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Abstract

The full potential of magnetic resonance spectroscopic imaging (MRSI) is often limited by
localization artifacts, motion-related artifacts, scanner instabilities, and long measurement times.

Localized adiabatic selective refocusing (LASER) provides accurate B1-insensitive spatial
excitation even at high magnetic fields. Spiral encoding accelerates MRSI acquisition, and thus,
enables 3D-coverage without compromising spatial resolution. Real-time position-and shim/
frequency-tracking using MR navigators correct motion- and scanner instability-related artifacts.
Each of these three advanced MRI techniques provides superior MRSI data compared to
commonly used methods.

In this work, we integrated in a single pulse sequence these three promising approaches. Real-time
correction of motion, shim, and frequency-drifts using volumetric dual-contrast echo planar
imaging-based navigators were implemented in an MRSI sequence that uses low-power gradient
modulated short-echo time LASER localization and time efficient spiral readouts, in order to
provide fast and robust 3D-MRSI in the human brain at 3T.

The proposed sequence was demonstrated to be insensitive to motion- and scanner drift-related
degradations of MRSI data in both phantoms and volunteers. Motion and scanner drift artifacts
were eliminated and excellent spectral quality was recovered in the presence of strong movement.
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Our results confirm the expected benefits of combining a spiral 3D-LASER-MRSI sequence with
real-time correction. The new sequence provides accurate, fast, and robust 3D metabolic imaging
of the human brain at 3T. This will further facilitate the use of 3D-MRSI for neuroscience and
clinical applications.
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1. Introduction

Magnetic resonance spectroscopic imaging (MRSI) is a powerful noninvasive tool for the
study of spatially heterogeneous biochemical changes that underlie many brain pathologies.
Similar to other MRI techniques, robust imaging with high spatial resolution and 3D
coverage of the pathologic region is desired, but, in practice, technical and physiological
limitations make trade-offs for MRSI necessary (Duarte et al., 2012).

High-field (=3T) MRSI offers high spectral quality (Tkac et al., 2009) and spatial resolution
(Bogner et al., 2012), but is limited by: 1) localization artifacts due to imperfect selection
profiles, chemical shift errors, and B, inhomogeneities (Andronesi et al., 2010; Kreis, 2004,
Scheenen et al., 2008); 2) motion-related artifacts caused by position changes, phase
artifacts, By changes, and lipid contamination (Hess et al., 2011; Kreis, 2004); 3) scanner
instabilities, such as those resulting from heating of gradient coil and passive shims, that
cause slow By drift (Ebel and Maudsley, 2005; El-Sharkawy et al., 2006); and 4) long
measurement times, which limit spatial coverage and resolution (Adalsteinsson et al., 1998;
Ebel and Maudsley, 2005; Posse et al., 1995). This can make common metabolic
assessments by 3D-MRSI, in particular, inaccurate, error-prone, and slow.

Previous reports have validated the improved spatial selection accuracy of localized
adiabatic selective refocusing (LASER) at high fields (Andronesi et al., 2010; Garwood and
DelaBarre, 2001; Scheenen et al., 2008). Spiral encoding or echo planar spectroscopic
imaging (EPSI, PEPSI) accelerate MRSI acquisitions and, thus, enable 3D coverage with
high spatial resolution in clinically feasible measurement times (Adalsteinsson et al., 1998;
Andronesi et al., 2012; Maudsley et al., 2009; Posse et al., 1995). The efficient combination
of both acceleration and accurate selection has been recently shown to have a significant
clinical impact (Andronesi et al., 2012).

Long scan times make standard 3D-MRSI particularly susceptible to motion-induced
artifacts. Unlike the case with conventional imaging techniques, these artifacts cannot be
easily recognized and, thus, may bias clinical diagnoses (Kreis, 2004). On the one hand,
reducing measurement times by accelerated acquisition (i.e., spirals, EPSI) makes motion
artifacts less likely (Kim et al., 2004), but not impossible. On the other hand, a heavy duty
cycle, such as that used for EPSI and spirals, may result in temporal By changes caused by
heating of the gradient coils and passive shims, in addition to inevitable B field drifts
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caused by instabilities of the superconducting magnet (Ebel and Maudsley, 2005; El-
Sharkawy et al., 2006). Therefore, adequate motion and By correction is essential.

Several studies have reported significantly improved spectral quality for both single-voxel
spectroscopy (SVS) and 2D-MRSI, when retrospective, prospective, or a combination of
both motion corrections is used (Andrews-Shigaki et al., 2011; Boer et al., 2012; de Nijs et
al., 2009; Ernst and Li, 2011; Hess et al., 2012; Hess et al., 2011; Keating and Ernst, 2012;
Lange et al., 2012; Lin et al., 2009; Thiel et al., 2002; Zaitsev et al., 2010). While
retrospective correction alone (e.g., frequency/phase alignment of separately saved averages)
can improve data quality to a certain degree (Helms and Piringer, 2001; Kim et al., 2004;
Posse et al., 1993), prospective real-time motion correction (i.e., updating the MR sequence
in real-time) can further improve data quality (Andrews-Shigaki et al., 2011; Hess et al.,
2012; Hess et al., 2011; Lange et al., 2012; Zaitsev et al., 2010).

Prospective mation correction detects motion before each excitation, once per repetition
time (TR), and performs any relevant corrections within the same TR. A comprehensive
prospective correction includes : 1)a real-time position update of the imaging volume (i.e.,
the imaging volume “follows” the object), 2) a By shim update (i.e., dynamic shimming), 3)
and an RF carrier frequency update (Maclaren et al., 2012).

There are three conceptually different real-time motion-tracking approaches that can be used
for prospective correction: 1) optical tracking (Andrews-Shigaki et al., 2011; Lange et al.,
2012; Zaitsev et al., 2010); 2) active markers (Ooi et al., 2009); and 3) MR navigators (Hess
etal., 2012; Hess et al., 2011; Thiel et al., 2002). To date, only optical tracking and MR
navigators have been used for MRS motion correction. Optical tracking requires no changes
to pulse sequence timing, but needs additional external hardware and calibration. Without
additional sequence changes, only volume of interest (VOI) correction is possible, but with
no updating of shims or frequency. On the other hand, MR navigators require no additional
hardware, but may prolong the TR of some MR sequences. This is the reason why MR
navigators are particularly suitable for MR sequences that already require long TR and have
sequence dead times between signal readout and the subsequent excitation. MRS sequences
or MRI sequences with inversion recovery preparation fulfill both criteria, and are, therefore,
not limited by the use of MR navigators (Hess et al., 2012; Hess et al., 2011; Keating and
Ernst, 2012; Maclaren et al., 2012; Tisdall et al., 2012). Even complicated navigators can be
easily placed inside the dead time of an MRSI sequence, without restricting minimum TR
(Hess et al., 2012; Hess et al., 2011).

Recently employed navigator approaches include k-space navigators, such as cloverleaf
navigators (van der Kouwe et al., 2006), orbital navigators (Fu et al., 1995), or spherical
navigators (Welch et al., 2002), and image-based navigators, such as PROMO (Keating and
Ernst, 2012; White et al., 2010) or echo planar imaging navigators (Hess et al., 2012; Hess et
al., 2011; Tisdall et al., 2012).

\Volumetric navigators (vNav), based on 3D dual-contrast multi-shot EPI, rapidly generate
two low-resolution 3D images before each excitation (Hess et al., 2012; Hess et al., 2011;
Tisdall et al., 2012). These crude anatomical images can be registered to a reference volume
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to extract sub-millimeter position updates. Using both contrasts, 3D Bg-field maps can be
generated to update relevant shim adjustment terms and frequency.

The aim of our study was, to implement a new 3D-MRSI sequence that integrates the
benefits of spiral-accelerated, LASER-localized 3D-MRSI with real-time corrections for
motion-, shim-, and frequency drifts (ShMoCo) using vNav. This new sequence was
evaluated in phantoms and volunteers at 3T and should provide fast and robust volumetric
metabolic imaging of the human brain.

2. Materials and Methods

2.1. Sequence design and motion correction

2.1.1. Spatial localization—VOlI localization in our 3D-MRSI measurements was
achieved by a Bj-insensitive LASER sequence (Andronesi et al., 2012; Andronesi et al.,
2010; Garwood and DelaBarre, 2001). Excitation was performed by a non-selective
adiabatic half passage pulse (HS8 modulation; duration 4 ms; bandwidth 5 kHz). Three pairs
of Gradient Offset Independent Adiabatic (GOIA) pulses (W16,4 modulation; 3.5 ms
duration and 20 kHz bandwidth) guaranteed accurate LASER localization with low power
requirements and negligible chemical shift displacement errors (Andronesi et al., 2010;
Tannus and Garwood, 1997). A minimum echo time (TE) of 27 ms can be achieved by
eliminating spoilers for the first five GOIA pulses. Our data were acquired with a TE of 30
ms to allow comparison with the bulk of the MRSI papers that use PRESS excitation.

Time efficient data acquisition was achieved by spiral encoding in the (ky,ky)-plane using
constant-density spiral trajectories (Adalsteinsson et al., 1998). Gradient delays of 8 us
between the ADC and the X and Y gradients were measured, and corrected for in the
reconstruction. Phase encoding gradients were superimposed over the last Z-spoiler gradient
of the LASER sequence to encode along the z direction. This resulted in a cylindrical 3D-
coverage of the k-space by a stack of spirals.

2.1.2. Volumetric navigator—For the detection of real-time motion and Bg-field
distortion a dual-contrast, multi-shot 3D-EPI navigator was inserted prior to the water
suppression module of the 3D-MRSI sequence. This vNav determined the required shim,
frequency, and head pose changes (if any) once per TR, and allowed corrections within the
same TR. The vNav protocol parameters selected for this study were: TR 17 ms; TE{/TE,
7/9.4 ms; matrix 32x32; 18 slices; FOV 256x256x144 mms3; 8 mm isotropic resolution;
bandwidth 3906 Hz/pixel; flip angle 2°. The small flip angle does not observably affect the
spins available for excitation (Hess et al., 2011). The two imaging contrasts (i.e., TE{/TE)
were generated with interleaved partition acquisitions. Additional reference k-space lines for
N/2-ghosting correction were measured. The total navigator duration was 612 ms. The
navigator was positioned over the subject’s brain using a “setter” sequence that was run prior
to the 3D-MRSI sequence adjustment. Besides positioning, the “setter” sequence allows
definition of all important vNav sequence parameters including TR, TE{/TE,, flip angle,
FQV, slices, matrix size, readout bandwidth, and echo spacing. This “setter” sequence takes
only one second and adjusts the protocol parameters of the vNav that is subsequently run
inside the 3D-MRSI sequence.
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For each TR, pose changes are computed online by co-registering the magnitude image (i.e.,
the first TEq contrast) of the current vNav (Figure 1) to the initial vNav, using PACE
(Prospective Acquisition Correction) (Thesen et al., 2000). This information was used to
update all imaging gradients and RF pulses responsible for VOI and FOV positioning. In
addition, field maps (Figure 1) were reconstructed from phase maps of both contrasts using
PRELUDE (Phase Region Expanding Labeller for Unwrapping Discrete Estimates)
(Jenkinson, 2003). Two sets of zero-/first-/second-order shim terms were calculated online,
one for the MRSI VOI and one for the navigator FOV. The shim estimate for the navigator
was calculated using an unweighted least squares regression. The shim estimate for the VVOI
used a weighted least squares regression, where the weighting of each navigator voxel is
according to its intersection with the VVOI. Only zero- and first-order shim terms were
applied. Second-order shim terms were obtained, but could not be updated with available
hardware. All online calculations were performed in less than 150 ms. Thus, the total block,
including navigator acquisition (612 ms) and online processing (150 ms), takes ~760 ms.
Navigator acquisition, updating, and all of the image reconstruction was fully implemented
and integrated on the scanner.

2.1.3. Real-time sequence updating—When moving a VOI that is determined by
gradient-modulated pulses, simply adding a constant frequency offset for the selective pulses
is not sufficient. For gradient-modulated pulses (e.g., GOIA), the total phase modulation
@iotas that determines slice thickness and position has a slice-offset Z-dependent component,
@ofr and an offset-independent component, ¢;s,. For real-time changes in position offset Z,
only the gradient-modulated G(7)and zdependent ¢,#has to be updated each TR:

t
Grotal(2, ) =iso(t)+ b0 (2, 1) =Biso+27 g v2G(T) - dT (Eq)

For FOV readjustments, phase encoding and spiral encoding were updated independently.
Phase encoding in the z-direction was updated by adding a constant excitation phase roll
during sequence run-time to account for translation as traditionally performed for off-center
MRSI scans.

Offsets in the spiral-encoded directions, i.e. in the (ky,ky)-plane cannot be corrected for
using a constant phase roll, because of non-cartesian k-space sampling. Therefore, motion in
the x/y-plane is corrected for during online image reconstruction by adding a corresponding
phase roll in the x- and y-directions before gridding and combination of the different
temporal and angular interleaves.

Real-time rotations updates were implemented by rotating the phase encoding and spiral
encoding gradients per vNav output. The reference frequency and phase of the excitation
pulse, refocusing pulses, water suppression pulses, and ADC readout were updated
according to the vNav. Shim updating was performed during each TR prior to water
suppression.
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2.2. Scanner hardware

All jn vivo measurements were performed on a 3T TIM Trio MR scanner (Siemens
Healthcare, Erlangen, Germany) using the body coil for transmission and a standard 12-
channel head coil (Siemens Healthcare, Erlangen, Germany) for signal reception.
Localization phantom measurements were performed using the body coil for signal
reception and transmission, to allow the simulation of large translations (i.e., up to 10 cm).

2.3. Phantoms

For localization and frequency drift tests, two different phantoms were used. The first
phantom was a cylindrical, multi-compartment phantom that contained water and three
tubes, each filled with a chemical compound of different spectral appearance (i.e., acetate,
ethanol, and isopropy! alcohol) and with similar concentrations. Different amounts of Gd-
DPTA (Magnevist) were used to reduce overall T, relaxation times and to enable good
visual differentiation of the three tubes and surrounding water (Figures 2-5). The second
phantom was a spherical spectroscopy phantom (i.e., containing brain metabolites).

2.3.1. Localization correction—The accuracy of the implemented prospective
ShMoCo was verified using the multi-compartment phantom by performing different kinds
of movement, which included translation of at most 5-8 cm, and rotations between 30°-45°
(note: the maximum possible movement is limited by the registration algorithm to 8°
rotation and 2 cm translation per TR). To investigate the accurate correction for both rotation
and translation in phase-encoded and spiral-encoded directions, the following standardized
movement patterns were performed: (a) right-left (spiral-encoded in-plane) translation; (b)
head-feet (phase-encoded through-plane) translation; (c) transversal (spiral-encoded in-
plane) rotation; and (d) coronal (phase/spiral-encoded through-plane) rotation (Figures 2-5).

For each movement pattern, four measurements were performed and compared: 1) one static
measurement without ShMoCo; 2) one static measurement with ShMoCo; 3) one motion-
degraded measurement without ShMoCo; and 4) one motion-degraded measurement with
ShMoCo during the acquisition.

The following measurement parameters were used for phantom testing: TR/TE 1500/30 ms;
0.25cc isotropic voxels; 32x32x16 matrix; no interpolation; FOV 200x200x100 mm3; VOI
120x120x60 mm3; spectral acquisition bandwidth 1.25 kHz; two temporal and ten angular
interleaves; one average; four preparation scans; no water suppression; TA 8:08 min. An
automated gradient echo imaging-based shimming routine was used to set the initial By
shim.

2.3.2. Scanner frequency drift/Bg correction—Frequency drift during a 3D-MRSI
scan with standard-resolution in a static spherical brain metabolite phantom was assessed
using the following 3D-MRSI protocol: TR/TE 1600/30 ms; 20x20%12 matrix; FOV
200x200x120 mm3; VOI 80x80x80 mm3; spectral acquisition bandwidth 1.25 kHz; two
temporal and four angular interleaves; eight averages; TA 20:35 min.
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2.4. 3D-MRSI of human subjects

For /in vivo validation, four measurement sessions were performed on three healthy
volunteers (two males, one female; age, 31+1years). Institutional Review Board approval
and written, informed consent was obtained. For all three volunteers, standard-resolution
scans (i.e., 20x20x12 matrix with 1cc isotropic resolution) were performed with moderate
motion. In addition, one volunteer was also measured a second time using longer high-
resolution scans (i.e., 25x25x12 matrix with 0.5cc isotropic resolution) with more severe
motion.

Each /in vivo measurement session began with a structural MEMPRAGE sequence (van der
Kouwe et al., 2008) to guide initial VOI localization. To save measurement time, only the
most likely motion patterns for /n vivo situations were performed (i.e., right-left head
rotation, chin up-down rotation, head-feet translation). The motion patterns were kept simple
to ensure good reproducibility.

After each motion-degraded experiment, the volunteers were instructed to return to their
original position. Localizer images were repeatedly acquired to validate that the subjects had
indeed returned to their initial position. To further ensure the reproducibility of initial head
position relative to the VOI/FOV adjustment, AutoAlign was run prior to each MRSI scan
(Benner et al., 2006; van der Kouwe et al., 2005). Gradient echo imaging based shimming
was repeated after each motion scan to set the initial By shim. All subjects were briefed and
trained in a short test session prior to the actual movement experiments. For standard
resolution MRSI, the volunteers were instructed to move their head slowly over a time span
of one minute per motion task. and there was only one type of motion task tested during a
given scan. For the high resolution MRSI scan, all three motion tasks were performed during
the same scan, each task for one minute separated by equally spaced static periods. An audio
cue was given at the start and end of each movement subtask.

2.4.1. Short standard-resolution scan — moderate motion—All volunteers
performed a total of eight scans. This included four sets of experiments with each set
focusing on one of four specific (motion) tasks (i.e., static case, right-left head rotation by
22+3°, chin up-down rotation by 14+2°, head-feet translation by 20+2 mm). Each set
consisted of two measurements: one with and one without ShMoCo. Excluding training and
instructions, each measurement session was ~70-90 min long.

The following /n vivo 3D-MRSI sequence parameters were used: TR/TE 1600/30 ms; 1cc
isotropic voxels; 20x20x12 matrix interpolated to a 32x32x16 matrix; FOV 200x200x120
mm?3; VOI 110x90x50 mm?; bandwidth 1.25 kHz; two temporal and four angular
interleaves; two averages; four preparation scans; TA 5:14 min.

2.4.2. Long high-resolution scan — severe motion—One volunteer also performed
three longer measurements. As there was no difference expected between static high-
resolution scans with and without ShMoCo based on the previously evaluated standard-
resolution scans as well as previous reports (Hess et al., 2012; Hess et al., 2011) and to
shorten the total measurement protocol, only one static scan was performed. Thus, there was
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one static and two complex motion tasks (i.e., combination of right-left head rotation by 20°,
chin up-down rotation by 14°, and head-feet translation by 20 mm)(Figure 6).

The following /n vivo 3D-MRSI sequence parameters were used: TR/TE 1600/30 ms; 0.5cc
isotropic voxels; 25x25x12 matrix interpolated to a 32x32x16 matrix; FOV 200x200x96
mm?3; VOI 110x88x50 mm3; bandwidth 1.25 kHz; two temporal and six angular interleaves;
four averages; four preparation scans; TA 15:28 min.

2.5. Data evaluation and statistical analysis

Statistical analysis was performed and plots were created using SPSS (v15.0; Chicago, Il1).

Localization accuracy and spectral quality were evaluated qualitatively (i.e., visual
assessment of spectral quality and metabolic maps) and quantitatively (i.e., linewidth, SNR,
metabolic ratios, Cramer-Rao lower bounds (CRLB)). For quantitative evaluation, a mask
was drawn, which excluded ventricles and voxels that were partly outside the VOI and only
voxels inside this mask were further processed. All /n vivo spectra were quantified by
LCModel software (Provencher, 2001), and metabolic ratios, as well as spectral quality
parameters (i.e., SNR and linewidth of NAA) were calculated. The mean and the standard
deviation of the metabolitic ratios, the SNR, linewidth, and CRLB were determined inside
the mask to assess global changes in spectral quality and quantification.

To investigate also local changes, Bland-Altman plots were drawn for metabolic ratios, the
SNR, linewidth, and CRLB using the static measurement without ShMoCo as the reference
standard. The parameter means and the limits of agreement (1.96 times the standard
deviation) were derived. Paired t-tests across all voxels and subjects were performed for all
parameters to compare the reference standard (i.e., for standard resolution scans — static scan
without ShMoCo; for high resolution scan — static scan with ShMoCo) with all remaining
scans. A p<.05 was considered statistically significant.

3. Results
3.1. 3D-MRSI of phantoms

3.1.1. Localization correction—Our phantom localization tests showed that
localization errors due to intra-scan movement (i.e., translations and rotations) can be
accurately corrected in both the spiral-encoded direction and phase-encoded direction,
respectively. Without ShMoCo, the same movement patterns lead to both localization errors
and deteriorated spectral quality (Figures 2-5 Supplementary Material Figure 11).

3.1.2. Scanner frequency drift correction—The frequency drift that we observed
during a 20-minute 3D-MRSI phantom scan was ~5-6 Hz (~15-18 Hz/hour). A similar
frequency drift was observed during the long /7 vivo measurement in ~15 minutes (i.e., ~6
Hz or 24 Hz/hour), in addition to movement-related frequency changes (Figure 6).

3.2. 3D-MRSI of human subjects

3.2.1. Short low-resolution scan — moderate motion—For all three volunteers,
the mask for quantitative comparison contained 442+36 voxels. /n vivo metabolic maps
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showed no negative effects of ShMoCo on static measurements, but illustrated the efficient
recovery of spatial 3D-MRSI localization that was corrupted without ShMoCo. The most
obvious localization errors were found for right-left rotation, followed by translation, and
up-down head rotation (Figure 7 and Supplementary Material Figure 12).

When non-corrected motion vs. static scans were compared, motion led to a significantly
reduced spectral quality (SNR —8% to —22%; linewidth +5% to +33%)(p<0.01) along with a
less reliable spectral fitting (CRLB +23% to +348%)(p<0.01) that caused substantial
corruption of local metabolic ratios. Although the average global metabolic ratios were
similar, voxel-wise comparison (p<0.01) and Bland-Altman plots show a significant bias in
local metabolic ratios, spectral quality, and quantification precision (Figure 8). The strongest
average effects on quality parameters were observed for head-feet translation (Table 1)
(p<0.001).

When corrected vs. non-corrected motion scans were compared, an improvement in spectral
fitting (CRLB —-20% to —78%), along with enhanced spectral quality (SNR +9% to +29%;
linewidth —5% to —21%) was found for moderate motion (Table 1). The spectral quality (i.e.,
SNR (p=0.07-0.26), linewidth (p=0.11-0.34)), reliability of spectral fitting (p=0.09-0.94),
and metabolic ratios (p=0.06—0.83) of the static 3D-MRSI scans and the corrected 3D-MRSI
scans with moderate motion were comparable (Table 1). No difference in linewidth, CRLBS,
and metabolic ratios was found between 3D-MRSI with ShMoCo and 3D-MRSI without
ShMoCo in the static case, but we found a small difference in SNR (6.4+£1.3 vs. 6.2+1.4;
p=0.02) (Table 1).

3.2.2. Long high-resolution scan — severe motion—The mask for quantitative
comparison of the high-resolution scans contained 456 voxels. If not corrected, the severe
motion that was probed in the high-resolution scan resulted in an even stronger drop in
spectral quality (SNR —29%; linewidth +68%)(p<0.001) and spectral fitting (CRLB +297%
to 309%)(p<0.001) than for the standard-resolution scan, along with substantial lipid
contamination that made quantification in some regions of the VOI impossible (Table 1)
(Figure 9). Although, no anatomical features (i.e., position of ventricles) were observable on
metabolic maps without ShMoCo (Figure 9) as spatial localization was clearly impaired and
local metabolic Cr/NAA ratios were biased (Figure 8), differences in the average global
metabolic Cr/NAA ratios were small (0.66£0.25 vs 0.64+0.15; p=0.01).

Compared to the low-resolution scans the improvement observed for ShMoCo-corrected 3D-
MRSI was stronger (SNR +26%; linewidth —30%; CRLB —73% to 75%)(p<0.001). The
results were still slightly inferior to the static case (SNR -10%; linewidth +17%; CRLB
+3% to 7%)(p<0.01) and the global metabolic ratios were similar (p=0.09) (Table 1). The
visualization of local anatomical features on metabolic maps, such as the ventricles, was
substantially improved (Figure 10).

4. Discussion

Our study demonstrates that robust and accurate high-resolution 3D-MRSI of the brain at 3T
can be performed in the same scan time as SVS. The efficient combination of spiral 3D-
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LASER-MRSI with real-time motion-, shim-, and frequency-updating significantly
improved the localization accuracy and spectral quality obtained in both phantoms and
volunteers, even when there was strong motion or scanner drift during scans. This facilitates
the use of 3D-MRSI in clinical routine where robustness is important to guarantee good
results in a large range of patients and working conditions.

4.1. Motion and BO correction

Several groups have found significantly improved MRS data quality, if motion correction
was applied (Andrews-Shigaki et al., 2011; Boer et al., 2012; de Nijs et al., 2009; Ernst and
Li, 2011; Helms and Piringer, 2001; Hess et al., 2012; Hess et al., 2011; Keating and Ernst,
2012; Kim et al., 2004; Lange et al., 2012; Lin et al., 2009; Posse et al., 1993; Thiel et al.,
2002; Zaitsev et al., 2010). A common approach is the retrospective correction of frequency
and phase, in particular for SVS (Ernst and Li, 2011; Helms and Piringer, 2001; Lin et al.,
2009). However, this approach cannot correct for localization or shim errors.

For smaller voxels and imaging of heterogeneous tissues or lesions, maintaining accurate
voxel localization during the whole scan is critical. If strong shim currents are necessary for
good shimming results (i.e., in case of small VOIs or if the VOI includes areas that are
difficult to shim near air cavities), position changes and scanner drift can lead to strong
spatial By variations that cannot be well-corrected by frequency and phase correction alone
(Andrews-Shigaki et al., 2011; Hess et al., 2012). Therefore, robust MRS necessitates
comprehensive motion correction concepts that include updating of both position and shims.

4.2. Prospective motion and BO correction approaches

Several groups have independently evaluated the benefits of prospective motion correction
for MRS. Keating et al. proposed prospective motion correction for SVS using image-based
spiral navigators for position correction and orthogonal 1D-field maps to determine optimal
shims (Keating and Ernst, 2012). This approach was specifically designed for SVS.

Zaitsev et al. introduced prospective motion correction based on optical tracking for position
corrections and interleaved reference scans for correction of temporal frequency drifts in
SVS (Zaitsev et al., 2010), which was later extended for use with 2D-MRSI (Lange et al.,
2012). This technique corrects for phase and frequency changes, but does not update shims.
Lange et al. concluded that additional dynamic shim updating would be beneficial for
correction of large through-plane motion (Lange et al., 2012). Similarly, Andrews et al.
pointed out the need for dynamic shimming in prospectively corrected SVS (Andrews-
Shigaki et al., 2011).

Hess et al. presented prospective motion correction using vNav for SVS (Hess et al., 2011)
and 2D-MRSI (Hess et al., 2012), including position, shim, and frequency updates. They
independently investigated the effects of real-time position- and shim-updating for 2D-
MRSI, and concluded that dynamic shimming was the major factor that leads to significantly
improved spectral quality. The amount of improvement was strongly dependent on the
specific motion task. Nodding of the head led to the biggest change in Bo homogeneity
(Hess et al., 2012). Although the whole 3D imaging navigator block was longer than in other
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prospectively corrected MRS studies, TR adjustments were similar to typically used timing
parameters in MRS.

Our 3D-MRSI study supports the evidence of these other studies that found improved data
quality in SVS (Andrews-Shigaki et al., 2011; Hess et al., 2011; Keating and Ernst, 2012;
Zaitsev et al., 2010) and 2D-MRSI (Hess et al., 2012; Lange et al., 2012), if prospective
motion correction was applied. With our ~700 ms long navigator block TRs as short as 1.6s
can be easily achieved. Compared to previous SVS and 2D-MRSI studies, our 3D-MRSI
results underline the importance of acquiring dynamic 3D field maps by dual-contrast EPI-
based vNav. Other previous navigator approaches for MRS cannot cover the whole VOI of a
3D-MRSI volume that would be required for first-order shim correction along with real-time
position and frequency correction. To our knowledge this is the first demonstration of
motion corrected 3D-MRSI.

4.3. Volume of interest localization

Previous studies have reported significantly improved localization accuracy (i.e., better
selection profiles, reduced chemical shift errors, and Bq+-insensitivity) for MRSI using
LASER and semi-LASER sequences at 3T (Andronesi et al., 2010; Scheenen et al., 2008).
The LASER selection pulses (i.e., GOIA selection pulses with low-power requirements)
used in this study provide a substantial reduction of maximum B1, SAR, chemical shift
displacement errors, and pulse duration compared to normal adiabatic pulses (Andronesi et
al., 2010). Additionally readjusting spoiler gradient setup shortened the minimum TE (i.e.,
27 ms) of our LASER sequence below that of previous LASER sequences (Andronesi et al.,
2010; Scheenen et al., 2008). Our minimum TE was 27ms compared to 50ms (Hess et al.,
2012). The chemical shift displacement error was four times smaller and the SAR 40%
lower than by (Hess et al., 2012). The TE in our study (i.e., 30 ms) is similar to short-echo
PRESS sequences, but in contrast to PRESS, full LASER localization is insensitive to
changes in By+. Therefore, possible changes in B1+ due to motion cannot affect localization
accuracy.

In our study, we have updated several gradient, RF, and postprocessing parameters. Similar
to previous studies, VOI rotations were performed by adapting the gradient strength in all
individual gradient axes. For gradient-modulated RF pulses, off-center shifting cannot be
easily performed by adding an off-center-frequency (Andronesi et al., 2010). Real-time
updating of our selective GOIA pulses required online recalculation of pulse modulation
functions to readjust the current off-center-position. This was not necessary in previous
studies that used only selective pulses with constant gradients (Hess et al., 2012).

4.4. Accelerated data acquisition

Acceleration of MRSI data acquisition by echo-planar or spiral encoding is a prerequisite for
high-resolution 3D-MRSI. The ability to perform 3D metabolic mapping in the same
measurement time as otherwise required for SVS is of immense clinical relevance
(Adalsteinsson et al., 1998; Andronesi et al., 2012; Maudsley et al., 2009; Posse et al.,
1995). In addition, spiral imaging is known to be less sensitive to motion due to gradient
moment nulling effects (Delattre et al., 2010; Kim et al., 2004), and the possible reduction in
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scan time makes the occurrence of motion artifacts less likely (Adalsteinsson et al., 1998;
Andronesi et al., 2012; Delattre et al., 2010; Kim et al., 2004). However, spiral-accelerated
MRSI alone cannot completely avoid motion artifacts and the excessive stress on the
gradient system associated with EPSI and spirals may lead to increased problems with
temporal frequency drifts (Ebel and Maudsley, 2005; EI-Sharkawy et al., 2006)(see 4.5).

Phase encoding as used in the motion correction paper by Hess et al. (Hess et al., 2012) is
too slow for high-resolution 3D-MRSI. In our study, spiral encoding overcomes
measurement time problems, but introduces increased frequency drift (see 4.5). This drift is
not a problem in our study, because our vNav corrects for frequency drift without further
effort to harness the benefits of spiral acceleration. We were, therefore able to acquire 3D-
MRSI with 5.4 times higher spatial resolution than reported by Hess et al.

FOV off-center shifts in the phase-encoded direction were performed similarly to other
MRSI studies (Hess et al., 2012; Lange et al., 2012). However, shifts in the spiral-encoded
directions cannot be performed by adding a constant phase roll in the affected k-space axis.
Real-time-monitored off-center information was used to correct x/y-plane shifts during
online image reconstruction.

Our approach is different than a previously presented motion-compensated sequence for
spiral trajectories, which relied on the characteristic of spiral MRSI sequences to repeatedly
sample the kyy-space origin (Kim et al., 2004). Such a self-navigation approach is suitable
for 2D-MRSI, but cannot be readily used for 3D-MRSI localization by a stack of spirals. In
our study, phase encoding in the z-direction prevented repeated sampling of the k-space
origin. Posse et al. introduced a different method that allows repeated sampling of the k-
space origin, even for phase encoding (Posse et al., 1993). However, it may be difficult to
combine this approach with self-navigation. In addition, both methods require a relatively
high water signal to allow good estimation of phase properties from this single point in the
k-space center, while position updates estimated by our vNav are automatically available and
acquired before water is suppressed, so that good water suppression for MRSI can be
maintained. Independent of these corrections, previous studies have found that spiral
trajectories are less sensitive to motion due to gradient nulling effects, and are immune to
many flow effects (Delattre et al., 2010; Kim et al., 2004), which makes a combination of
spiral MRSI and prospective motion correction particularly desirable.

4.5. Scanner Instabilities

The frequency drift that we observed in our study (~15-24 Hz/hour) was significantly lower
than that previously reported for EPSI (~40-50 Hz/hour)(Ebel and Maudsley, 2005) on the
same type of scanner, but is still not negligible for longer 3D-MRSI measurements. On the
other hand, Hess et al. did not observe such strong frequency drifts when using vNav for
phase encoded MRSI or SVS (Hess et al., 2012; Hess et al., 2011). However, it should be
noted that the heating that causes frequency drift depends on scanner installation and
environmental factors (e.g., amount of shim iron, previous scans, magnet stability).
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4.6. Limitations

Although several sources of motion artifacts were prospectively corrected and moderate
motion artifacts were successfully eliminated, severe motion still led to an average 10%
lower SNR and 17% higher linewidth than measured for static conditions. This loss in
spectral quality is similar to that found in a previous study for 2D-MRSI (Hess et al., 2012)
and is probably related to coil proximity changes, uncorrected higher-order (=2"%) By
changes, and a few spectra that are corrupted by motion during readout or the LASER
localization. Our sequence is particularly suitable, if there are only a few movement events
during the MRSI scan (e.g., coughing or occasional movement due to subject discomfort),
followed and preceded by longer periods of no movement and if the movement within a
single TR does not exceed a rotation of 8° or a translation of 2cm. Very fast motion (i.e.
occurring within ~600ms between the navigator start and spiral readout) cannot be
corrected. Also, continuously repeated subject movement during the whole measurement
may be not corrected well.

Further improvements, such as reacquisition of seriously corrupted scans (Tisdall et al.,
2012), updating of higher-order shim terms, and correction for coil sensitivity profile
changes could lead to a full recovery of spectral quality.

Future sequence improvements, combinations of prospective motion correction methods,
and advances in hardware technology will contribute further to the robust acquisition of 3D-
MRSI in neuroscience and clinical routine. In particular, functional MRS studies could
significantly benefit from real-time motion corrected MRS and MRSI acquisition (Schaller
etal., 2013).

5. Conclusion

The combination of a spiral 3D-LASER-MRSI sequence with real-time ShMoCo provides
accurate, fast, and robust 3D metabolic imaging of the human brain at 3T. This will further
promote the use of MRS methods for neuroscience and routine clinical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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4. Highlights (for review)

Head motion and scanner instabilities degrade localization and spectral
quality

Head position and BO maps can be monitored in real-time by volumetric
navigators

We corrected position errors by real-time updating of gradients and RF
pulses

We restored spectral quality by real-time updating of BO shims

We corrected scanner frequency drift by real-time frequency updating
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Figure 1.
Sample images obtained by the volumetric EPI navigator: (a) Magnitude images for the first

contrast (i.e., TE7) were used for position change calculations and (b) corresponding masked
field maps derived from both contrasts were used to update frequency and first-order shim
terms.
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Figure 2.
Localization experiment in a cylindrical multi-compartment phantom probing (a) translation

of the phantom by 5 cm, relative to the FOV (white square), in the right-left (spiral-encoded
in-plane) direction. In (b), the static case spectra of all three chemical compounds are
localized well within their tubes, while in (c) translation led to both decreased spectral
quality and severe localization errors. Both sources of error were eliminated by ShMoCo,
and (d) localization accuracy and spectral quality were recovered. The white arrow
illustrates the direction of movement.
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Figure 3.
Localization experiment in cylindrical multi-compartment phantom simulating (a)

translation of the phantom by 8 cm, relative to the FOV (white rectangle), in the head-feet
(phase-encoded through-plane) direction. In (b), the static case spectra are localized well
within the tube and VOI, while in (c) translation led to both significant frequency position
changes and severe localization errors. Both sources of error were eliminated by ShiMoCo,
and (d) localization accuracy and frequency position were corrected. The white arrow
illustrates the direction of movement.
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Figure 6.

(a;;TransIation, (b) rotation, (c) first-order shim terms, and (d) frequency changes, as
measured by the vNav during the high-resolution 3D-MRSI scan are plotted as a function of
measurement time in the scanner coordinate system. During the ~15min scan, three different
motion tasks were performed by the volunteer, with three-minute gaps between the tasks in
the following order: head-feet translation by 22 mm; right-left head rotation by 19°; and chin
up-down rotation by 12°. The frequency drifts observed due to scanner instabilities during
the corresponding static scan are depicted in (d), shoulder-to-shoulder with the frequency
changes observed during the motion-affected scan.

Neuroimage. Author manuscript; available in PMC 2015 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Page 22

static motion
ShMoCo noShMoCo ShMoCo noShMoCo

Figure 7.
3D metabolic maps (i.e., NAA) obtained in a volunteer with standard-resolution 3D-MRSI

in the presence of moderate motion. In total, metabolic maps of eight scans are displayed in
three orthogonal planes. Odd columns display maps with ShMoCo, and even columns
display maps without ShMoCo. The two columns on the left show all three orthogonal slices
for each of the two static scans as a reference. The two columns on the right display the slice
orientation that illustrates the largest localization errors that were caused for a specific head
motion: (top) transversal for right-left (RL) rotation, (center) coronal for head-feet (HF)
translation, and sagittal for up-down (UD) rotation. Without ShMoCo right-left translation
caused the strongest observable localization errors, follow by head-feet translation, and up-
down head rotation. One additional row beyond that defined by the VOI was quantified to
show signal spill-over for noShMoCo.
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Figure 8.

Bland-Altman plots are used to compare a reference scan (i.e., static reference scan without
ShMoCo) with each of the following three test scans one-by-one: (left column) static with
ShMoCo; (center column) head-feet translation without ShMoCo; (right column) head-feet
translation with ShMoCo. The mean (x-axis) and difference (y-axis) of the reference scan
and the each test scan are computed for all voxels inside the VOI and displayed in the
diagrams for the following parameters: (top row) NAA/Cr; (center row) SNR; and (bottom
row) linewidth.

The average parameter means (solid lines) between two corresponding scans and the limits
of agreement (+1.96 times the standard deviation (dashed lines)) are displayed. Substantial
local changes were observed as illustrates by significantly increased limits of agreement for
scans without ShMoCo, while scans with ShMoCo presented similar limits of agreement as
the reference scans.
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noShMoCo

Figure 9.

ShMoCo

Spectral grids are displayed for the high-resolution 3D-MRSI scan with severe motion in the
transversal plane, along with a T1-weighted reference scan (top-left) illustrating the matrix
and VOI position. Ventricle positions are outlines to serve as visual guides for the static case
(top-right), the motion scan without ShMoCo (lower-left), and the motion scan with
ShMoCo (lower-right). Two sample spectra that are displayed in the spectral grid for the
static and the motion scan with ShMoCo are enlarged and shown as LCmodel software
output, including original data points (black), fitted spectra (red), and residual (above).
Although ShMoCo recovers most of the spectra throughout the brain compared to
noShMoCo, the spectral quality near the frontal lobe was not fully recovered. In the spectral
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grid without motion correction large metabolite signal contamination of voxels located in the
ventricles can be noticed. All spectra in grids are scaled to the same noise level.
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Figure 10.
3D metabolic maps (i.e., NAA) obtained in the high-resolution 3D-MRSI session, with

severe motion depicted in all three orthogonal planes for all three scans. Column #1 displays
the positioning of the VOI/FOV using T1-weighted MEMPRAGE images for localization.
Column #2 shows the reference metabolic maps obtained for the static case. Columns #3 and
#4 depict the metabolic maps of scans with ShMoCo and without ShMoCo, respectively.
ShMoCo recovers most of the anatomical features (i.e., ventricles), even if severe intra-scan
motion is present during scans, whereas metabolic maps without ShMoCo are distorted by
incorrect spatial localization, low spectral quality, and strong lipid contamination. One
additional row/column beyond that defined by the VVOI was quantified to show signal spill-
over for noShMoCo.
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