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Abstract

Purpose—Chemical-shift imaging (CSI) has long been considered the gold standard method for
in-vivo hyperpolarized 13C metabolite imaging because of its high sensitivity. However, CSI
requires a large number of excitations so it is desirable to reduce the number of RF excitations and
the total acquisition time.

Methods—Centric phase encoding and 3D compressed sensing methods were adopted into a CSI
acquisition to improve efficiency and reduce the number of excitations required for imaging
hyperpolarized metabolites. The new method was implemented on a GE MR750W scanner for
routine real time metabolic imaging experiments.

Results—Imaging results from phantoms and in-vivo animals using hyperpolarized 13C tracers
demonstrate that when the entire CSI data set is treated as a single object, compressed sensing can
be satisfactorily applied to spectroscopic CSI. Centric k-space trajectory data collection also
greatly improves the acquisition efficiency. This combination of compressed sensing CSI and
acquisition time reduction was used to perform a hyperpolarized 13C dynamic study.

Discussion—Compressed sensing can be satisfactorily applied to conventional CSI in
hyperpolarized 13C metabolite MR imaging to reduce the number of RF excitations and accelerate
the imaging speed to take advantage of conventional CSI in providing high sensitivity and a large
spectral bandwidth.
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INTRODUCTION

Imaging metabolism of hyperpolarized (HP) 13C-enriched substrates offers a new approach
to molecular imaging in experimental animals and patients [1, 2]. Studies have shown the
potential of hyperpolarized 13C metabolic imaging in cardiac, cancer and kidney diseases
[3-5]. Chemical shift imaging (CSI) has been considered the gold standard method for in
vivo metabolite imaging and has been widely applied for hyperpolarized 13C metabolic
studies [1-5] because images can be easily generated from metabolite resonances that
partially overlap with other resonances or have relatively low intensity by using common
peak fitting or decomposition methods. Compared to accelerated CSI [12-14], conventional
CSI has many advantages including a wide spectral bandwidth for detecting multiple
metabolites with different chemical shifts and a relatively large number of acquisition points.
One of the limitations of hyperpolarized 13C metabolite imaging is the nonrenewable 13C
polarization and the relatively short T, of the hyperpolarized materials. This is particularly
true for CSI since it requires RF excitation for each phase encoding. For regular 2D
especially 3D CSl, the number of RF excitations can become quite large. For these reasons,
it is desirable to reduce the number of RF excitations for CSI of hyperpolarized 13C
substrates as well as to reduce the imaging time. One possible method is to apply
compressed sensing. Compressed Sensing (CS) was first developed for signal reconstruction
from incomplete information [6] then further adapted by Lustig et al [7] to reduce the MRI
scan time. In this study, we have applied the compressed sensing method to conventional 2D
CSI for imaging of hyperpolarized 13C-enriched metabolites with exploratory phantoms and
in vivo applications.

Compressed sensing requires that the MR image is compressible and the image artifact
caused by k-space under-sampling is incoherent. When applying compressed sensing to
conventional 2D CSI for example, the later can be realized with optimized random under-
sampling pattern in both phase encoding directions; the first condition is not necessarily
always achievable due to the nature of the structure of the spectra. To overcome this
problem, Wang [8] demonstrated that if the entire 3-dimensional (3D) MRI set is treated as a
single unit with all transform operators formed in intrinsic 3D, the sparse structure of the
entire 3D subject can normally be satisfied. It was demonstrated that 3D CS provides better
accuracy and optimization efficiency over slice-by-slice CS reconstruction for 3D MR
images. In this work, we have adopted the principle of 3D compressed sensing into CSI. The
real-time under sampling CSI sequence was implemented on the MRI scanner and tested in
vivo in rats. CSI of the rat kidney was chosen not only because kidney shows better 13C
metabolite contrast for CS evaluation, but also because HP 13C has been applied in various
kidney diseases [4, 5]. The results demonstrate that when the entire CSI data set is treated as
a single object, compressed sensing can be satisfactorily applied to spectroscopic CSI.

METHODS

Random Under-Sampling Pulse Sequence for 13C CSI

To implement compressed sensing for CSI in our MRI scanner, the starting point was a
conventional 2D CSI sequence. The phase encoding was reordered to start from the center of
k-space and spiral out to the edge in order to preserve the highest HP 13C signal at the center
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of k-space. As most of the omitted phase encodings are located in the outer k-space region,
the artifact caused by reduction will be minimal thereby making the CS reconstruction more
efficient. Random under-sampling patterns were generated in the 2D phase encoding
directions. After a 2D random matrix was generated, the threshold for different reduction
ratios was set by a 2D Gaussian plus a flat plane. Therefore the center of k-space is weighted
higher than the edge [9]. The data acquisition on the frequency or spectroscopic direction
was kept intact in order to take advantage of conventional CSI of having a large spectral
bandwidth and accurate spectral interpolation by zero filling. During the CSI scan, the
sequence executes only phase encodings marked ON according to the pattern. Because of
this real time reduction in total scan time a portion of the HP 13C signal remains even after a
2D CSI. Therefore, multiple sets of CSI can be performed through “multi-phase” options
implanted in the sequence for dynamic studies. Proton anatomy reference images were
acquired using a GRE sequence with a field of view (FOV) of 8 cm, 256x256 matrix, 3mm
slice thickness, and 6 averages. The 13C 2D-CSI spectra were acquired with the
implemented CSI pulse sequence using the same FOV as the proton reference image. 16 x
16 phase encoding was used for this experiment.

Data Processing and Analysis

The hyperpolarized 13C CSI raw data were processed offline. The un-acquired phase
encoding readouts were given values of zero as initial values for the compressed sensing
optimization processing. All variables and operators in the optimization process are in 3D
format for full 3D compressed sensing reconstruction. This insures that the entire “3D
image” is compressible and treated as unity. Figure 1 shows the proton reference image of
the phantom, a reduction matrix (R=2.5) and a symbolic 3D Wavelet object. After the
compressed sensing reconstruction, 16x16 spectra were analyzed with the singular value
decomposition (SVD) based decomposition method [10-11]. The intensity of each
metabolite from each CSI voxel was then quantified. A 16x16 low resolution image for
every metabolite was then interpolated using the Fourier method to match the
corresponding 1H anatomy image and overlapped onto the 1H anatomy image.

Phantom and Feasibility Study

For the feasibility and validation study, a phantom containing 4 metabolites, [1-13C]lactate,
[1-13C]alanine, [1-13C]formate and [1-13C]bicarbonate, was used as shown in Figure 1a.
Each metabolite was contained in a cylinder 40mm in length and 10mm to 15mm in
diameter. Each metabolite chamber has different diameter for intuitive identification on

the 1H and 13C images. 16x16 spatial phase encoding with spectrum length of 256 points
and spectral bandwidth of 2 KHz were fully acquired. Sparseness of the k-space data was
applied in two phase encoding directions to obtain a total reduction rate of 10X, 5x, 3x, 2.5x
and 2x corresponding to 10%, 20%, 33%, 40% and 50% of fully sampled data respectively
by zeroing the designated phase encoding data after the scan. The fully acquired data were
reconstructed normally for reference purposes. The quality of the compressed sensing
reconstruction for each reduction rate was quantified by normalized root of mean square
error (NRMSE):
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where y;and y;are the CS reconstructed and the reference CSI element /respectively; n is
the total element.

Animal Preparation

Polarization

Sprague Dawley rats (200-300g) fed a normal rat chow diet were imaged 7-10 days after
arrival. During the imaging experiment, each rat was placed in a 75 mm birdcage coil at the
isocenter of the MR scanner. A catheter was placed into the tail vein for the intravenous
administration of hyperpolarized [1-13C]pyruvate. Anesthesia was continued with a constant
delivery of isoflurane (2%-3%) through a long tube to a cone placed over the rat’s nose and
mouth while the rat was in the scanner. The respiration and temperature of the rat were
continuously monitored. The body temperature was maintained at 37°C throughout the
imaging procedures by maintaining a flow of heated air through the coil cylinder.

Procedure

A mixture of 22.8 pl of neat [1-13C]pyruvic acid (p=1.25g/ml, 89.06g/mol) containing 15
mM OX63 trityl radical was hyperpolarized in a homemade DNP polarizer in a field of 4.6 T
at approximately 1.2 K by irradiation with 129GHz microwaves. After approximately 60
minutes of microwave irradiation, the hyperpolarized pyruvic acid was rapidly dissolved
with a phosphate buffered saline heated to 37°C at 10 bars to yield a ~ 4mL solution at pH
~7.4. This yielded a final pyruvate concentration of 80mM (0.0228mI*1.25g/ml/89.06g/mol/
4ml=80mM) with ~15% polarization. Approximately 2.5 mL of this solution was then
injected into the tail vein of a rat within 10 seconds after removal from the polarizer. The
injection lasted ~10 seconds.

1H and 13C MR Imaging

Experiments were performed in a 3T GE MR750W scanner (GE Healthcare, Milwaukee,
Wisconsin) equipped with the multinuclear spectroscopy hardware upgrade. The RF coil
used in these experiments was a GE Healthcare 1H/23C dual-tuned birdcage coil. A high-
resolution axial anatomical 1H image was obtained following the localization scan. Two-
dimensional (2D) 13C imaging was conducted with a 16 x 16 Chemical-Shift Imaging (CSI)
with centric k-space encoding, 10° flip angle RF excitation, 15 mm axial slice thickness to
cover both kidneys, 2.5 kHz spectral bandwidth (BW) and 256 spectral points. An 8cm FOV
gave an in-plane resolution of 5x5 mm. Data acquisition started 10s after injection of
hyperpolarized [1-13C]-pyruvate is completed. With TR=125ms, a fully sampled CSI scan
takes 32 seconds. Hyperpolarized [1-13C]pyruvate was injected into the rat via tail vein. Five
sampling rates, 100%, 50%, 33%, 25% and 10% which correspond to a reduction factor of
R=1, 2, 3, 4 and 10 on five individual rats were scanned, one rat for each sampling rate. The
acquisition time for each scan was 32s, 16s, 11s, 8s and 3.3s respectively. With the real-time
saving in time and excitations, multiphase CSI were performed for R=3 & 4 for the dynamic
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study. The same phase encoding under-sampling pattern was applied for each series of
multiphase CSI. The fully sampled rat serves the purpose of extra quality validation as in-
vivo images along with the phantom images. The under sampled data sets with different
reduction ratio served to demonstrate the feasibility of the 3D CS on real-time sparsely
acquired data, even without reference for each individually reduced CSI data.

Phantom experiments

The reconstructed metabolite images ([1-13C]lactate, [1-13C]alanine, 2 peaks of
[1-13C]formic acid and [1-13C]bicarbonate) with the 3D compressed sensing are shown in
Figure 2. The compressed sensing reconstructed CSI were essentially identical to the
reference image for reduction factors R less than or equal to 3. Minor artifacts appeared with
reduction factors R = 5 but theses reflect significant time and excitation savings for a CSI
acquisition. In the R = 10 case (10% sampling rate), the errors became larger and artifacts
appeared. However the phantom metabolite features were still identifiable although noise
was noticeable in the reconstructed images. The normalized root mean square error
(nNRMSE), as a function of sampling rate from the validation study with the phantom is
shown in Figure 3. Low sampling rates, R =5 or R = 10 (corresponding to 10 or 20%
acquisition of total available data), are associated with increased error.

In-vivo animal experiments

After the injection of HP [1-13C]pyruvate, axial images of the abdomen were obtained at the
level of the kidneys. The 2D CSI raw data from four individual rats with real time under-
sampling were directly reconstructed using the 3D compressed sensing method. The raw
data from the fully sampled rat was treated in two ways. First, it was directly reconstructed
as the fully-sampled data set. Each metabolite signal was decomposed from the 16x16
spectra and zero filled images were displayed along with under-sampled rat metabolite
images from the compressed sensing results. Second, a set of under-sampled data were
produced by artificially zeroing out some phase encoding acquisitions. The pattern of the
zeroed phase encoding was the same as real-time under sampling pattern. These artificially
under-sampled data sets were reconstructed using the compressed sensing procedure as the
real time under-sampled in-vivo data. This procedure also serves as extra validation for the
real-time under-sampled results. The calculated nRMSE values were similar to those from
the phantom validation experiment, except for the 10% case as shown in Figure 3. Figure 4
shows the 13C images of rat kidneys acquired with centric CSI with reduction factors R=1,
2, 3, 4 and 10 as well as the artificially under-sampled compressed sensing reconstruction
results from the fully-sampled in-vivo data. Like the compressed sensing reconstructed
phantom, the rat images showed that minor noise only started to appear at R=4. The noise
only became noticeable in R=5 case and severe at R=10 with only 10% of the data sampled.
Finally, the under-sampled CSI sequence was applied in a dynamic study of pyruvate/lactate
exchange in a live rat after injection of HP-[1-13C]pyruvate (Figure 5). For R=3, the scan
time is reduced from 32 seconds for a full 16 x 16 phase encoding CSI to 11 seconds using
the under-sampled CSI sequence. Figure 5 shows the [1-13C]lactate image of a rat kidney
and the lactate-pyruvate ratio dynamics over a period of 60s. In general the results from the
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phantom validation and the under-sampled in vivo data showed that the 3D CS method
provides a real-time savings of time and spin polarization without significant loss of
biological information.

DISCUSSION

The results demonstrated here show that true 3D compressed sensing is feasible for
chemical-shift imaging acceleration of hyperpolarized 13C metabolic imaging. The results
show that this true 3D compressed sensing method can be applied successfully with
reduction factor up to 4 or 5 (25% or 20% of sampling). Although better algorithms can be
developed, even greater reduction rates will be possible by using multi-channel coils
combined with parallel imaging, so that dynamic data can be collected over longer periods
of time without total loss of the polarized signal. Combining parallel imaging with
compressed sensing to further accelerate the imaging speed has been reported previously [15
& 16] and we believe that the application of this method to CSI has significant advantages
for in vivo hyperpolarized 13C dynamic metabolic imaging.

The use of compressed sensing for chemical-shift imaging has been reported earlier using
flyback 3D-MRSI [13-14]. The flyback CSI sequence works the same way as the
conventional CSI to phase encode one (or two) direction with multiple excitations but adds
another phase encoding in another direction while acquiring the FID signal. This method can
accelerate CSI by factor of one dimension which reduces the scan time for CSI. However,
due to the added phase encoding during the acquisition which combines the z-phase
encoding and frequency into one, the spectral bandwidth is limited to about 581 Hz on a 3T
clinic scanner and the raw spectral length is limited to 59 points [13—-14]. This becomes
limiting for those applications requiring collection of data over a wider range of chemical-
shift values. In these cases, conventional CSI is still the best alternative. Hu et al [13] also
demonstrated that sparseness of the CSI using 2D Wavelet in the frequency and one physical
dimension. This sparseness may not be satisfied along the edge of the object and in weak
signal areas. When the 2D CS method is applied to 3D or 4D CSI, the compressed sensing
optimization and reconstruction process must be applied n or n x n times independently.
Obviously, this disconnects the intrinsic links of the CSI. The work presented in this paper
demonstrates that 3D compressed sensing with the subject and all operators (Wavelet, TV,
etc.) in 3D (physical x-y and frequency dimensions) and treats the entire 2D CSI subject as
an unit is a suitable CSI acceleration method for hyperpolarized 13C metabolic imaging of
complex metabolic systems. The robustness of this pilot study using true 3D applied to 2D
CSl also opens a possibility for single acquisition of 3D CSI. That is a major goal of this
pilot study. In a typical 3D CSlI, for example 16x16x16, 4096 acquisitions will be required.
However, this large number of excitations is not possible for hyperpolarized nuclei. In the
acceptable 2D CSI case with a reduction factor of 5, we can estimate a feasible reduction
rate of 11 for 3D CSI by compressed sensing alone. By combining a better algorithm and
parallel imaging, a reduction rate of 16 would reduce the number of required excitations to
256 which is equivalent to the number of excitations used for typical hyperpolarized 2D CSI
acquisitions.
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Figurel.
left: proton image of the phantom containing 13C-enriched lactate, alanine, formic acid and

bicarbonate in 4 individual cylinders; middle: sparse phase encoding matrix with R=2.5;
right: symbolic 3D Wavelet objects used in 3D compressed sensing process.
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(a) 100%, Reference (b) 50%, R=2 {c) 20%, R=5 (d) 109, R=10

Figure2.
Compressed sensing reconstructed CSI and metabolite images of the phantom containing

four different 13C-enriched substrates. a) to d) show reconstructed CSI images in
spectroscopic form with 100%, 50%, 20% and 10% sampling rates. Noise artifacts became
noticeable for R=5 and became more severe in R=10 case. €) shows the reconstructed
metabolite images, from left to right: lactate, alanine, formate-1, formate-2 and bicarbonate
(refer to Figure 1). Although noisy, the metabolite subjects are well distinguished in the
R=10 images.
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Figure 3.
Normalized root-of-mean-square error (nRMSE) of compressed sensing reconstructed CSI

as function of artificially under sampled data; red dots represent that of the 4-metabolite
phantom and the blue diamond the in-vivo rat scanning. The low nRMSE values for
reduction rate up to 5 (20% sampling rate) reflected the good quality of compressed sensing
reconstructed phantom images in Figure 2 and the rat #1 kidney images in Figure 4.
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RAT #1, R=1
FULLY SAMPLED
Time = 32 sec
256 excitations

RAT #2, R=2
50% Sampling
Time = 16 sec
128 excitations

RAT #3, R=3

33% Sampling

Time = 11 sec
84 excitations

RAT #4, R=4
25% Sampling
Time = 8 sec

64 excitations

RAT #5, R=10

10% Sampling
Time = 3.3 sec
26 excitations
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LACTATE ALANINE PYRUVATE LACTATE ALANINE PYRUVATE

Figure 4.
Compressed sensing reconstructed in-vivo hyperpolarized 13C CSI images of a slice that

contains rat kidneys. The five rows of the left column reflect images from real-time
reduction rates of R=1, 2, 3, 4 and 10 from five individual rats; These under sampled rats
with different reduction ratio demonstrated the feasibility of the 3D CS reconstruction on
real-time sparsely acquired data, even without reference for each individually reduced CSI
data; the five rows of the right column show the images reconstructed from artificially
under-sampled data from the fully sampled rat #1 with reduction rate R=2, 3, 4, 5 and 10
which reflected the CS quality along with the CS reconstructed phantom data.
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Figure5.
(a) Multi-phase CSI scans of R=3, left: lactate images; right: spectrum; shows the metabolic

dynamics. With R=3, each 16x16 phase encoding CSI scan time of 11s. The spectra show
evolution of the lactate-pyruvate ratio during the first minute; (b) Lactate to pyruvate ratio vs
time from the multi-phase CSI. The intensity is the integration from the kidney area.
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