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Abstract

Symmetric echo-planar spectroscopic imaging (EPSI) supports higher spectral bandwidth and
improves signal-to-noise efficiency compared to flyback EPSI with the same readout bandwidth,
but suffers from artifacts that are associated with non-uniform temporal sampling in k-¢space. Our
goal is to eliminate these artifacts and enhance observation of hyperpolarized [1-13C] pyruvate and
its metabolites using symmetric EPSI. We used symmetric EPSI to efficiently acquire radially
encoded spectroscopic imaging projections with a spectral under-sampling scheme that was
optimized for HP pyruvate and its metabolites. A simple approach called selective correction of
off-resonance effects (SCORE) was developed and applied to eliminate spectral artifacts.
Simulations were used to assess the relative SNR performance of this technique, and a phantom
study was carried out at 3T to evaluate this method and compare it with alternative strategies.
SCORE correction eliminated spectral artifacts due to chemical shift and non-uniform sampling in
time. It is also compatible with established methods to eliminate artifacts caused by eddy currents.
SCORE corrected symmetric EPSI supported maximal EPSI spectral bandwidth and improved
SNR efficiency. Symmetric EPSI with SCORE correction offers a straightforward, efficient, and
effective framework for assessment of hyperpolarized [1-13C] pyruvate and its metabolites.

Graphical Abstract

"Corresponding author: James A. Bankson, Department of Imaging Physics, The University of Texas-MD Anderson Cancer Center,
515 Holcombe Blvd — Unit 1902, Houston, TX 77030, USA, jbankson@mdanderson.org.
-Current affiliation: Department of Biomedical Engineering, University of Virginia Health System, Charlottesville, VA, USA
$$:Current affiliation: Department of Radiation Safety, WellSpan York Hospital, York, PA, USA

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Keywords

Page 2

EPS| Trajectory in k-t SCORE FT, SNR = 42 SCORE, SNR = 100 «107

E
&
=4
>
o
c
&
3
-4
o

=20 ] 20 -20 Q 20
position {mm) position (mm)

hyperpolarized pyruvate; EPSI; k-¢space; SNR; chemical shift; spectroscopic imaging

Introduction

Magnetic resonance spectroscopic imaging of hyperpolarized (HP) [1-13C]-pyruvate and its
downstream metabolites [1, 2] offers remarkable spectral, spatial, and temporal resolution
for non-invasive assessment of metabolism in vivo [2-10]. The conversion of HP pyruvate to
lactate has been established as a potential biomarker to characterize tumor metabolism [3, 4,
11]. However, HP signal pools are short-lived and non-renewable, requiring robust and
efficient methods for imaging and characterizing the spatiotemporal evolution of HP
[1-13C]-pyruvate and its metabolites in vivo.

Echo-planar spectroscopic imaging (EPSI) [12] is one of the most widely used among
methods for imaging HP pyruvate and its metabolites [13-19]. This approach relies on
oscillating gradients along the readout direction (k;) to generate a series of echoes that
evolve over time and which can be transformed to reveal spatial and spectral information.
For spectral encoding, a symmetric EPSI [20, 21] with bi-directional readout (+4,, —k;), or
alternatively the fly-back EPSI [22-24], with a monopolar readout (+4;, for example) and a
rapid rewind can be used. While the latter is robust to phase errors and simple to reconstruct,
symmetric EPSI has a higher SNR efficiency [22-24], is less demanding of imaging
gradients, and supports higher spectral bandwidth (sBW) for a given readout gradient
amplitude.

It is challenging for EPSI acquisitions to accommodate the broad sBIW/ required for [1-13C]-
pyruvate (170.6 ppm) and its metabolites, which include lactate (183.2 ppm), pyruvate
hydrate (179 ppm), alanine (176.5 ppm) and bicarbonate (160.9 ppm), spanning a full sSBW
of more than 22 ppm. Coverage of this relatively high sBWwith EPSI requires low echo
spacing, which can lead to low spatial resolution, or low SNR due to high readout
bandwidth. Spectral under-sampling can reduce this problem, but care must be taken to
ensure that aliased peaks do not interfere with the quantification of signal evolution [13].

For symmetric EPSI, the non-equidistant, zig-zag sampling pattern in k-t space and the
resulting non-uniform temporal sampling can lead to N/2 spectral “ghost” artifacts that
appear = sBW/2from the ‘parent’ peak location [12], which could obfuscate quantification
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of metabolites within a voxel. These artifacts can be exacerbated by chemical shift offsets in
the readout direction that alternate according to the direction of readout gradients. Several
methods have been developed to remove these artifacts [20, 25-28]. One method is to
separately reconstruct the even and odd echoes of the sampled data then combine them, at
the cost of halving the spectral bandwidth [20]. Interlaced Fourier transform-based
reconstruction can eliminate ghost artifacts by removing the temporal inconsistency between
echoes, but this may lead to amplified noise [25-27] and these technique are not effective for
managing signals that alias from outside of the sBIW/[28]. In addition, those methods were
originally developed for [1H]-spectroscopy, which aimed to resolve many metabolites over a
narrower bandwidth compared to the spectrum of [1-13C]-pyruvate. Fortunately, the sparse
and broad spectrum of [1-13C] can be undersampled (see Figure 1), but new strategies are
needed to manage the artifacts that are associated with symmetric EPSI acquisitions of these
aliased signals.

In this work, we describe a new framework to maximize SNR and reduce artifacts for under-
sampled symmetric EPSI of HP [1-13C] pyruvate and its downstream metabolites. The first
step was to optimize the aliasing pattern of the relatively sparse spectrum of HP [1-13C]
pyruvate and its metabolites over an under-sampled sBW. Second, we developed a new
reconstruction approach, Selective Correction of Off-Resonance Effects (SCORE), that
corrected the imaging artifacts associated with the non-uniform temporal sampling pattern.
The SCORE technique eliminates spectral ghosts and refocuses aliased signals in a
frequency selective manner, and must be repeatedly applied to all metabolites of interest
within the spectrum. We demonstrate this technique /7 sifico and in vitroto confirm its
performance relative to alternative strategies.

Chemical Shift Artifacts and N/2 ghosts

Symmetric EPSI sampling in k-t space follows a zig-zag trajectory, with nonequidistant
samples in time [12], as illustrated in Figure 2a, b. The signal expected from a given
metabolite in k-¢space, Sq{ k), can be written as:

. t
Ses(k, 1) o / My(r) - €705 eirk . o™ Ty dr @)

where r signifies position in the spatial domain, & is the difference between the center
frequency of the scanner and the chemical shift frequency of a given metabolite (in Hz),
Mcs(r) is the magnitude of transverse magnetization (immediately after excitation) of the
spin species having chemical shift = 8¢, k = y /G.(1)dt indicates the position along readout in
k-tspace, y is the gyromagnetic ratio, G; is the magnitude of the readout gradient (T/m), and
To* is the transverse relaxation constant for that metabolite. We assume here for simplicity
that To* is uniform across the FOV for a given metabolite.

Spectral artifacts can arise from several sources when analyzing symmetric EPSI data. First,
although the sampling interval between all even echoes is constant and equal to the sampling
interval between all odd echoes, the sampling interval between even and odd echoes is not
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uniform, and depends on position along 4-space. Direct Fourier Transform of this data will
lead to spectral artifacts [26—28] that appear at £ sBI/2 from the expected peak location.
The linewidth of these spectral peaks is not affected by the non-uniform sampling pattern.
Note that peaks that alias from outside of the sBIW/will appear at &' s = 8¢5 + m- sSBW,
while m = 0 for metabolites that lie within the sBW. Second, metabolites that are not on
resonance (8.5 # 0) will have a slight spatial offset from their true position due to the
chemical shift effect [12, 21, 26, 28], and the direction of that offset varies with gradient
readout direction between even and odd readout lines. Without correction, this would lead to
artifacts at edges of the signal source at the expected spectral location and at + sSBWI2. It is
important to note that on-resonance metabolites will not suffer from either of these effects.
With &4 = 0, the spatial chemical shift offset vanishes, the chemical-shift dependent phase
term in equation (1) becomes constant, and the non-equidistant phase accumulation between
echoes also vanishes. This concept is fundamental to SCORE.

Imperfections in the EPSI gradient waveform can also lead to a mis-alignment of k-space
sampling locations between even and odd echoes, which also lead to spectral artifacts at +
sBWI2. SCORE does not correct for this effect, which has been addressed elsewhere [29—
32], but SCORE can be combined with these methods as needed.

Selective Correction of Off Resonance Effects (SCORE)

SCORE is a simple and straightforward method to correct for off-resonance effects that lead
to blurring in the readout direction and spectral artifacts at + sSBW/2. This is accomplished
for one metabolite at a time by multiplying the observed signal by the conjugate of the
chemical-shift induced phase modulation of that metabolite:

SESCORE(I{, 1) = S,k 1) * exp—iZmSCS(t —10) @

Here, tindicates the time at which each sample in k-¢space was acquired, relative to a fixed
reference, f, which could be chosen as the time at the center of the excitation pulse or the
time at which the first sample in k-fspace was acquired. In effect, this operation digitally
demodulates k-zspace so that the target metabolite appears to be on-resonance; the chemical
shift offset along readout vanishes, and the non-uniform phases between echoes along t-axis
also vanishes. Following standard Fourier transform from k-¢space to r-fspace, signal will
be circularly shifted along the spectral dimension, and signal from the metabolite that would
otherwise have been split between 7= 8"s and =8’ ;s + sBWI2 will appear at £= 0 with no
spectral artifacts at =+ sBWWI2. This process can be repeated for each of the chemical
species or metabolites of interest, in turn, either to extract the relevant metabolite-specific
information for further processing, or to synthesize a complete and corrected r-fspace.

Alternatively, SCORE can be applied in a manner that cancels off-resonance effects within
each echo, but preserves phase progression between echoes:

SSCORE (1 = 5 (k. 1) * exp—iZmSCS(t ~TE,) @

Here, (¢- TE,) indicates the difference in time between each sample point, within an echo,
and the center of that echo. This operation eliminates the chemical shift offset along the
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readout direction for each echo, and restores a rectilinear sampling pattern for that
metabolite (compare Fig 2¢ vs. Fig 2d). After Fourier transform, the center frequency of r-f
space reflects the center frequency of the scanner, and signal from the target metabolite will
appear at 7= 8’ . with no spectral artifacts at f= 8’ + sSBW2. In the following sections, we
demonstrate this approach to implementing SCORE which preserves the fixed reference
center frequency.

It is important to note that SCORE corrections of symmetric EPSI data for one metabolite
will correct artifacts only for that metabolite, while artifacts for other metabolites will be
altered according to their distance from the correction frequency; artifacts for some
metabolites may be reduced, while others may become more exaggerated. Only data from
the corrected metabolite should be retained for further processing. The spectral and spatial
artifacts that result from to zig-zag sampling of off-resonance metabolites and SCORE
correction are illustrated in Figure 3. The offset frequency in Figures 3h,i refers to the
spectral distance between the SCORE correction frequency and the frequency of any other
metabolites observed. In uncorrected data, the offset frequency represents the spectral
distance from the scanner center frequency to any metabolites observed.

EPSI Spectral Bandwidth Optimization

Simulation

The relatively sparse spectrum of pyruvate and its downstream metabolites can be spectrally
under-sampled in a controlled manner to preserve the fidelity of peaks associated with
pyruvate and lactate, the primary metabolites of interest for assessing tumor metabolism. In
simulation, we measured the minimum distance between peaks associated with pyruvate,
lactate, pyruvate hydrate, alanine, and bicarbonate, and their N/2 spectral ghosts, as they
would appear in correct or aliased locations when sampled using spectral bandwidths
ranging from 0.1 ppm to 25 ppm. A spectral bandwidth of 7.08 ppm resulted in both
pyruvate and lactate peaks being aliased, but with nearly uniform separation between
pyruvate and lactate (parent or ghost) peaks, and this sBW ensured at least 0.5 ppm
separation between pyruvate/lactate and all other peaks (Supplementary Figure S1. Spectral
separation of 0.5ppm ensures that the full-width at half-max (FWHM) of peaks with
T2*=20ms will not overlap. This is a conservative estimate; we expect longer T2* and
narrower linewidths at 3T, in practice [33].

A Monte Carlo simulation was performed to evaluate the signal-to-noise ratio (SNR)
performance of SCORE and reconstruction of symmetric EPSI. Three numerical phantoms
were synthesized with different 1D profiles: first, a delta function at the center was used to
evaluate PSF and spectra from various reconstruction approaches; second, a Gaussian
function with a root-mean-square width of 2.5 mm, which approximates our phantom
measurements; and third, a larger numerical phantom (30mm) to evaluate fidelity of SCORE
in the presence of eddy currents. The numerical phantom was set on-resonance, off-
resonance at 6.s= —208 Hz (—6.3ppm, half the spectral distance between pyruvate and lactate
at 3T) to simulate Pyruvate, 208 Hz (6.3ppm) to simulate lactate, or -528 Hz (-15.7 ppm) to
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simulate bicarbonate, and T = 30ms. Signal was numerically sampled using Eq. [1]

assuming a symmetric EPSI waveform, a readout bandwidth of 4098 Hz, 16 samples per
echo, and an echo train length (ETL) of 56. Complex Gaussian noise was added to synthetic
k-tspace at the level required for a peak SNR=100 in SCORE-corrected data.

Synthetic noisy k-zspace data were processed using several methods. First, even and odd
echoes were processed separately to eliminate the non-uniform sampling pattern at cost of
half of the spectral bandwidth. Then, r-fspace from even and odd echoes were combined
using a sum-of-squares approach [34]. The effects of SCORE were then assessed by Fourier
transform of uncorrected and SCORE-corrected k-space. Each of these methods was
repeated 1000 times, with fresh noise added to the static signal model at each iteration. The
mean and standard deviation of all points in r-fspace was recorded, and SNR was calculated
as the ratio of the mean to the standard deviation over 1000 repetitions for all points in 7-f
space[35].

To examine the fidelity of SCORE under imperfect gradient, we simulated symmetric eddy
currents artifacts by introducing an echo-shift of one k-space step along the readout direction
to each echo, and asymmetric eddy currents by adding a phase delay of 20° between echoes.
A data-driven eddy current correction for symmetric EPSI [30] was applied first, then
SCORE corrected

Data Acquisition

Imaging data were acquired with a 2D radial EPSI sequence as implemented on a 3T MR
scanner (Discovery MR750; GE Healthcare, Chicago, IL, USA) using the GE MNS
Research Package. A dual tuned 13C/1H volume resonator with a 35-mm inner diameter
(RAPID Biomedical GmbH, Rimpar, Germany) was used to acquire signal from a 1mL
syringe phantom with a 4.7-mm inner diameter containing heavily Gd-doped 8M 13C-Urea
in water. The symmetric EPSI sequence was designed to cover 48mm over 16 points along
the readout direction, with a readout bandwidth of 4098 Hz and sBW/=7.08ppm over an
ETL of 56. The sequence utilized a 1ms self-refocusing 90° excitation pulse, with TR/TE =
5000/4.9 ms; the long TR was set to ensure complete T1 relaxation. Image was acquired
from a single slice with a 10mm slice thickness. Proton images were acquired with a
matching in-plane FOV using a 2D gradient echo sequence (TR/TE=8.2/3.1 ms, matrix size
= 256x256, in-plane field-of-view = 48 mm, slice thickness = 5 mm), providing the underlay
images depicting the phantom position in figure 6.

For assessment of SNR, 96 k-fspace projections were acquired without incrementing the
readout projection angle. For imaging, 96 k-¢space projections were acquired at
approximately golden angle increments of 111°.

The center frequency of the scanner was shifted by the appropriate amounts to impart off-
resonance effects to the 13C-urea signal that would mimic those of [1-13C]-pyruvate and its
metabolites [17, 36], if the center frequency of the scanner were set halfway between
resonance frequencies for HP pyruvate and lactate. The scanner was set 6.3ppm above and
below the 13C-urea resonance (163.1ppm), for example, to mimic the signals that would be
observed at 170.6ppm (pyruvate) and 183.2ppm (lactate) with the scanner centered in
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between, at 176.9ppm. This data was acquired at multiple frequency offsets and for multiple
phantom positions (Supplementary Table S1). Then, the acquired -fspace data were either
analyzed separately to assess one spatial and frequency offset at a time, or combined to
mimic data from a multispectral acquisition. A representative k-t space signal of the thermal
phantom from one projection is shown in Figure 2a.

Reconstruction

Each 16x56 k-fspace projection was apodized using 20Hz line broadening, then processed
by multiple approaches including standard FT to characterize artifacts due to the zig-zag
sampling pattern, the use of even- or odd-only data, their sum-of-square combination, and
SCORE. The SCORE method was applied using the chemical shift offset for each
metabolite to correct for spectral displacement and ghosting at aliased peak locations. After
FT, the spatial distribution of a given metabolite was derived from SCORE-corrected
projections by integrating over the full-width at half maximum at 7= &’ ¢ for the associated
spectral peak. Images were reconstructed from the resulting integration of SCORE-corrected
radial projections using an inverse Radon transform.

SNR Measurement

Results

The SNR of each reconstruction method was measured from acquisitions wherein the
projection angle was held constant across 96 repetitions. All SNR comparisons based on
data from the 3T MRI scanner were derived from the same raw data that was processed in
different ways as described above. As before, signal and noise were defined as the mean and
standard deviation of signal intensity for each point in x-fspace over the 96 repetitions,
respectively.

Simulations under ideal gradient condition indicate that SCORE correction permits use of
the full spectral bandwidth from symmetric EPSI acquisitions with optimal SNR
performance (Figure 4). Transform of only even or odd echoes also avoids spectral artifacts,
but the reduced efficiency of the down-sampled acquisitions leads to an expected /2
reduction in SNR [22]. Simulation under a large frequency offset (bicarbonate) and a low
SNR=5 also demonstrate the SCORE correction of spatial and spectral
artifacts(Supplementary Figure S2). Simulation under imperfect gradient condition shows
that SCORE only corrects for the N/2 ghosting caused from chemical shift, while ghosting
from other sources remain. However, the ghosting could be eliminated independently [30] to
reduce eddy currents artifacts (Supplementary Figure S3). SCORE is compatible with those
corrections methods to reduce ghosting and distorted PSF from multiple sources.

In the usual case when multiple metabolites are present, SCORE corrections must be applied
to k-tspace for each individual metabolite. This operation will correct blurring and spectral
artifacts for the target metabolite, but will not correct and may even exacerbate artifacts
associated with other metabolites in the spectrum. Careful planning of the EPSI sBW
ensures that artifacts associated with other peaks will not interfere with quantification of the
target metabolite. Figure 5 illustrates the propagation of artifacts when processing phantom
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data containing multiple metabolites. Here, separate acquisitions of k- space with the
scanner frequency offset to mimic the chemical shifts for pyruvate and lactate were added
together with a 2:1 weighting for pyruvate:lactate. Without SCORE correction, signal from
both metabolites are blurred along readout, with obvious artifacts for each peak at + sBW/2.
SCORE corrections for pyruvate eliminate artifacts for the pyruvate signal but worsen those
for lactate. Artifacts associate with the lactate signal do not interfere with FWHM
integration of the pyruvate signal (Fig 5b, dashed box). Likewise, SCORE corrections for
lactate eliminate artifacts for lactate but worsen those for pyruvate. The 2:1 SNR ratio of
pyruvate:lactate is maintained by the FWHM measurement from rf-space using SCORE
correction at 1.97 + 0.05, while the ratio from Odd only, SOS, and naive reconstruction are
1.99 £ 0.06, 1.97 £ 0.04, and 2.03 £ 0.10, respectively.

After SCORE correction and transform, r-fspace projections can be used to form
metabolite-specific maps. Good agreement between metabolite maps for pyruvate and
lactate and reference proton images of the phantom in multiple locations (Figure 6) indicates
that SCORE-corrected symmetric EPSI with radial spatial encoding can be used to generate
high quality spectroscopic images of HP [1-13C]-pyruvate and its metabolites.

Discussion

Selective Correction of Off-Resonance Effects (SCORE) permits correction of artifacts
associated with symmetric EPSI. Further, SCORE can be applied to spectral peaks that alias
from outside of the Nyquist spectral bandwidth of the acquisition. This is particularly
interesting for application to spectroscopic imaging of hyperpolarized imaging agents that
have a relatively broad but sparse spectrum. SCORE corrections can be applied to minimize
spatial chemical shift and N/2 spectral ghosts as long as no parent peaks overlap with other
parent peaks or ghost peaks.

The primary goal of this work is to eliminate artifacts in the reconstruction of EPSI
acquisitions due to the non-uniform temporal sampling. The zig-zag data pattern acquired
with EPSI in k-£space is known to cause spectral artifacts [12, 26, 28]. The simple SCORE
correction extends the phenomenon by which non-equidistant symmetric EPSI sampling
patterns vanish for metabolites that are on-resonance. A linear metabolite-dependent 15t-
order phase correction referenced to the center point of each echo eliminates phase
progression within that echo and reformats the zig-zag - space sampling (Fig. 2¢) to a
Cartesian layout (Fig. 2d). After correction, SCORE permits a SNR and metabolites ratio
quantification as nearly identical to those from SOS reconstruction, because both methods
successfully combined signal from even and odd echoes. The main advantage of SCORE
was its ability to maintained the full spectral bandwidth (sBW) with no loss of SNR.

Careful selection of a reduced EPSI sBW/enables acquisition of spectra of multiple
metabolites with aliased but not overlapped peaks. SCORE is designed exclusively for
symmetric EPSI with reduced sBIWWwhere aliased signals are expected. Park et al [37]
recently used symmetric EPSI to acquire HP MRI data from patients with brain cancer,
using a full sBWto cover a chemical shift range encompassing pyruvate and lactate. SCORE
correction was not necessary because they did not use a spectrally undersampled acquisition
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for pyruvate and lactate, while demodulation of the bicarbonate signal may have been
accomplished using SCORE. Mayer et al [38] described corrections similar to SCORE
which was used to correct blurring caused by off-resonance effects in their spiral CSI
acquisition. Here we show that this approach will also correct spectral N/2 artifacts and
spatial blurring when applied to spectrally undersampled, symmetric EPSI. It is important to
recognize that SCORE correction for one metabolite does not eliminate artifacts for other
metabolites, and that a fully corrected spectrum requires separate correction of raw data for
each of the metabolites of interest. Repeated SCORE corrections support accurate
quantification of relative levels of pyruvate and lactate, which is critical for deriving
reproducible metabolic imaging biomarkers for cancer and many other diseases and injuries.

In this work, we integrated the FWHM area under the peak at each spatial location to
calculate the relative signal from different peaks and/or reconstruction methods, and then
summed that signal along the readout direction. This approach is acceptable when the
underlying linewidth is consistent across peaks and datasets, as was the case for our
simulations and phantom measurements from our small phantom near isocenter. Other
methods for quantifying signal would be needed when linewidth varies between peaks, or
between projections. Care must be taken during selection of analysis methods since the
coarse temporal sampling resolution of undersampled EPSI leads to a spectral shape with
longer tails compared to an ideal Lorentzian lineshape.

It is also important to note that SCORE only eliminates artifacts resulting from non-uniform
sampling in symmetric EPSI, and not those that arise from eddy currents. We did not
observe any artifacts due to eddy currents in data acquired from the small thermal phantom
placed near isocenter. However, gradient delays due to eddy currents also cause spatial and
spectral artifacts. SCORE doesn’t correct eddy-current induced artifacts, but it is compatible
with established eddy current correction methods. We have demonstrated a combination of
eddy current and SCORE correction in numerical simulation, but further confirmation /n
vivoiis still needed.

This approach may not be successful in the presence of excessively broad lines such as may
be observed in the presence of poor shimming or other sources of inhomogeneity. Overlap
between a target metabolite and another strong signal (or its N/2 spectral ghost) would lead
to signal contamination that can’t be eliminated by SCORE. It is important to inspect data to
ensure that linewidths are narrow enough to avoid cross-contamination of signals. Modest
overlap between spectral peaks could be resolved by fitting those peaks to the appropriate
lineshape, but excessive overlap may require prospective utilization of higher SBW. In this
work, we selected an aliasing scheme that maximizes separation between the strongest
signals (pyruvate and lactate) and their N/2 spectral ghosts, and ensures at least 0.5 ppm
separation between pyruvate/lactate and other peaks of potential interest. If necessary, a
higher sBIW/ could be selected (such as 10.75ppm as illustrated in Supplementary Figure
Slc) to account for pyruvate-hydrate, bicarbonate and alanine peaks.

The SNR of spectral peaks are improved by using symmetric EPSI with SCORE correction.
Symmetric EPSI permits a 10.6% more efficient readout [22, 23] with a higher sBW per
maximum readout gradient amplitude, compared to flyback EPSI. Careful selection of the
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sampling bandwidth to avoid overlap of aliased peaks and their N/2 artifacts allowed use of a
lower acquisition bandwidth, with corresponding reduction in thermal noise. SCORE
correction eliminated blurring along the readout direction and the N/2 spectral artifact for
each metabolite, which ensured that signals were properly attributed to the correct spectral
peak and spatial location. Successful SCORE corrections require accurate knowledge of the
spectral offset between the scanner center frequency and metabolites of interest.

In this work, only pyruvate and lactate spectra were analyzed, but SCORE could be used to
reconstruct many more metabolites via a repeated process. Given the spectral resolution and
SBW, each line of data in x-fspace corresponds to a unique chemical shift. Therefore, any
non-overlapping metabolites of interest could be analyzed sequentially using the individual
chemical shift offset (6.) for correction and the (potentially aliased) spectral location (&)
in SCORE-corrected x-fspace.

This work was tailored for imaging HP [1-13C] pyruvate and its metabolites, although
SCORE would be useful for correcting symmetric EPSI applied to any set of spectra that are
well-separated and sparse, and where spectral undersampling can be employed to reduce the
readout bandwidth, readout gradient amplitude, and observed noise. These assumptions
should be valid for many applications involving X-nucleus MRI and hyperpolarized imaging
agents.

Conclusion

A new framework, including data acquisition and image reconstruction, was developed for
imaging hyperpolarized [1-13C] pyruvate and its metabolites. Selective Correction of Off-
Resonance Effects (SCORE) was used to minimize artifacts in undersampled symmetric
EPSI data. The spectral acquisition parameters were set to improve SNR by reducing the
readout bandwidth and carefully under-sampling the spectrum of [1-13C] pyruvate and its
metabolites. In simulation and phantom measurements, the simple SCORE correction
method improved SNR while eliminating spectral artifacts due to non-uniform temporal
sampling and spatial artifacts due to chemical shift offsets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight:
. Symmetric EPSI maximizes SNR efficiency and spectral bandwidth
. Under-sampled spectrum of 7.1ppm reduces the need for high readout
bandwidth
. Controlled aliasing of HP [1-13C]-pyruvate and its metabolites ensures no
overlap
. New correction method eliminates N/2 ghost from non-equidistant samples
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Figure 1.

Illustration of the spectral aliasing and ghost artifacts associated with symmetric EPSI
sampling. (a) A full spectrum bandwidth (13 ppm) shows peak positions of pyruvate at
170.6 ppm (yellow rectangle) and lactate at 183.2 ppm (red rectangle). (b) These peaks alias
to different positions when the spectrum is spectrally under-sampled (7.1 ppm). (c) Non-
uniform sampling in time (due to the zig-zag trajectory in symmetric EPSI) leads to spectral
ghosts that are offset by half of the spectral bandwidth (pyruvate is denoted by yellow and
green boxes, lactate is denoted by the red and grey boxes).
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EPSI Trajectory in k-phase
: ;
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SCORE_cs1 @cs1

................

----------------

................

k-tsampling trajectory and phase progression for off-resonance magnetization. (a) The k-t
space signal of pyruvate phantom acquired after one excitation. (b) The logical layout of the
sampled data in &-fspace, which is in a zig-zag pattern. Black dots and red squares represent
two metabolites with distinct chemical shifts indicated as 6.4 and .. () Phase
accumulates differently for each of these metabolites as the product of their chemical shift
offset and the £; time at which the 77 sample is acquired. (d) Selective correction of off-
resonance effects (SCORE) applied to the metabolite at 5.4 (gray dots) reverses phase
progression within each echo (to black dots) to eliminate non-uniform sampling for that

metabolite.
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10 15 20

Simulated spectra and point spread function (PSF) using a point source for symmetric EPSI
sampling of off-resonance metabolites. (a) Signal from ideal on-resonance metabolites are
not subject to spectral or spatial artifacts. (b) The same signal offset by —6.3 ppm to simulate
pyruvate appears at an aliased frequency (dcs’), with an N/2 spectral ghost and blurring
along the spatial dimension. (c) SCORE correction for this frequency offset eliminates these
artifacts. (d,f) The spatial profile for on-resonance, off-resonance, and SCORE corrected
data. (e,g) Spectral profiles for on-resonance, off-resonance, and SCORE corrected data
(FWHM = 0.60 ppm, 0.59 ppm, FWHM = 0.60 ppm). (h) The spatial PSF of off-resonance
metabolites. (i) N/2 spectral ghosts as a function of offset frequency. The frequency range in
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(h) and (i) encompass the maximum frequency difference between all corrected and
uncorrected metabolites, from bicarbonate (160.9 ppm) to lactate (183.2 ppm).
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Figure 4.

Comparison of methods to correct artifacts associated with symmetric EPSI. Data from (a-d)
simulation that approximate phantom measurements and (e-h) actual phantom measurements
were processed using (a,e) only odd echoes, (b,f) the sum-of-squares (SOS) combination of
data reconstructed from only even and only odd lines of k-¢space, (c,g) naive Fourier
transform (FT) to demonstrate artifacts in uncorrected data, and (d,h) FT following SCORE
corrections. The FWHM of (a-d) is 0.58ppm, 0.60 ppm, 0.62ppm, 0.60ppm, and the FWHM
of (e-h) is 0.63ppm, 0.62 ppm, 0.60ppm, 0.61ppm, respectively. SNR for the spectral peaks
was normalized to a maximum value of 100 for each group (a-d, e-h) and each group is
displayed with the same color scale. The aliased peak for pyruvate appears at 177.6 ppm,
and the N/2 spectral artifact from uncorrected data appears at 174 ppm. SCORE corrections
eliminate spectral artifacts and maintain high SNR associated with combination of
separately processed even/odd data, without sacrifice of spectral bandwidth.
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Figure 5.
Reconstruction of multiple metabolites at the same spatial location. The spectral signals for

pyruvate and lactate alias to 177.6 ppm and 175.9 ppm, respectively. (a) Naive Fourier
transform of symmetric EPSI data (FT) shows spectral artifacts for pyruvate and lactate at
174 ppm and 179.5 ppm, respectively. (b) SCORE correction for pyruvate eliminates the
ghost peak for pyruvate but does not correct artifacts associated with the lactate signal. (c)
Likewise, SCORE correction for lactate eliminates artifacts for lactate but not for pyruvate.
The dash boxes indicate FWHM for signal integration.
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Figure 6.

2D radial spatial overlay of phantom data representing [1-13C]-pyruvate and [1-13C]-lactate
over reference proton images. These images demonstrate that SCORE permits artifact-free
reconstruction of symmetric EPSI data with good spatial fidelity (0.1875 mm in-plane
resolution for 1H, 3 mm for 13C).
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