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1 | INTRODUCTION

Many disease processes result in metabolic changes in the cells of the affected tissue or organ. In such diseases, identification and quantification of
these metabolic molecular markers can aid in diagnosis and consequently improve therapeutic prognosis. In cancers, rapid cell growth requires
increased choline production and glucose consumption.! Once malignant, cancer cells also lose tissue specific function, such as decreased produc-
tion of N-acetyl-aspartate (NAA) in brain tumors and citrate in prostate tumors.>? Similarly, liver diseases often result in increased hepatocellular
lipid and stromal fibrosis, which indicate the activity and progression of liver inflammation.® Various techniques such as positron emission tomog-
raphy, ultrasound elastography, and MRI have demonstrated ability as well as clinical utility and promise in measuring these metabolic changes.*
Magnetic resonance spectroscopic imaging (MRSI, also known as chemical shift imaging or CSI), was first introduced by Brown et al* and devel-
oped further by Maudsley et al®>. MRSl is a key tool for measuring and monitoring metabolite concentrations in vivo, and is used in conjunction
with other anatomical and functional sequences, such as perfusion and diffusion imaging, to probe the tissue microenvironment. While in vivo
MRSI has been demonstrated with other nuclei, *H MRSl is the spectroscopic imaging technique of choice for imaging in the clinic because of
greater hydrogen abundance and commercially available equipment, as compared with *3C, 3P, and 22Na MRSI. Nevertheless, these other nuclei
are also very useful in investigating specific metabolic processes.®2> Although MRSI can monitor clinically relevant biomolecules, its clinical use is
limited by the extremely long acquisition time, limited spatial coverage, and low signal-to-noise ratio (SNR).

The long scan time associated with conventional MRSI, due to multiple phase encoding steps in each spatial dimension, limits its
incorporation into routine scan protocols. For example, a clinical MRSI acquisition for a 16 x 16 spatial grid can range from approximately 6 to
12 min depending on the repetition time (Tg), with acquisition times proportional to the total number of voxels acquired, which is also equal to
the number of phase encoding steps. This is a key difference compared with conventional MRI, where we utilize frequency encoding along one
spatial dimension. The total acquisition time in MRI is thus proportional to the phase encoding steps that are acquired in the remaining spatial
dimensions. Furthermore, it is necessary to collect anatomical information in every study as well, increasing the total imaging time further. Shorter
acquisition times and increased coverage over the volume of interest are critical to the routine use of MRSI in the clinical setting. Fast MRSI can
capture the heterogeneity in metabolite distributions and facilitate the monitoring of dynamic changes in the metabolite concentrations in a more
clinically acceptable time frame.2® Thus, there is a need for fast spectroscopic imaging techniques that make efficient use of the available magne-
tization for faster spatial encoding in order to reduce the acquisition time, while simultaneously retaining acceptable SNR and spatial resolution.
The combination of multichannel RF coils, improved gradients, high-field scanners, and improvements in reconstruction algorithms may help real-
ize these goals.?®

In recent years, several papers have reviewed in detail the fundamental principles of MRSI and have addressed the latest developments in this
rapidly growing field.2¢32 This review focuses on the state-of-the-art techniques that have been developed for the acceleration of scan times,
particularly in *H MRSI. Rapid imaging schemes for numerous MRSI applications will be discussed here, without being restricted to any particular
anatomical site. Pulse sequences that facilitate fast spatial and frequency encoding will be reviewed, as well as sophisticated reconstruction algo-
rithms used to reconstruct the spectral data acquired using multiple channels, and non-Cartesian k-space trajectories, in *H MRSI. Preclinical and

clinical acceleration studies in 3*P, 2°Na, and hyperpolarized *°C metabolite imaging will also be briefly discussed in the context of this review.

2 | CONVENTIONAL MRSI

Conventional MRSI has a tedious data acquisition process and requires prolonged scan time. Typically, a single excitation is followed by the appli-
cation of phase encoding gradients, and subsequently a spectroscopic readout is applied without any gradients.®! In other words, all points in the
time and frequency (k,,) dimension are sampled for a given location (k,, ky, k) in k-space. The spin system is then allowed to relax and the exper-
iment is repeated until all the phase encoding gradient combinations have been played out, sampling all points in k-space. MRSI experiments are
typically associated with relatively long scan times due to the large number of phase encoding steps needed to cover k-space. The total acquisition
time in MRSI depends on the number of phase encodes in each direction, the number of signal averages, and the TR of the pulse sequence
employed. Volume selection in MRS is commonly achieved using the point-resolved spectroscopy (PRESS)®® or stimulated echo acquisition mode
(STEAM) techniques.>** Figure 1 illustrates a two-dimensional (2D) MRSI pulse sequence with a PRESS based acquisition. The three slice-selective
RF pulses enable the excitation of three intersecting orthogonal planes. Application of gradients along G, and G, enables excitation of a slab while
a gradient along G, defines the slice thickness of the PRESS volume. The second half of the second echo generated at time TE, is then sampled.
Phase encoding gradients are applied along the x and y directions to spatially encode the echo to yield a three-dimensional (3D) (k,, k,, t) matrix,
which is then subjected to a spatial and temporal Fourier transform to yield the spectra as a function of location. One can increase the spatial
resolution by increasing the number of phase encodes (also equal to the number of points in the spatial dimension) along each k-space dimension
at the expense of time. This is a significant problem, particularly if 2D and 3D MRSI datasets need to be acquired from large volumes of interest at
high spatial resolution and SNR. For example, the acquisition of data for a 16 x 16 x 16 3D spectroscopic volume requires the generation of 4096
spectroscopic signals or k-space points. This leads to an acquisition time of approximately 1 h 8 min for TR = 1 s and a single signal average. This is

a prohibitively long acquisition time for clinical applications in terms of practicality, patient discomfort, cost, and throughput.
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FIGURE 1 Conventional MRSI data acquisition. A, PRESS based volume-selective 2D MRSI pulse sequence with gradient channels G,, G,, and
G,, equipped with an analog-to-digital (ADC) converter. The second half of the second echo at time TE; is sampled. The total acquisition time in 2D
MRSl for a slice in the z direction would be NyN,N,TR, where N, and N, are the numbers of phase encodes (indicated by the horizontally shaded
gradient pulses) along the x and y directions, respectively, N, is the number of signal averages. B, representative metabolite maps of the major
brain metabolites N-acetyl aspartate (NAA), creatine (Cr), choline (Cho), and lactate seen in a brain tumor patient (11 year old male diagnosed with
metastatic Ewing's sarcoma), with spectra depicted from normal and tumor voxels. Scan parameters: TE/TR = 46/1500 ms, 16 x 16 x 2048 matrix,
one average, total scan time of 9 min. Due to overlapping resonances, the lactate map may include contribution from lipid, especially close to the
edge of the brain

Another limitation of MRSI is the inherent low SNR due to low concentrations of the metabolites to be detected. For example, in the normal
adult human brain, MR visible metabolites are typically in the range of less than 0.1 to 16.6 mM (as compared with 55 M water).%> To improve
SNR, one can potentially lower the resolution, which will volume-average the signal and potentially lower the signal contrast from the target
metabolite with respect to other metabolites. Alternatively, one can increase the number of averages to improve SNR, but at the cost of further
increasing the acquisition time. The high concentration of water also necessitates the use of strong water suppression techniques for reliable
detection of the smaller metabolites of interest. The stated limitations decrease the enthusiasm of the clinical user to employ conventional MRSI
for regular in vivo examinations. Not surprisingly, numerous fast acquisition strategies have been developed for this powerful technique in order to
shorten the scan time and increase patient throughput, and these will be discussed in the following section.

3 | FAST MRSI OVERVIEW

As discussed in the previous section, the data at every location in k-space are collected with an interval of TR in conventional MRSI, leading to long
imaging times. Two main approaches to accelerate data acquisition in MRSI (much like that in imaging) involve either (1) acquiring the full k-space
(that corresponds to the Fourier transform of the spatial extent of the dataset) in a more efficient manner, timewise, effectively covering more of
k-space per TR, or (2) acquiring less than the entire k-space and estimating the k-space data not acquired using reconstruction algorithms. Methods
such as turbo MRSI, echo-planar spectroscopic imaging (EPSI), and non-Cartesian MRSI fall into the former category, and achieve acceleration usu-
ally by acquisition of more k-space per excitation. These techniques, particularly EPSI, have greatly improved the feasibility of including MRSI
scans as part of conventional imaging and extended the application of MRSI.

The properties of the Fourier transform and the rectangular extent of k-space (corresponding to a rectangular field of view, FOV) enable a
sparser sampling scheme by excluding certain portions of k-space, although not without affecting the point spread function (PSF).3¢ This has
led to the later class of fast MRSI techniques, which include circular/elliptical sampling, parallel imaging, compressed sensing (CS), and wavelet
encoding. These two classes are not exclusive and can be combined, as in MR, to gain further speed. We will review techniques in both these
categories as well as applications involving combinations of techniques. One could disagree on the inclusion of some of the techniques in one cat-
egory as opposed to the other. For example, non-Cartesian/spiral MRSl is classified here under more efficient coverage of k-space, but it also
tends to undersample the k-space compared with a conventional rectilinear k-space grid. In such cases we have tried to broadly classify according
to the dominant effect and do not suggest exclusivity of these two categories to describe any listed technique. Also, it must be pointed out that
circular and elliptical sampling schemes are now routinely available on clinical scanners and may be considered as “conventional MRSI”. Table 1
summarizes the first implementations of various 2D and 3D fast MRSI techniques that employ novel encoding strategies to reduce the scan time.
Also listed are the initially reported limitations, which were subsequently addressed in some cases, as discussed in each section. Since encoding of
position in conventional MRSI itself is an extension of that in MRI, most of these acceleration strategies are not MRSI specific. All discussed accel-

eration approaches were initially applied and tested in MRI before their adoption in MRSI.
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4 | DOING MORE IN LESS TIME: MRSI TECHNIQUES THAT COVER k-SPACE MORE
EFFICIENTLY

A straightforward approach to accelerating MRSI involves the acquisition of more k-space points within the same Tg, analogous to that performed
in accelerated MRI. This could involve acquiring multiple or all lines of k-space within a Tg, or the inclusion of novel non-Cartesian trajectories that
efficiently traverse k-space.

4.1 | Fast spin echo MRSI (turbo MRSI)

Analogous to fast spin echo imaging in conventional MRI, multi-echo imaging (also called turbo MRSI) was one of the first techniques used to
accelerate acquisition times, especially in the brain.2”*” The multi-echo, multi-slice MRSI technique proposed by Duyn and Moonen enabled
the acquisition of multiple spin echoes within a single T.%” An echo train length of 4 was used to achieve a fourfold decrease in the acquisition
time as compared with the single echo technique. A fast spin echo based spectroscopic imaging sequence is illustrated in Figure 2. However, this
technique does have several limitations. The data acquisition readout for spectroscopic imaging needs to be of the order of 0.3-1 s to maintain
reasonable spectral resolution, and significant T, decay would have already occurred by the time the subsequent echoes were encountered.?”
Consequently, metabolites with short T, cannot be observed using this technique. This may force one to accept limited spectral resolution due
to fewer echoes and smaller acquisition windows to gain speed. There is also considerable T, weighting of different echoes, and metabolites such
as lactate need to be imaged carefully, taking into account the fact that the choice of TE modulates the signal appearance of these metabolites.”
Also, for long echo train lengths, the minimum TR often needs to be increased to accommodate the long readout window required, which tends to
offset the time gained in multi-echo encoding. Turbo MRSI has been applied to tissue sampling to evaluate a physiologically based target for het-
erogeneous lesions in brain biopsies.’® Yahya and Fallone employed a modified turbo MRSI sequence to facilitate the detection of glutamate and
glutamine,> while Verma et al implemented a correlated turbo imaging sequence to detect metabolites in the human brain and calf muscle.>?
Other related multiecho based fast MRSI techniques include the spectroscopic ultrafast low-angle rapid acquisition and relaxation enhance-
ment (U-FLARE)®®>2 and the spectroscopic gradient and spin echo (GRASE)®’ imaging techniques (Figure 3). Spectroscopic U-FLARE acquires
“slices” of k-space by measuring all data points in the k,-k, plane at a given value k,, after each signal excitation, ie within the TR, using the fast
imaging method U-FLARE.>* There are two different ways to encode the chemical shift. In the first approach, the beginning of the imaging
sequence is shifted with respect to the RF excitation in subsequent measurements. Alternately, the time interval between the 90° excitation pulse
and the imaging sequence is kept constant and the position of a refocusing 180° pulse, applied within that interval, is incremented to encode the

chemical shift. In spectroscopic GRASE, after each signal excitation, all data points from Ngg k«-k, slices are acquired at different k,, values by using

90° 180° 180° 180° 180°

ADC | | -------
FIGURE 2 A turbo or fast spin echo spectroscopic imaging sequence. This sequence generates and acquires slice-selective spin echoes at echo
times TE4, TE,, ..., TEy, in intervals between the 180° RF pulses. Phase encoding gradients (indicated by the horizontally shaded gradient pulses)
encode each individual echo in the acquisition interval. Crusher gradients (indicated by the diagonally shaded gradient pulses) around the 180°
pulses suppress any unwanted signals. Any unwanted coherences are suppressed with the help of phase encoding rewinders. Gradient pulses
depicted by the solid gray boxes represent slice-selective gradients. Additional OVS and water suppression modules can be added before the 90°
pulse. Adapted from reference 37
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FIGURE 3 Spectroscopic U-FLARE (A) and GRASE (B) imaging pulse sequences with a pre-saturation period A, excitation and evolution period B,
an optional localization period C, and readout period D. Phase encoding gradients are denoted using horizontally shaded gradient pulses and
spoiler gradients are denoted by diagonally shaded gradient pulses, while solid gray and white boxes depict slice-selective and readout gradients,
respectively. Phase encoding gradients are applied before data acquisition and then rewound as indicated by the arrows. Spectroscopic GRASE
enables effective homonuclear decoupling, while achieving a lower minimum acquisition time (T,,;») as compared with the spectroscopic U-FLARE
sequence. Adapted from references 39 and 53

a GRASE imaging sequence.®? The delay between consecutive gradient echoes, which are measured with uniform phase encoding between con-
secutive refocusing pulses, is the inverse of the spectral width (SW). A refocusing 180° pulse, which is applied within a constant delay between

excitation and the GRASE sequence, is shifted for subsequent measurements by an increment Ngg/(2 SW) to cover the whole k,-k,-k, space.

4.2 | EPSI

EPSI or proton echo-planar spectroscopic imaging (PEPSI) in 1H MRSI (Figure 4) was initially proposed by Mansfield® and further developed by
Posse and co-workers.*%°¢>” The echo-planar imaging (EPI) method>® was adapted by Mansfield in CSI to facilitate echo-planar shift mapping
(EPSM), which was faster than previously employed techniques such as the 3D/4D Fourier transform® and the point-by-point topical magnetic
resonance method.>” This resulted in scan times as low as 64 s for 2D acquisition, while maintaining an SNR/unit time and unit volume that
was comparable to that obtained using conventional MRSI techniques.*® The EPSI technique was later extended to 3D for spectroscopic imaging
in the human brain at very short Tg (13 ms).>

The EPSI technique accelerates the filling of k-space (up to three spatial frequencies k,, ky, k., and time) by acquiring two (any one spatial fre-
quency and time) of the possible four dimensions with each readout.®® A frequency encoding gradient is rapidly switched during readout to
acquire both spectroscopic and spatial data from any one k-space dimension, which can subsequently be separated and re-gridded.®® The acquired
echoes can be separated into odd and even echoes, and each even (or odd) echo can be time-reversed and re-gridded to recover the spin echo

from the dimension to which the EPI readout was applied. Information from the remaining two spatial dimensions can be then acquired using
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FIGURE 4 A PEPSI pulse sequence with a spin echo excitation section, and an echo-planar spectral readout. Additional OVS and water
suppression modules can be added before the 90° pulse. Phase encoding gradients are denoted by horizontally shaded gradient pulses, spoiler
gradients are denoted by diagonally shaded gradient pulses, while solid gray boxes depict slice-selective gradients. Adapted from reference 40.

conventional phase encoding. Using EPSI acquisition in 3D, the time required to collect a 16 x 16 x 16 spectroscopic grid is only 16 x 16 s (assum-
ing Tz = 1 s and one average), reducing the scan time from 1 h 16 min to approximately 4 min 16 s. In an early study, 3D EPSI was used along with
a fully automated spectral analysis to achieve comparable SNR and superior coverage over a wide region of the brain as conventional MRSI using a
32 x 32 x 16 grid in 15 min/average.®*

However, EPSI has its share of technical limitations. The use of rapidly oscillating readout gradients places high hardware demands on the
gradient system, while the spectral bandwidth is limited by the gradient strength and slew rate.®? Furthermore, only half the spectral bandwidth
is used in conventional EPSI, as the even and odd readout echoes are utilized separately during reconstruction. Limited spectral bandwidth is par-
ticularly a problem at higher magnetic field strengths (>3 T), as chemical field dispersion effects increase, leading to spectral aliasing.®? This can be
compensated for by using a cyclic unwrapping method, wherein the aliased portion of the spectrum is cyclically shifted and the region downfield is
filled with zeros to obtain a modified spectral distribution.? Limited spectral bandwidth in EPSI can also be mitigated using interleaved Tg-shifting
at the expense of increased scan time.®®
There is a drop in the SNR during data acquisition due to the associated short dwell times (resulting in increased bandwidth and hence noise)

1.5° Corrections of frequency instabilities and local By shift have also been investigated by Ebel et al to limit

as compared with conventional MRS
the line broadening effects seen at higher field strengths in whole-brain 3D EPSI.4° Due to the above mentioned limitations, increased averaging
may be required to improve the SNR, which may neutralize the speed gain. Nevertheless, EPSI has proved to be particularly useful in numerous 2D
and 3D applications, including those where loss of SNR is acceptable in favor of faster imaging, eg in imaging hyperpolarized probes, where one
battles dynamic signal loss due to Ty relaxation,®® and 3D *H spectroscopic imaging of the brain.®”%?

Numerous preclinical and clinical studies have been conducted using EPSI. On the preclinical front, J-coupled and uncoupled spin signals have
been detected with high SNR in vivo in the healthy rat brain using a fast 3D EPSI sequence based on the condition of steady-state free precession
(SSFP).”° The new spectral-spatial encoding scheme combined with SSFP enabled rapid mapping of the rat brain in 2 min 23 s in vivo, increasing
the appeal of this technique in applications where time-resolved spectroscopic imaging with complete 3D volume coverage is required. EPSI has
been used to image prostate cancer in rodent tumor models,”* wherein it was demonstrated that the vascular environments and heterogenous
tissue within solid tumors can be imaged at improved spectral and spatial resolution using EPSI as compared with conventional MRSI. In vivo
carbon-edited detection with PEPSI (ICED PEPSI)”2 has been employed for glutamate and glutamine measurement in the rat cortex in vivo at high
temporal and spatial resolution, thus improving the imaging of *C turnover and metabolic fluxes. Multi-band excitation pulses have been
employed by Larson et al in dynamic *3C MR spectroscopic imaging to probe hyperpolarized [1-13C] pyruvate dynamics in prostate cancer tumor
mouse models, achieving high spatial and temporal resolution.®®

Du et al also demonstrated that high-resolution EPSI is useful for evaluating blood oxygen level dependent (BOLD) contrast and other sus-
ceptibility related effects, as well as for better functional and anatomical imaging of the human brain at 1.5 T.”® A center out EPSI technique
(termed EPSICO) has been developed by Labadie et al to correct for Nyquist ghosts and spurious peaks in the image and spectrum, respectively,

1.74 Rapid whole-brain mapping using a volumetric multi-shot EPSI technique called MEPSI has been

to overcome the limitations of the SW in EPS
developed by Tyszka and Mamelak for metabolic mapping of the entire brain in under 20 min.® Fast T, relaxation maps of the cerebral metab-
olites NAA, creatine, and choline were obtained using PEPSI by Tsai et al at 3 T, to facilitate more accurate quantification of metabolite concen-
trations in scans employing long Tg.”®

EPSI has also found applications in 3P MR spectroscopic imaging of the human brain and calf muscle in vivo.”®”” The detection of
phosphorus-containing neurometabolites was demonstrated by Ulrich et al, with the developed 2D 3P EPSI sequence facilitating the rapid acqui-
sition of localized spectra that displayed well-resolved 3P resonances in vivo.”® The EPSI sequence has also been employed to localize 3P spectra
in the human calf muscle.”” The 2D EPSI measurement proposed by Wilhelm and Bachert enabled a twofold reduction in the measurement time of

the PCr signal as compared with conventional CSI acquisition.
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Fly-back echo-planar gradient readouts were employed by Cunningham et al to obtain a ninefold reduction in the scan time, with an SNR pen-

alty of 10-30% as compared with conventional phase-encoded MRSI.”8 Fly-back echo-planar readouts have also been used to encode spectro-
scopic information from the prostate at 3 T, to acquire high-resolution spatial-spectral data in 8.5 min.”? Srinivasan et al implemented a Te-
averaged PRESS MRSI technique combined with a fly-back echo-planar readout, for the rapid mapping of the 2D spatial distribution of brain glu-
tamate in the clinic.2% PEPSI has also been adopted to quantitatively map the distribution of total choline in the healthy breast.®!

4.3 | Non-Cartesian MRSI

k-space is traversed point-wise in a rectilinear manner in conventional MRSI by the choice of phase encoding gradients, leading to long acquisition
times. The efficiency of conventional phase-encoded CSI can also be improved by using acquisition or density weighting, as investigated by
Greiser and von Kienlin.2? The k-space is sampled in uniform increments in conventional phase encoding, whereas in density-weighted sampling
an approximation to a radial weighting function is obtained by varying the distance Ak between neighboring sampling locations. Prior to applying
the fast Fourier transform (FFT), interpolation algorithms need to be employed to map the sampling points to a Cartesian grid. Acquisition
weighting can significantly improve the profile of the spatial response function (SRF) by suppressing the side lobes, and can achieve higher
SNR compared with conventional uniformly weighted CSI. Density weighting was demonstrated by Greiser and von Kienlin in P MRSI of the
human heart, and can be used to reduce the scan time at a fixed resolution and FOV.

Other, non-Cartesian trajectories such as the spiral and radial, and less common ones such as the rosette, traverse k-space more efficiently,
enabling faster scans.*8384 These sample the k-space non-uniformly as well but have speed as their primary objective (as opposed to improving
the SRF). Therefore, non-Cartesian k-space sampling has gained increased attention over the years in accelerating MRSI. Spiral MRS, originally
developed by Adalsteinsson et al,** traverses the (k,, k,) space with high sampling efficiency in a spiral trajectory by applying gradient waveforms
along the x and y axes. The (k,, ky, k r) space is traversed by these gradients with the evolution of time. Rewinding gradient lobes are added imme-
diately after the spiral gradients to facilitate return to the k-space origin, as depicted in Figure 5. Multiple spiral shots can be employed to map out
the entire k-t space and collect all data points, resulting in a increase of spectral bandwidth. The collected data are then interpolated onto a
Cartesian k-space grid by employing a regridding algorithm for conventional Fourier reconstruction techniques.** The SNR of the spectra reported
by Adalsteinsson et al was found to be comparable to that from conventional MRSI techniques using long T and inversion recovery pulses for lipid
suppression, demonstrating the value of spiral trajectories for rapid volumetric spectroscopic imaging. A 30% loss in the signal from the metabo-
lites is expected when an inversion time of 170 ms is used to obtain fat suppression of an order of magnitude, due to T, relaxation of the inverted
metabolite magnetization,** and is not specific to the spiral acquisition. As in spiral MRI, variable density spirals can be used to sample k-space,
thus offering a certain degree of flexibility over the SNR, PSF, and scan time.8>8¢ The sampling density is typically highest towards the center
of k-space, where there is more signal, while sparser sampling is employed towards the peripheral regions of k-space. Furthermore, if the origin
of each spiral trajectory is at the center of k-space during data acquisition, one might be able to compensate for motion artifacts and other insta-

bilities during the experiment, and only produce shot to shot variations in frequency or phase.®”

Fat-nulling
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FIGURE 5 The spiral trajectory in k-space: Trajectory with a rewinding path back to the origin A, the path traced by the trajectory in (k,, ky, k¢)
space during the readout time B, phase encoding used to cover the k, dimension (spherical or ellipsoidal coverage) C, the gradient waveforms g,
(solid) and g, (dashed) over one period D, and a pulse sequence diagram employing spiral gradients on G, and G, to simultaneously encode the x,
y, and f dimensions E. fat saturation is achieved via an adiabatic inversion pulse, followed by a spin echo excitation using spectral-spatial 90°
(SS 90) and 180° (SS 180) pulses. The z dimension is encoded via phase encodes along G, (denoted by horizontally shaded gradient pulses). The
dashed lines in (A) and (C) represent spatial interleaves while those in (B) represent spectral interleaves. Reproduced with permission from
reference 41



VIDYA SHANKAR ET AL 9 of 22

NMR
WILEY-yBIOMEDICINE

Some of the constraints and limitations of spiral MRSI are similar to those of PEPSI as discussed in the previous section, since it applies a readout

gradient during data acquisition similar to that used in PEPSI. The spiral trajectory tends to be less demanding on the gradient system as compared
with the EPI waveform. Artifacts can be minimized by carefully calibrating the gradient system.?” The need for computationally powerful
hardware/software and lack of widespread availability have resulted in limited application of spiral MRSI in the clinic as compared with EPSI.
Nevertheless, MRSI sequences employing spiral k-space trajectories have found numerous applications over the years. Spiral MRSI has been
employed to collect 3D spectroscopic data in the human brain with high SNR and two orders of magnitude reduction in the scan time as compared
with conventional CSL.*88 On the preclinical front, Hiba et al employed out-and-in spiral trajectories to rapidly collect metabolic information from
the rat brain in vivo at 7 T,®? obtaining spectral quality and spatial resolution comparable to those of standard phase-encoded MRSI. Various inno-
vations have been developed for spiral MRSI and applied to hyperpolarized *3C spectroscopic imaging”®?> to probe cellular metabolism. These tech-
niques have been used for the sub-second metabolic imaging of *3C pyruvate with the help of undersampled spiral CSl,”? to volumetrically map the
metabolism of ethanol in a rat liver,”® and for the dynamic mapping of hyperpolarized [2-13C] pyruvate using multiple alternating spectral bands.”®

Apart from spiral MRS, there is potential for developing different novel trajectories for the undersampling of k-space.83842-98 Concentrically
circular,® rosette,® and various other arbitrary k-space sampling trajectories that can be adopted for MRSI have been investigated?®?8. Furuyama
et al have investigated spectroscopic imaging using concentrically circular echo-planar trajectories, also known as SI-CONCEPT, to speed up the
acquisition of MRSI data.®® Data from all four k-space quadrants can be collected within a single acquisition using concentric trajectories, resulting
in more efficient data acquisition as compared with rectilinear sampling. The SI-CONCEPT sequence was demonstrated in healthy human volun-
teers, and compared with the conventional EPSI sequence to obtain quantitatively comparable results with reduced spatial and spectral distor-
tions. The rosette trajectory, investigated by Schirda et al,®* has modest gradient requirements and is simple to implement, making it an
attractive option for accelerating MRSI. Its application was demonstrated in vivo with improvement in the total scan time, and calculations show
a higher SNR efficiency as compared with conventional MRSI. When compared with MRSI with sampling on the same k-space disk of support, the
SNR efficiency is lower.

5 | DOING MORE WITH LESS DATA: FAST MRSI WITH UNDERSAMPLING

An alternative approach to speed up MRSI (or imaging) involves the approximate reconstruction of spectroscopic imaging data from a smaller sub-
set of k-space data (acquired in less time than the full k-space). As in imaging, the “missing” data is filled using zero-filling and/or iterative non-
linear reconstruction algorithms. While technically the data obtained from these techniques are only an approximation to the “true” data acquired
from transforming the full k-space, exhaustive validation is usually carried out to show the fidelity of such approaches and their statistical equiv-

alence up to certain acceleration factors depending upon the inherent SNR of the data.

5.1 | Circular and elliptical k-space sampling

The circular sampling technique only measures and samples a circular region in k-space; the remaining points that have not been collected are
zero-filled to produce a Cartesian grid for reconstruction using the FFT.3¢ Such a technique not only reduces the scan time, but also improves
the overall effect of the PSF. While circular sampling schemes slightly broaden the main lobe of the PSF, a considerable reduction in the number
of side lobes can be achieved by density weighting, thus reducing the spatial extent of voxel bleeding.”® However, this technique has its share of
limitations. Circular sampling creates a highly isotropic PSF, leading to increased spatial blurring mainly along diagonals of the image matrix, com-
pared with rectangular sampling, wherein the side lobes of the PSF are propagated along the principal axis.®>*? Elliptical k-space sampling tech-
nigues, an extension of circular sampling for cases where the acquisition matrix is non-square, have also been employed to reduce the number of
k-space points collected.'®® The sampled region of k-space is restricted to a central ellipsoidal volume, leading to faster scan times. Elliptical sam-
pling provides better k-space coverage compared with circular sampling, particularly in cases where the spatial frequency extent is anisotropic.
Spectral definition is accurately maintained, although there is spatial blurring, similar to that in circular sampling. Elliptical sampling combined with

density weighting has been investigated by Scheenen et al for accelerating 3D MRSI of the human prostate.'°?

5.2 | Fast MRSI with parallel imaging

Parallel imaging utilizes multiple receiver coils to permit k-space undersampling for acceleration of data acquisition.*?°%1%% Reconstruction of raw
undersampled k-space data into meaningful images in parallel imaging requires accurate knowledge of the coil sensitivities, and can be performed
in either the image domain, as in sensitivity encoding (SENSE), or in k-space, as in simultaneous acquisition of spatial harmonics (SMASH) and gen-
eralized autocalibrating partially parallel acquisitions (GRAPPA).2%? In parallel imaging, a typical tradeoff between data acceleration rate and the
robustness of data reconstruction is an inherent loss in SNR dependent on the reduction factor R. An additional potential penalty is the geometry,
or g-factor, which characterizes the ability of the measured coil sensitivity profiles to reconstruct the undersampled k-space raw data.'®* Extensive
details of the concepts and principles of parallel imaging can be found in the literature.1°5:1% All these parallel imaging techniques can be used to

speed up MRSI as well.
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The application of SENSE to spectroscopic imaging is similar to anatomical imaging. In 2D SENSE MRSI, each k-space direction can be

undersampled by Ry or Ry, resulting in a final undersampling factor of Rny.42 This results in an effective n/R, x n/R, matrix from an originally
n x n matrix, resulting in a reduced FOV.*? Because the effective FOV in SENSE MRSI is smaller than the true FOV, the reconstructed image is
aliased (Figure 6).*? As in anatomical imaging, the unfolding process requires the collection of an accurate sensitivity map from each coil to deter-
mine the different weights in the superposed signal.*2>1°2 Each voxel in the final image is a summation of signals from each coil multiplied by the
sensitivity of this coil.*>1°2 |n the spectral dimension, an aliased image at each sampling frequency needs to be unfolded. Using the notation

followed in Reference 103, if S denotes the sensitivity matrix, then the unfolding equation described by Pruessmann et al is given by
-1
U= (qufls) sHyt

where U is the unfolding matrix, ¢ is the receiver noise matrix, and H indicates the transposed complex conjugate. The different weights derived
from inaccurate coil sensitivity profiles would result in spurious signal artifacts.%2

In SENSE spectroscopic imaging, the loss in SNR is directly related to the reduction factor: the SNR drops by a factor of two when R = 4. The
SNR is also reduced by 1/g, where g is the local geometry factor and is a function of the reduction factor as well as coil configuration. The value of
g, which is 1 or higher, is an indicator of the ability of the employed coil configuration to separate the aliased pixels and reflects noise amplification
due to aliasing.1® Optimal placement of the coils, which in turn is affected by tradeoffs between single channel noise levels, coil coupling, and
geometric and absolute sensitivity relations, can help ensure that g is close to 1. SENSE encoding can be extended to the third dimension in
3D MRSI to obtain further decrease in the scan time. SENSE can also be combined with other high-speed MRSI techniques such as multi-echo
MRSI to facilitate very fast imaging times. Phased array coils employed for SENSE encoding of the human brain have a better local SNR as com-
pared with conventional volume head coils in the periphery.2”:*%7 This helps offset the SNR losses that arise from faster scan times. However,

phased array coils are extremely sensitive at the scalp (due to proximity), resulting in foldover of the lipid signals into the brain. This requires

(E)

Conv. SI SENSE-SI

(C) (D)

FIGURE 6 The basic principle behind SENSE MRSI. A, As an example, the object depicted contains two different metabolites, as indicated by the
color scheme (white and gray regions). B, A SENSE acquisition of a 16 x 16 grid results in a fourfold decrease in the scan time as compared with a
conventional 32 x 32 MRSI grid, as only every fourth point in k-space is sampled. C, The resulting aliasing artifacts from Fourier reconstruction. D,
The SENSE reconstruction unfolds the data from voxel a, which is a weighted sum of the signal contributions from the four voxels highlighted in
(B) into its components to obtain the true signal c at that location. E, Representative in vivo scout (i) and metabolite (ii-vii) maps of N-acetyl

for a 32 x 32 spatial grid. The black voxel was chosen for SNR comparisons between conventional and SENSE spectroscopic imaging. Reproduced
with permission from reference 42
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powerful lipid suppression techniques to mitigate the demand on the unfolding accuracy of the SENSE reconstruction algorithm.?”-1%7 Effective
lipid suppression can be achieved by using either adiabatic inversion pulses, outer volume crusher coils, carefully selected PRESS/STEAM
localization to avoid exciting the peripheral lipid signal, or pre-saturation of the fat signal using outer volume suppression (OVS)%6117; the

reader is directed to the cited references for a more in-depth discussion on lipid suppression techniques in MRSI. SENSE MRSI has been applied
103,118

in studies of the human brain
T.12O

and in 3D with acceleration along all three dimensions,*!? and for the 3D spectroscopic imaging of
gliomas at 3

GRAPPA requires acquisition of the auto-calibration signal (ACS), which is essentially an additional calibration line that is collected along with
the reduced data from each coil.*?* The data from multiple lines from all coils can be fit to the ACS line from a single coil, to generate the recon-
struction weights that are used to estimate the missing lines. GRAPPA (Figure 7) has been tested in 2D and 3D in both *H and *'P MRSI by various
groups.**>122 Parallel CSI acquisitions using GRAPPA were tested both in vitro and in vivo to accelerate the MRSI acquisition by a factor of four,
while retaining sufficient SNR.*> GRAPPA eliminates the requirement of collecting separate sensitivity maps, which makes it particularly attractive
for studies in 1P MRSI, as demonstrated by Raghavan et al.1??

5.3 | Wavelet-encoded MRSI

The wavelet encoding technique employs prototype wavelet functions (the discrete wavelet transform, DWT) to identify defined regions in local-
ized space using translations and dilations.**122 The slice-selective RF pulse profile is matched to a group of dilated and translated wavelets in
MRSI. The spin echo sequence in 2D MRSI wavelet encoding has single and dual band slice-selective excitation and refocusing pulses that have
profiles similar to the Haar wavelets.** The dilations correspond to increases in the localization gradients, and translations correspond to the fre-
quency shift of the RF pulses. The desired resolution can be achieved by employing a proportional number of dilations and translations. Successive
MR signals are acquired from different locations housing regions of variable size, without the Tr waiting time requirement between successive
acquisitions, thus reducing the total scan time.** The correct spatial distribution of the MR signal is subsequently obtained using an inverse wave-
let transform. The general algorithm is shown in Figure 8.
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FIGURE 7 A, a schematic diagram of the basic GRAPPA algorithm. In this example, a single ACS line in coil 4 is fitted using four acquired lines. In
the GRAPPA technique, a single acquired line along with the missing lines present next to that line constitute a block. A block has been depicted
here for an acceleration factor of 2. B, an illustration of the application of GRAPPA to spectroscopic imaging in a glioma patient: Spectra from the
tumor region of the chosen PRESS volume of interest for a 12 x 12 x 8 fully sampled elliptical acquisition (i) and a 16 x 16 x 8 elliptical GRAPPA
acquisition (ii). Reproduced with permission from references 121 and 100, respectively
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FIGURE 8 A, the wavelet-encoded MRSI algorithm along with the modified PRESS sequence. The sequence parameters such as the delay time,
gradient values, and frequency shift of the RF pulses are set by calculating the wavelet dilation and translation parameters at each wavelet
encoding step. B, in vivo spectra from healthy volunteers: Wavelet-encoded spectroscopic imaging (left) and corresponding spectra from
conventional CSI (right). Scan parameters: Tg/Tg = 75/2000 ms, 4 x 4 x 4 matrix, two averages. Acquisition time for conventional CSI was 4 min
16 s while that for wavelet-encoded CSI was 3 min 20 s. Reproduced with permission from references 123 and 125

Wavelet encoding permits the imaging of only a selected portion of the FOV in a non-contiguous manner. Different subspaces can be excited
with no Tr waiting time, accelerating data collection. As the excitation profiles of the RF pulses are modulated to resemble wavelet shapes, there is
reduced pixel bleed in the spatial dimensions, which can be observed in the corresponding metabolite maps. The SNR in wavelet encoding is lower
than that in Fourier encoding by almost a factor of two, as this technique is limited by the length of the wavelet support.** In 2D wavelet MRSI, the
SNR drops by a factor of [(N? + 2)/6)](4/N?) for an image of size N x N; the authors suggest more averaging to compensate for the signal loss, as
the scan time is drastically reduced.** Furthermore, in multi-slice imaging, wavelet encoding can be employed to encode the slice dimension,
resulting in a higher SNR. Also, a linear combination of prototype wavelet functions, with less spatial localization than Haar wavelets, can be
employed to achieve a SNR comparable to that found in conventional Fourier encoding.*?* While wavelet-encoded MRS| preserved the spatial dis-
tribution of the signal, paricularly at low resolutions, a few empty pixels had artifacts in the form of residual signals with negative amplitudes.** The
errors could be attributed to imperfections in the refocusing pulses and the shape of RF profile. Cross-voxel contamination was also observed due
to poor shimming. The wavelet encoding technique has been extended to three spatial dimensions in MRSI by Young et al.12312%> Wavelet-encoded

MRSI can also be combined with other parallel imaging approaches to further reduce the acquisition time with minimum loss in the SNR.124:127
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54 | CS-MRSI

CS is a novel approach that exploits the inherent sparsity of medical images in an appropriate transform domain to effectively undersample
k-space. This in turn reduces the number of samples that are required for reconstruction in MRI and MRSI.4>12812% The CS theory successfully
predicts that signals can be accurately recovered even when sampling well below the established Nyquist rate, if the signals under consideration
are sparse in some transform domain (not just in the time or frequency domains). Data tend to be sparse in multiple dimensions of space and
frequency in the wavelet transform domain, thus making this technique particularly suitable for MRSI. Wavelets have been employed to achieve
a sparse representation of MRSI data in both the spatial and spectral domains, facilitating the application of CS acquisitions in MRSI.

The CS based reconstruction of undersampled data needs three requirements/steps to be fulfilled. First, the signal under consideration must
have a sparse representation in some transform domain (FFT, DWT, etc), ie it should only have a few significant non-zero components in that
domain. Second, the signal is then subjected to random (or pseudo-random) undersampling, producing incoherent noise-like aliasing artifacts.
Pseudo-random undersampling, which involves sampling the center of k-space more densely as compared with the periphery, is preferred to pre-
serve the SNR in MRI/MRSI. Finally, since the problem at hand is ill posed, a non-linear reconstruction algorithm such as the conjugate gradient
scheme should be employed to find the optimal solution to a minimization problem, where a functional is constructed, sometimes with multiple
components. Typically, the I;-norm is employed to enforce the sparsity constraint, while the |,-norm is used to enforce data consistency, in order
to minimize the cost function.

CS was first applied to MRI by Lustig et al.*?® The application of CS to *H MRSI was investigated by Geethanath et al for various acceleration
factors, retrospectively.*> Sampling masks were generated for various acceleration factors, namely 2, 3, 4, 5, and 10, using variable density random
undersampling. A 2D probability density function was used to select the random samples, ensuring a denser sampling at the center of k-space and
sparser sampling of points towards the periphery.*> The reconstructions at various acceleration factors preserved the fidelity of the metabolite
spectrum when compared with the fully sampled conventional MRSI datasets. The algorithm broke down at an acceleration factor of 10, wherein
the metabolite peaks began to show increased signal intensities when compared with the conventional MRS datasets.*> The reconstruction thus
faithfully preserved the prognostic and diagnostic value of the metabolite maps up to an acceleration factor of 5; this retrospective study was an

).45

important first step that demonstrated the feasibility of the approach (Figure 9).*> On the preclinical front, lactate-selective *H CS-MRSI has been

demonstrated in H1975 non-small-cell lung cancer tumors that were subcutaneously implanted, with accelerations up to fivefold maintaining data

fidelity with the fully sampled reference dataset (Figure 10).2%°
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FIGURE 9 Representative metabolite maps
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demonstrating the retrospective application of

CS to *H MRSI in a brain tumor patient for
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FIGURE 10 A lactate selective multiple quantum coherence (Sel-MQC) sequence for 2D MRSI with CS based pseudo-random undersampling of
the phase encodes G, and G, (indicated by horizontally shaded gradient pulses). The first RF channel selectively excites fat and the lactate doublet
located at 1.31 ppm. The second RF channel is selective for water (4.65 ppm) and the lactate quartet located at 4.1 ppm. Coherence selection
gradients g4, g2, and g3 in the ratio 0:-1:2 allow the multiple quantum coherences of lactate to pass through, while dephasing the single quantum
coherences corresponding to water and lipid. B, reconstructed MRSI datasets showing the distribution of lactate in a H1975 tumor (non-small-cell
lung cancer) implanted subcutaneously in a mouse thigh for various accelerations. Reproduced with permission from reference 130

A four-dimensional (4D) EPI sequence based on J-resolved spectroscopy was used to achieve a high acceleration in vivo, demonstrating the
applicability of the multidimensional imaging technique in the clinical setting.*” Furthermore, CS has been successfully applied to accelerate multi-
dimensional spectroscopic imaging studies in the human prostate by Furuyama et al.*”*31"13% 4D echo-planar based J-resolved spectroscopic
imaging data were collected from a prostate phantom housing physiologically relevant metabolite concentrations. CS undersampling was applied
to the indirectly acquired spectral and spatial dimensions and reconstructed using the split Bregman134 reconstruction algorithm. Retrospective CS
reconstructions on in vitro data resulted in a reduction of scan time by up to 80%, while prospectively undersampled data were acquired in healthy
prostates achieving a fourfold acceleration factor in vivo (Figure 11).%7

The CS technique has also been applied to accelerate *C 3D MRS, in conjunction with EPSI.*¢*3> Typical hyperpolarized spectra only exhibit
a few prominent peaks due to negligible background signal from carbon compounds; thus, hyperpolarized *°C spectra are fundamentally sparse in
nature.**3> Such spectra also have very high SNR due to a more than 50 000-fold increase in the signal due to hyperpolarization. However, there
is a limited time-window during which the SNR is very high due to the rapid signal decay, thus necessitating the use of very fast sampling and
acquisition techniques. CS, which is best suited for high SNR and sparse data, appears to be an ideal candidate for the conditions mentioned
above. The T4 decay of the hyperpolarized signal restricts the amount of time available for signal acquisition in the time-window when SNR is high,
necessitating the use of accelerated imaging techniques for optimal spatial coverage and speed. The sequence proposed by Hu et al achieves an

acceleration factor of up to 7.53, and minimal artifacts in the reconstruction for 3D MRSI.#® The ke-ky~1x space is pseudo-randomly undersampled

F, (Hix)

FIGURE 11 An illustration of CS applied to the multidimensional spectroscopic imaging of the human prostate using the EP-JRESI sequence:
Mask employing only 25% of the samples necessitated by the Nyquist-Shannon sampling theorem used to undersample the k,-t; plane (the
spatial frequency-temporal plane not acquired by the EPSI readout) (a), spatial distribution of the citrate multiplet at 2.6 ppm (B), and J-resolved
spectrum from the voxel highlighted in yellow showing creatine (Cr), myo-inositol (ml), choline (Cho), spermine (Spm), and citrate (Cit) peaks (C).
reproduced with permission from reference 47
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by employing x and y gradient blips during a fly-back readout.}*¢ The sequence has been tested in simulations, phantoms, and preclinically in vivo

in transgenic liver and prostrate cancer murine models.*® Apart from the decrease in the scan time, a higher temporal and spatial resolution was
achieved in the animal models as compared with that possible with conventional EPI techniques.

A time-resolved 3D MRSI technique has been developed by Larson et al*®*” to monitor the dynamics of pyruvate conversion to alanine and
lactate in a mouse model. This method effectively utilizes the magnetization through the use of multiband excitation pulses in combination with
CS for increased acceleration.*®” Random undersampling was applied along four dimensions, namely, frequency (f), time (t), and two spatial
dimensions (x, y). Complete volumetric coverage of a mouse was achieved with a temporal resolution of 2 s between each full (x, y, f) scan.
The inherent temporal sparsity was also exploited by modifying the CS reconstructions to include a temporal wavelet sparsifying transform. Less
hyperpolarization per excitation was achieved by using lower flip angles for the multiband excitation pulses applied to the [1-13C] pyruvate sub-
strate.’®” Thus, this technique enabled dynamic MRS studies of pyruvate uptake and conversion, contributing to a potentially improved under-
standing of metabolic changes in cancer imaging. In recent studies, Park et al have used hyperpolarized *C MRSI to assess heterogeneous
metabolic profile variations in orthotopic human glioblastoma xenografts.**® The variations in the 3C metabolic profiles across different tissue
states were captured using high-resolution CS acquisitions, wherein the time gained from a 3.72-fold acceleration was used to achieve a fourfold
increase in the spatial resolution as compared with the fully sampled 1x CSI data.*3®

The CS technique has also been applied to **P MRS of the human brain.**? The long scan times associated with 3P MRS restrict its wide-
spread use in the clinic. Furthermore, 3*P MRSI requires larger voxels and increased signal averaging to obtain adequate SNR, as 3P is approxi-
mately 15 times less MR sensitive than *H.1%? The denoising effect of the CS algorithm helps in accelerating MR data acquisition with lower
penalty on the SNR. In the study conducted by Askin et al, a higher SNR was observed in the CS reconstructed data, while the peak height ratios
of the original and CS datasets were comparable.?®* The long acquisition times associated with conventional 3P MRSI typically do not permit the
dynamic imaging of PCr. To overcome this limitation, CS based 3*P MRSI has been applied by Parasoglou et al to rapidly capture the kinetics of
phosphocreatine (PCr) recovery in the lower leg muscles of humans.*#? The kinetics of the PCr resynthesis rate constant after physical exercise
were studied using both retrospective and prospective accelerations with an undersampling factor of 2, achieving a 3D mapping of PCr resynthesis
with sufficiently high temporal resolution and speed.

Recent promising preclinical applications of CS MRSI in vivo include °F 3D spectroscopy in mice,*** wherein the non-existent background
signal in *F MRSI makes it particularly suited to satisfy the sparsity constraint that is integral to CS. Exogenously administered °F MRSI has sev-
eral markers with unique spectral signals that can be readily detected in the presence of a negligible background signal. Kampf et al demonstrated
the retrospective application of CS based °F MRSI both in vitro and in vivo, with the CS reconstructions preserving the fidelity of the data up to
an acceleration factor of 8.2 The first application of high-resolution 23Na spectroscopic imaging in mouse hearts was recently demonstrated by
Maguire et al.2*? The 2*Na MRSI data from in vivo mouse hearts were prospectively undersampled by 3x and reconstructed using the CS algo-
rithm previously described in Reference 45, to yield undersampled reconstructions that preserved the fidelity of the data.

The non-linear iterative CS reconstruction preserves the spectral line shapes but at the same time causes a gradual smoothing of the spectra
with increasing acceleration. This is due to the denoising introduced by the wavelet and total variation terms in the functional of the CS recon-
struction algorithm. CS denoising could lead to a smoothing of smaller metabolites that are close to the noise floor in the MRS spectrum, thus
presenting the disadvantage of missing these less prominent signals altogether. While most studies tend to focus on the larger metabolites signals
such as NAA, Cr, and Cho, there are various other metabolites such as alanine, glycine, glutamate, 2-hydroxyglutarate (2HG), and myo-inositol that
are important biomarkers and relatively hard to detect. In such cases, the reconstruction algorithm would need to be tailored to ensure a reliable
representation of low-concentration metabolites at higher accelerations, especially when the acquired MRSI data are SNR limited. Other areas of
ongoing research involve determining the best pseudo-random undersampling mask tailored to MRSI at each acceleration factor,**® and investi-

gating the potential impact of CS reconstruction on the low spatial resolution in MRSI.2#4

6 | HYBRID FAST MRSI AND OTHER CONTRIBUTIONS

Various studies have focused on combining acceleration techniques to further reduce scan times and overcome some of the limitations of individ-
ual high-speed techniques in MRSI.29>145-155 parallel imaging techniques have been combined with CS to reduce the number of acquired data.'*®
The method proposed by Dong et al combines CS with the SENSE method to produce a highly accelerated, high-resolution proton MRSI tech-
nique.>*® Fu and Serrai have combined the advantages of wavelet encoding with parallel imaging, demonstrating further scan time reduction while
preserving the spatial metabolite distribution, in vitro.2*® However, this combination suffers from significant decrease in the intrinsic SNR due to
the use of wavelet encoding.**®

The GRAPPA technique has been combined with ellipsoidal k-space trajectories in MRSI to take advantage of the indirect sensitivity estima-
tion based approaches discussed by Banerjee et al.2%° The undersampled data from the elliptical sampling grid were extrapolated to a Cartesian
sampling grid using a GRAPPA based operator, and the full k-space dataset was subjected to a GRAPPA based reconstruction.'°® These measure-
ments were made on the brains of healthy volunteers at 3 T, and good agreement in the metabolic parameters was obtained between the fully
sampled and GRAPPA-sampled datasets.
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An ultrafast spectroscopic imaging technique was proposed by Dydak et al, combining SENSE with a multiple spin echo acquisition.

105,146

Posse et al have combined MRSI with parallel imaging techniques to accelerate the acquisition in 3D MRSI of the human brain.*>3 PEPSI was com-
bined with 2D SENSE to further shorten the scan times. An eightfold acceleration was achieved in the acquisition of a 32 x 32 x 8 spatial matrix
using a 32-channel array coil by employing a 15 ms Tg 3D PEPS| sequence at 3 T.1>3 Other high-speed combinations include SENSE-PEPS|,*>%153
spiral MRSI and iterative SENSE,*>* EPSI with SENSE,*>?> PEPS| combined with GRAPPA (also termed parallel PEPSI),*>** 3D EPSI using
GRAPPA, %5 and miscellaneous other techniques employing parallel imaging and varied k-space trajectories.24”:14?

A recently developed hybrid CSI/EPSI technique called SPICE (spectroscopic imaging by exploiting spatiospectral correlation) employs a sub-
space approach to acquire high-resolution spectroscopic data with good SNR.*°4'57 The SPICE technique exploits the property that low-
dimensional subspaces tend to contain high-dimensional spectroscopic signals.>>® Sparse sampling of the (k, t) space is achieved using a hybrid
CSI/EPSI sequence that acquires two distinct datasets, D1 and D,. In D4, there is limited k-space coverage that is restricted to the central region,
while the temporal dimension is fully sampled to determine the temporal basis. In D5, limited spectral encoding is combined with extended cov-
erage of the k-space to identify the high-resolution spatial coefficients. D4 is acquired using conventional CSI while EPSI is used for the fast acqui-
sition of D,. The SPICE pulse sequence achieves the simultaneous encoding of two spatial dimensions, along with spectral encoding using echo
shifting methods.*>¢ The reconstruction algorithm extracts the temporal subspace from D and the high-resolution spatial coefficients from the
sparse dataset D, by using least squares minimization. This technique has been tested in phantoms to obtain a factor of 10 reduction in the scan
time with minimal SNR loss as compared with conventional high-resolution MRSI.2>¢ An optimal selection of the order of separability (model
order), regularization parameter, suppression of fat and water resonances, and By inhomogeneity corrections are important for optimizing the
SPICE pulse sequence. The reader is directed to the cited references for more in-depth information on the underlying assumptions and limitations
of this highly advanced spectroscopic imaging technique.

Hadamard spectroscopic imaging (HSI) is a multivolume technique that employs a finite Hadamard transform of the desired order to achieve
spatial localization.*>®%¢° The HSI method offers the advantage of having a highly controlled PSF that eliminates the voxel crosstalk seen in con-
ventional CSl. Interfering signals from outside the VOI, particularly those from lipid, are inherently suppressed. This results in a better voxel SNR
and more optimal SNR/unit time, as in each Ti the entire VOI is excited. HSI also facilitates the acquisition of localized spectra from non-
contiguous voxels, and does not require the VOI to be smaller than the FOV, unlike conventional Fourier MRSI, where this would result in aliasing
artifacts.2°%161:162 However, this approach is limited by the peak power of the RF pulses, chemical shift displacements, and associated SAR con-

159.163.164 o fy|| HSI162165-167 scheme for

siderations. ¢ Various studies have employed either a hybrid 2D CSI-1D HSI (transverse/longitudinal)
3D spectroscopic imaging in the human brain.

Apart from the techniques discussed above, parallel imaging has been employed in combination with partial Fourier encoding to accelerate
MRSI.2é8 The SSFP technique has also been adopted for MRSI and employed in fast 3'P MRSI,2%° and the spectroscopic missing pulse-SSFP
(spMP-SSFP) based MRSI sequence has been applied for fast *H MRSI in the brain at 3 T,*7° and at 7 T.*”%. A very recent study introduced a
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new frequency domain MRSI technique, termed phase-cycled spectroscopic imaging (PCSI which employed an ultralow-flip-angle balanced

steady state free precession (bSSFP) pulse sequence to achieve a 2.5-fold reduction in the scan time.

7 | FUTURE DIRECTIONS

Although MRSI has not found a consistent position in routine clinical protocols, there is little doubt that this technique has proved to be a ben-
eficial clinical tool in numerous cases. Scan time reduction, standardization of data acquisition and processing protocols, and improvements in
image quality along with the use of automated software would facilitate the widespread incorporation of this highly useful tool in the clinic. This
article has reviewed various innovative and sophisticated high-speed MRSI techniques used to reduce the acquisition time of spectroscopic infor-
mation. The future holds promise for the development of various hybrid techniques, particularly those involving EPSI, CS, parallel imaging, and
novel k-space trajectories, to achieve further reduction in scan times and better image quality in terms of the SNR, spatial and temporal resolution,
and artifact reduction. The development of scanners equipped with high-performance gradients can help realize the full potential of EPSI. Short Tg,
increased sensitivity as compared with conventional CSI, a higher achievable spatial resolution, and simpler reconstruction routines make EPSI a
popular technique for fast clinical studies. CS based pulse sequence design also has several potentially beneficial implications in the clinical sce-
nario. Larger matrices and datasets of higher dimensions offer more sparsity to exploit, and the increased room for undersampling could lead
to even higher acceleration factors. Furthermore, a key point to note is that the benefits of undersampling along the temporal dimension are
not as significant as those along the phase encode dimensions due to the nature of MR signal acquisition. One exception is the EPSI approach,
which (even under fully sampled conditions) does not sample the time dimension continuously and hence lends itself to temporal undersampling
quite well.®° However, more sophisticated reconstruction routines could be developed even for conventional readouts to exploit sparsity along
the spectral dimension, with a goal of improving SNR or further reducing the scan time.

All the discussed high-speed MRSI techniques have been extensively employed in studies of the brain and to a large extent in the prostate.
However, there is limited research on applications to other organs, such as the breast or abdomen. The application of MRSI to many other organ
systems is often limited by considerations such as low SNR, increased contamination from peripheral lipid signals (in turn restricting short Tg acqui-

sitions), higher field inhomogeneity, and artifacts due to motion. The main limitation encountered while using fast techniques is the drop in SNR
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with increasing acceleration, except in CS, where denoising leads to improved SNR at higher acceleration factors. Other aspects to be considered

include eddy current artifacts, the achievable spatial resolution, and the need for fast gradient systems that are often not implementable due to
hardware limitations. Non-proton MRSI is also limited by lower MR signal sensitivity, making its clinical translation difficult. Several processing
steps are usually required for the complete analysis of MRSI data, and the processing methods vary for different data types as well.1”® This tech-
nique is less appealing to the radiologist than other diagnostic imaging protocols (such as perfusion MRI or diffusion MRI) due to a lack of stan-
dardization in MRSI acquisition protocols, and the non-availability of common processing and analysis tools for a quick and simple representation
of metabolite concentration maps. Automation and quality control are of critical importance in accelerated MRSI techniques, which frequently
experience poor spectral quality due to SNR losses, lipid contamination, hardware limitations, and miscellaneous other artifacts. Ultrafast MRSI
acquisition techniques also necessitate the use of more sophisticated reconstruction algorithms and complex spatial-spectral analysis to minimize
the reconstruction errors from the sparse acquisitions. Implementation of advanced algorithms and routines on the scanner for “on the fly” recon-
struction and complex spectral analysis is not a trivial task. One must also take into account the additional time required for reconstruction, post-
processing, and display of metabolite maps. The computation time for the more advanced reconstruction routines can range from 6 min 30 s for
CS reconstructions'?? to between 10 min/coil and over 4 h in total for the non-uniform undersampling (NUS) 4D/5D echo-planar correlated spec-
troscopic imaging (EP-COSI) and echo-planar J-resolved spectroscopic imaging (EP-JRESI) datasets.*®4%:83133.174 Eyrthermore, it is important to
note that the time gained from high-speed MRSI techniques may be offset by the need for higher numbers of averages in situations where con-
ventional phase-encoded MRSI is itself SNR limited at the desired spatial resolution. The SNR penalty in conventional MRSl is often large to begin
with, and this tends to be further aggravated when employing accelerated MRSI techniques, leading to difficulty in imaging certain anatomical
regions (eg the prostate without the use of an endorectal coil).

Another concern in spectroscopic imaging is the effect of the acceleration technique on the PSF and cross-contamination of information
between neighboring voxels. In turbo MRSI, the reduced echo duration causes a broadening of the spectral PSF, with phase distortions leading
to further PSF degradation.®” Variable density-weighted trajectories tend to suppress the side lobes of the PSF as compared with uniformly
weighted/non-weighted acquisition schemes. Spiral sampling trajectories also tend to have reduced ringing and a narrower central PSF lobe as
compared with the phase encoding protocol with elliptical sampling scheme; variable-density spirals can be employed to further reduce the side
lobes and ringing.28 In SENSE spectroscopic imaging, the SRF tends to slightly vary between voxels and is affected by the sensitivity relations.*?
The extent of aliasing in the SRF of a voxel depends on the acceleration or the reduction factor R in SENSE, and improper unaliasing of the PSF can
lead to residual contamination in the voxels, particularly from lipid-containing regions where the coil sensitivities are poorly defined.}”” In wavelet-
encoded MRSI, the PSF is a function of the wavelet shape, and in turn of the RF pulse profile.*?® While the voxel contamination tends to decrease
in conventional MRSI with an increase in the spatial resolution, it has been found to remain stable in wavelet-encoded MRSI. In fast MRSI
techniques such as CS-MRSI, a coherent broadening of the PSF is avoided due to the incoherent nature of undersampling, resulting in noise-like
artifacts.*>"128 Spatial apodization of the MRSI data, which is an important post-processing step, helps in suppressing ringing and the side lobes, at
the expense of broadening the PSF and degrading the resolution.

On the other hand, high-speed techniques can help in reducing blurring and streaking artifacts, especially while imaging organ systems that are
susceptible to motion. Fast MRSI will also aid in higher volume coverage, and incorporation of specialized spectral editing techniques for mapping
metabolites such as lactate and gamma-amino-butyric acid (GABA) that typically require more averaging to obtain the desired SNR. Other tech-
niques such as J-resolved spectroscopy and correlation spectroscopy (COSY) could also be incorporated into current clinical protocols to obtain
high-resolution spectroscopy data. 849131174 Thys, either the acceleration offered by high-speed techniques can be employed to decrease the
scan time, leading to reduced motion sensitivity and patient discomfort, or the time-saving can be traded for higher SNR/resolution and/or for
imaging a larger volume of interest. The reconstruction and quantification of sparsely sampled spectroscopic data on the scanner immediately fol-

lowing data acquisition will also help in improving the practical utility of fast MRSI techniques in current imaging protocols.
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