common parameters: 3 T, 6-channel linear receive coil, sagittal, TE
= 120 ms; TR = 3.5 s; matrix resolution = 256×224; FOV = 26–28 cm; slice thickness = 4
mm; number of sections = 26–32; echo train length = 20; RF bandwidth = 2 kHz; readout
bandwidth = 977 Hz/pixel; number of bins = 22; overlapping bins; half-Fourier acquisition;
fast recovery (tip-up). Despite the theoretical challenge of using parallel imaging in spine
imaging, an auto-calibrated parallel imaging (ARC (17)) reduction of 2× was used in the
reference MSI to reduce the acquisition time to 9+ minutes, which is just about clinically
feasible. The outer reduction factors used in the CS acquisitions were 2.6× and 3.0×, giving
acquisition times of 7+ minutes. Again, the Gaussian-weighted random-sampling scheme
was used to undersample the 3D data in ky-kz space, and the view-ordering of the randomly
sampled k-space into echo-trains used a non-separable ky-kz method following that
described in (18).

RESULTS
Figure 2 shows images reconstructed from a fully sampled data and at three undersampling
factors with the corresponding structural similarity (SSIM) maps. The mean ± standard
deviation and the range of SSIM values within a region-of-interest at the spinal canal are
also shown in Fig. 2. With these results, in order to maintain a reasonable image quality
(SSIM > 0.95), an outer undersampling factor of 2.0 was chosen for the retrospective study.

Figure 3 shows sagittal images from two subjects from the retrospective study. Statistical
analysis of the radiologist scoring indicates that retrospective CS-MSI images are equivalent
or better than the original MSI images, within the uncertainty of "somewhat worse" to "same
as", for all categories: nerve visualization: p = 0.00018; image artifact: p = 0.00031; image
quality: p = 0.0030. Multi-slice 2D fast spin echo (FSE) images acquired at high readout
bandwidth (977 Hz/pixel) are also shown as a reference to illustrate the distortion correction
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capability of the MSI technique. The percentage sampled shown combines the reduction due
to ky-kz corner cutting, half-Fourier and with or without random undersampling. Overall,
the retrospective undersampling applied here would translate to an approximate acquisition
time reduction from about 4–8 minutes to 2–5 minutes.

Figure 4a plots the half-Fourier k-space acquired in the reference, regularly sampled
acquisition and the CS randomly sampled acquisition. The colors refer to different echoes
along the echo train. As T2-weighted data were acquired, the earlier echoes are acquired at
the edge of ky and the later echoes towards the center of ky, as indicated by the arrows on
the echo-train pathways (black lines). Note that the modulation of k-space due to relaxation
is slightly different than for the regularly sampled case because a variable-density sampling
scheme is used (i.e., more echoes are acquired in the central region in the randomly sampled
scheme compared to the regularly sampled scheme). Figure 4b shows the sagittal images
from 2D FSE, standard and CS MSI acquisitions in a subject at 3 T with metallic hardware.
The MSI images were acquired with the k-space plots from Fig. 4a; the standard and CS
MSI images demonstrate comparable image contrast and quality with slight blurring in the
CS image. The solid arrows point to a neural foramen that is obscured in the 2D FSE image.
The net percentage sampled k-space for this particular subject were 25% with ARC and 20%
with CS, and the acquisition times were 10 min and 8:13 min, in the same order.

DISCUSSION
Multi-spectral imaging methods provide dramatic reduction of distortion in MR images of
tissue near metallic implants. Recent studies have shown improved clinical care resulting
from these methods (19, 20). However, in the case of post-operative spinal imaging, MSI
methods sometimes have limited usage in patients with severe pain, who are unable to lie
supine for the long period of time necessary for an MR examination without parallel
imaging. With the use of compressed sensing in MSI, the acquisition times are significantly
reduced, enabling this new technology to be used to improve patient care in these post-
operative patients. Future studies may explore the use of CS to improve spatial resolution
rather than to reduce scan times.

In the retrospective study, we have demonstrated the ability to undersample the data
approximately two-fold while maintaining acceptable diagnostic image quality. The results
from the retrospective study appears to be applicable to prospective CS-MSI where
reductions greater than two-fold were achieved by optimizing the acquisition parameters,
such as increasing the encoding size of each bin and using heavily overlapping bins. No
parallel imaging was used in the retrospective 1.5 T spine imaging due to the incompatibility
of the coil sensitivity variation and prescription geometry. However, due to patient comfort
reasons, parallel imaging had to be used for the reference 3 T MSI acquisition otherwise the
acquisition time would be prohibitively long. With other clinical applications such as knee
and hip MSI, reconstruction methods that perform parallel imaging and CS reconstructions,
such as L1-SPIRiT (21), could be used to further increase reduction factors and also
potentially reduce reconstruction times compared to sequential applications of parallel
imaging and CS reconstructions (9).

A relatively simple variation of the iterative soft-thresholding method was used to
reconstruct the undersampled data. The AMP algorithm is data driven and calibrates the
soft-thresholding level depending on the data signal level and enables short computational
time by correcting the residual bias from the previous iteration (12). The input parameters
were not adjusted per subject for reconstruction – the same parameters were used for all
cases and we did not observe any failures of the reconstruction algorithm. However, typical
reconstruction times are lengthy (on average taking slightly less than one hour), which is
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currently limiting its integration into routine clinical applications. Admittedly, there are
multi-core, hyper-threaded machines that could be used to speed up the reconstruction time
by about five to ten times. Apart from using better equipped computers, there are other ways
of potentially reducing the reconstruction times. Currently, the AMP algorithm is applied
per bin and per coil; therefore, methods that reduce the number of bins and coils would
proportionately reduce the reconstruction time. Such methods include coil compression and
virtual coil synthesis (22, 23), which reduce the number of coils in k-space while preserving
coil sensitivity and/or phase information. We have used a sum-of-squares combination of
multiple bins that is typically applied at the final reconstruction stage, but other strategies of
pre-FFT bin combination, such as a simple complex sum (5), could also allow a significant
reduction in the CS processing. With the latter approaches, methods to deal with phase
variations and noise must be used to maintain similar image SNR to that of the sum-of-
squares approach.

There has been some preliminary work that has applied random sampling to 3D FSE
acquisitions. (7–9). Unlike in single-echo or steady-state sequences, the spin echo train and
view-ordering scheme in 3D FSE is important and affects the image contrast, blurring and
appearance of artifacts. Although only half-Fourier acquisitions were used here to reduce
acquisition time, the view-ordering method used is equally applicable to full-Fourier and
radial/centric encoding schemes. In a few cases in the retrospective study, the CS images
looked slightly blurrier compared to the original images, which may be due to the de-noising
effect of the CS reconstruction, similar to Lu’s work in (6), as noise can make an image
appear sharper. In the prospective study, we made a straightforward application of the non-
separable view-ordering scheme that was used in the regularly sampled acquisition to the
randomly sampled acquisition. Although minimal blurring was apparent on some of the
images, no significant detrimental effects were observed in the CS images. The blurring
could be somewhat anticipated, as a higher proportion of the echoes were acquired in the
central k-space region in the CS case compared to the regular case (Fig. 4a) – this leads to
more relaxation-induced modulation of k-space close to the center, hence more blurring.
Strategies such as variable refocusing RF flip angles and shorter echo trains could be used to
mitigate the blurring. A proper analysis of the spatial resolution effects from k-space
modulation and/or CS reconstructions are beyond the scope of this paper.

In conclusion, we have demonstrated that CS can be applied in MSI data with modest (2–
3×) additional undersampling factors without degrading image quality. While we anticipate
that greater reduction factors will be made possible by improved reconstruction techniques
and the inclusion of parallel imaging, this initial study is significant in demonstrating the
feasibility of reduced acquisition times in spine MSI examinations.
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Figure 1.
Approximate Message Passing (AMP), a variant of iterative soft thresholding, is used in the
CS reconstruction. The 2D Fourier transform (in y𒀓z) and Daubechies 4 wavelet transform
were used. The soft-thresholding step is data-driven and based on the undersampling factor
and signal level in the highest wavelet sub-band. The AMP term (previous iteration’s
residual multiplied by AMP weight) enables fast computation. The stopping criterion is met
when the normalized difference of the L2-norm of successive residuals is less than 0.1%.
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Figure 2.
Sagittal spine images of the fully-sampled half-Fourier and reconstructed at 2–3× outer
reduction factors, with SSIM maps (bottom) obtained by comparison to the fully-sampled
image. The values refer to the SSIM average ± standard deviation (minimum:maximum) in
the ROI.
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Figure 3.
Sagittal T2-weighted FSE and MSI slices from two subjects (top and bottom row) acquired
at 1.5 T demonstrating the retrospective application of compressed sensing. 2D FSE images
are shown to show the distortion induced by the presence of metal. The arrows point to
nerves and neural foramina that are clearly depicted in the images acquired with MSI. The
percentage sampled in the fully-sampled half-Fourier image is under 50% as corners in ky-
kz space were not acquired.
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Figure 4.
(a) Acquired k-space plots in the reference regularly sampled acquisition and the CS
randomly sampled acquisition with reduction factors of 2 and 3 respectively. The k-space
plots correspond to the MSI images in (b). The colors refer to the echo numbers along the
echo train (echo-train length = 20). Three example echo-train pathways (black lines) are
shown in each k-space. (b) Sagittal T2-weighted acquisitions at 3 T with 2D fast spin echo
(FSE), reference MSI with 2× parallel imaging in the anterior-posterior direction
(acquisition time = 10 min) and CS-MSI with 3× outer reduction (acquisition time = 8:13
min). The solid arrows point to a neural foramen that is obscured on the 2D FSE image due
to severe signal distortion. A slight parallel imaging artifact was seen (dashed arrow) due to
the use of a linear coil array with sensitivity variation largely in the superior-inferior
direction. Despite the slight blurring in the CS image, the overall image quality and contrast
between both MSI acquisitions are comparable.
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