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Abstract

Purpose—To develop short water suppression sequences for 7 Tesla magnetic resonance

spectroscopic imaging (MRSI), with mitigation of subject-specific transmit RF field ( B;")
inhomogeneity.

Methods—~Patient-tailored spiral in-out spectral-spatial (SPSP) saturation pulses were designed
for a three-pulse WET water suppression sequence. The pulses’ identical spatial subpulses were

designed using patient-specific B;~ maps and a spiral in-out excitation k-space trajectory. The
subpulse train was weighted by a spectral envelope that was root-flipped to minimize peak RF
demand. The pulses were validated in /7 vivo experiments that acquired high resolution MRSI
data, using a crusher coil for fast lipid suppression. Residual water signals and MR spectra were
compared between the proposed tailored sequence and a conventional WET sequence.

Results—Replacing conventional spectrally-selective pulses with tailored SPSP pulses reduced
mean water residual from 5.88% to 2.52% (57% improvement). Pulse design time was less then
0.4 seconds. The pulses’ SAR were compatible with MRSI TRs under 300 ms, which enabled
spectra of fine in plane spatial resolution (5 mm) with good quality to be measured in 7.5 minutes.

Conclusion—Tailored SPSP water suppression enables efficient high resolution MRSI in the
brain.

Keywords
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Optimization

Introduction

Magnetic resonance spectroscopic imaging (MRSI) enables /in vivo studies of local
metabolite distributions and changes. Neurologists and neuroscientists are often interested in
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metabolic changes in specific regions with small volumes and irregular shapes. MRSI with
high spatial resolution is therefore desirable to avoid partial volume effects and obtain
measurements that closely follow anatomies of interest [1, 2]. The increased signal-to-noise
ratio at ultra-high field strengths (7T and above) has the potential to enable MRSI with
significantly finer spatial resolution than is possible at lower field strengths. However, since
(without using complex acceleration techniques) each k-space location requires one FID
measurement, acquisition matrices of 32x32 or higher only have clinically acceptable
measurement times (5-10 minutes) when the TR is short (<300ms), corresponding to a high
SNR per unit time. The short TR requirement poses a challenge for performing water and fat
suppression, which is necessary since metabolite signals of low concentration can be
overwhelmed by those very large signals. Conventional water and fat suppression techniques
for MRSI require considerable sequence time, and are not compatible with fast scanning.
Recently, we introduced fast fat suppression for brain MRSI using a crusher gradient coil
[3]. Therefore, short and effective water suppression is the remaining challenge that prevents
the use of short TRs for high resolution MRSI at ultra-high field.

Water suppression is based on differences in the NMR properties of water and metabolites,
and most methods are based on differences in longitudinal relaxation time (71) and chemical
shift. In relaxation-based water suppression, water signal is selectively inverted, and
metabolite signal is excited and measured when water’s longitudinal magnetization crosses
zero [4-8]. These methods are currently the most effective at high field due to robustness to

B inhomogeneity, since selective adiabatic pulses can be used for inversion [8]. However,
since the 7; of water is approximately one second, these methods’ duration are on the order
of one second. Furthermore, double adiabatic inversion is most often used to overcome 7;
variations [7], but it comes with a specific absorption rate (SAR) penalty that increases the
minimum TR that can be used. For example, we calculated that the SAR of a double
adiabatic inversion sequence is approximately 10xhigher than the tailored spectral-spatial
(SPSP) sequence proposed here.

Spectrally-selective water suppression methods based primarily on differences in chemical
shift are more time-efficient than relaxation-based methods, since one does not need to wait
for longitudinal water magnetization to cross zero. The WET sequence [9] (Figure 2) is one
of the most commonly used spectrally-selective methods, and can be implemented with a
short duration (100-200 ms) which makes it compatible with high-resolution MRSI. It is a
three-pulse extension of the CHESS sequence [10], which comprises a spectrally-selective
90 degree excitation pulse (boxed in Figure 2) followed by a spoiler gradient, to selectively
excite and dephase water magnetization. The CHESS sequence is sensitive to B}
inhomogeneity since imperfect 90 degree excitation leaves partial longitudinal water
magnetization. The WET sequence mitigates this sensitivity somewhat by using three
consecutive RF and gradient pairs with variable flip angles. However, it remains quite
sensitive to the levels of B;~ inhomogeneity encountered at 7T. Another more effective
extension of CHESS is the seven-pulse VAPOR sequence [11], but VAPOR has a duration of
more than 700 ms that renders it incompatible with fast high-resolution MRSI. Unlike

inversion-based water suppression, the B sensitivity of CHESS and its extensions cannot
be addressed by replacing the conventional spectrally-selective RF pulses with adiabatic

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Methods

Page 3

pulses, since there are no suitable spectrally-selective adiabatic excitation pulses with low
SAR. In recent years, subject-tailored RF pulses with lower SAR than adiabatic pulses have
been developed for slice-selective and 3D excitations in high field MRI [12—18]. In those

methods, a subject’s B;" distribution is measured and used to design multidimensional

pulses that produce higher flip angles in regions with low B, and vice versa. To our
knowledge however, tailored RF methods have not been developed for water suppression in
MRSI.

Here we propose subject-tailored spiral in-out SPSP water suppression pulses that are

designed using a subject’s B~ map in the slice of interest. The pulses replace the
conventional spectrally-selective pulses in the WET sequence. An SPSP pulse comprises a
train of identical tailored spatial subpulses that are weighted by a spectral envelope.
Previously, three-dimensional (two spatial dimensions plus the spectral dimension) SPSP
pulses have been implemented using trains of spiral-in or spiral-out subpulses [19, 20]. We
propose the use of spiral in-out spatial subpulses, which are designed to produce uniform
flip angles over the slice of interest. The spectral envelope is designed to be spectrally-
selective for water, and is root-flipped to minimize peak RF amplitude [21-23]. In the
following, we describe a computationally efficient procedure to design the SPSP pulses, and
compare the spiral in-out subpulse trajectory to the spiral-in trajectory that is conventionally
used for three-dimensional SPSP excitations. We then present an evaluation of the SPSP
pulses in MRSI scans of human volunteers at 7T, and demonstrate improved water
suppression and spectral quality compared to those obtained with a conventional WET
sequence with matched spectral parameters.

Spiral In-Out Spectral-Spatial Pulse Design

Overview—Figure 1 illustrates the overall design procedure. An SPSP pulse comprises a
train of identical tailored spatial subpulses that are weighted by a spectral envelope. The
identical spatial subpulses are designed via magnitude least-squares optimization [24] using
a patient-specific ;" map and a pre-emphasized spiral in-out excitation k-space trajectory
[25]. The subpulse train is then weighted by a spectral envelope that is designed using the
Shinnar-Le Roux (SLR) algorithm [26], with root-flipping to minimize peak RF demand
[21-23, 27]. The spectral field-of-view (FOV) dictates the duration of the spiral in-out
subpulses, but otherwise the spectral and spatial pulse designs are decoupled. MATLAB
(The Mathworks, Natick, MA, USA) code for the algorithm in one of the imaged subjects
can be downloaded from https://bitbucket.org/wgrissom/tailoredwater-suppression-paper.

Spectral Envelope Design—The spectral design parameters are derived from a
conventional WET sequence for water suppression at 7T (Figure 2), which uses three 32 ms
linear phase spectrally selective pulses, with flip angles of 80, 80, and 145 degrees, all with
the same phase [9]. The pulses have identical time-bandwidth-products of 9.6, and a pass-
plus transition-band width of 1 ppm (300 Hz). Figure 3 illustrates the spectral characteristics
of the tailored SPSP pulses, which are designed for the same flip angles and spectral
characteristics as the conventional WET pulses. However, since an SPSP pulse’s spectral
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envelope is coarsely sampled by its subpulses, it will produce passband replicas, which must
not interfere with the metabolites of interest, which are between 0.5 ppm (150 Hz) and 4.7
ppm (1400 Hz). Therefore, as shown in Figure 3 the spectral FOV is set to 5.2 ppm (1550
Hz), with a 1 ppm- (300 Hz) wide passband plus transition bandwidth, and a stop-
(metabolite) bandwidth of 4.2 ppm (1250 Hz).

The spectral envelope is designed using the SLR algorithm, and is chosen to be minimum-
phase rather than linear phase, since the excited phase profile is unimportant in signal
saturation, and since a minimum-phase pulse has narrower transition bands than a linear-
phase pulse of the same time-bandwidth product [26]. This is leveraged to shorten the pulse
durations to 26 ms with a time-bandwidth product of 6.23, which produces spectral profiles
of equivalent sharpness (54 Hz transition widths) to the 32 ms, time-bandwidth 9.6 linear-
phase pulses used in the conventional WET sequence. Together, their 26 ms duration and the
target 1550 Hz spectral FOV determine that the pulses comprise 41 samples/subpulses of
duration 0.645 ms. The pulses are designed with 0.1% passband ripple and 1% stopband
ripple. Once designed, an exhaustive search of the pulses’ minimum-phase beta polynomial
passband root-flip combinations is then performed to minimize peak RF amplitude while
maintaining the excitation profile’s magnitude. To replace the three conventional spectral
pulses in the 80-80-145 WET sequence, two spectral envelopes are designed with 80 and
145 degree flip angles, and the final SPSP pulses are constructed using the same spatial
subpulse whose design is detailed below.

Spatial Subpulse Design—*For each subject, a single 0.645 ms spiral in-out spatial
subpulse is designed to produce a uniform flip angle pattern over the brain slice of interest.

The design procedure is illustrated in Figure 4. First, a B; map is measured in the slice with
a 32x32 matrix size, and masked to remove out-of-brain voxels. The measurements are
made using the Bloch-Siegert method with optimized encoding pulses [28, 29], a 32x32
image matrix and 22 cm? FOV. A mask of spatial locations within the brain is obtained using
an ROI selection tool for the pulse designs.

Given the map, the spatial locations and the spiral in-out trajectory /?(1) (described further
below), a small-tip-angle excitation system matrix A is constructed with elements [30, 31]:

- —
LLZ',]'ZL"/AtB;r (?1) e ¥ (tj)'?is [1]

where t= v —1, yis the gyromagnetic ratio, A;is the dwell time for the design (6.4 /s on the
Philips 7T Achieva scanner (Philips Healthcare, Cleveland, Ohio, USA)), and B (7;) is the
median-normalized By field at X;. Off-resonance is neglected due to the very short duration

of the pulses. The B~ map median normalization stabilizes RF power regularization between
subjects; the median is re-applied to the pulses after they are designed. Given the relatively
small dimensions of this matrix (approximately 400 spatial locations after masking, and
approximately 100 time points), the pulses can be efficiently computed using the RF power-
regularized pseudo-inverse of the A matrix, given by:
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-1
Af= (AHA—i-iI) Af
N [2]

The RF power regularization parameter A is normalized by the number of voxels in the
masked brain B~ map (), so that RF power regularization is approximately independent of
B;” map resolution and the number of brain voxels.

A spiral in-out k-space trajectory was chosen for two dimensional spatial encoding in the
subpulses. To our knowledge, this trajectory has not been previously used for SPSP
excitation. Although it does not reach as fine a spatial resolution as a spiral-in or spiral-out
trajectory of the same duration, it has three potential advantages. First, since it visits same k-
space positions twice, RF amplitude is lower. Second, since it is inherently refocused, the RF
duty cycle can be close to 100% (meaning that RF is played for almost the entire subpulse
duration), while a larger portion of the duty cycle is wasted on the prewinder or rewinder of
a spiral-in or spiral-out trajectory (Figure 5a). Third, when used for image encoding, spiral
in-out readouts have been demonstrated to be robust to off-resonance, since off-resonance
phase accrual cancels to first order when signals during spiral in and spiral out are summed
[32]. We performed simulations (described below) to compare spiral in-out to spiral-in
subpulses for the present SPSP application, and to evaluate whether the off-resonance
advantage of spiral in-out trajectories extends to RF excitation. The excitation field-of-view
(XFOV) and resolution for all spiral in-out subpulse designs were 10 cm and 3.3 cm,
respectively, and the trajectories were slew-rate limited to 180 mT/m/ms. Before pulse
design, the spiral gradient waveforms were pre-emphasized using an iterative gradient pre-
distortion method [25] to reduce errors from eddy currents, group delay, and the scanner’s
own pre-emphasis which is optimized for trapezoidal waveforms. All gradient waveform
measurements were made using the method of Ref. [33]. The pre-emphasis was performed
once in a phantom, with a regularization parameter of 0.01, and an update step size of 0.5
[25]. The RMS error of the gradient waveforms decreased 67% with pre-emphasis. The final
measured pre-emphasized gradient waveforms are used for pulse design, and are centered at
DC, to enable zero-phase target profile initialization in the magnitude-least-squares
optimization problem described next.

Since the phase of the excitation profile is unimportant, a magnitude-least-squares
optimization is used to achieve a better magnitude profile [24]. This is implemented using a
variable projection approach, in which the target excitation pattern is updated at each
iteration so that its phase equals the phase of the previous iteration’s realized excitation
pattern, as:

d; e”Z{Ab}z‘_‘

3]

where b was the previous iteration’s RF pulse vector. For the first iteration, the target pattern
was initialized to a vector of ones (no phase). Iterations stop when the cost function (i.e., the
sum of squared excitation error and RF power regularization) decreases by less than 1% of
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its previous value. The final pulse is constructed by replicating the spatial subpulse 41 times
and weighting each replica by its position in the spectral envelope. The overall pulse design
was implemented on a Core i7 laptop (Intel Corporation, Santa Clara, CA, USA), and took
0.4 seconds on average.

A simulation was performed to compare the robustness of spatial subpulses designed with
spiral in-out and spiral-in trajectories to resonance frequency offset. Pulses were designed as
described above (i.e., without incorporating off-resonance in the design) with a subject’s

measured By~ map, and with either a spiral in-out or spiral-in trajectory (Figure 5a), with the
same durations. Then the pulses’ small-tip-angle excitation patterns were calculated for
frequency offsets ranging from —1500 Hz to +1500 Hz. In a second simulation, the
sensitivity of subpulse excitation error and SPSP pulse SAR (quantified as the minimum TR
allowed for the MRSI sequence) to the regularization parameter A was also evaluated across
28 subjects, to justify the selected regularization parameter (102-5). Finally, the peak RF
amplitudes of pulses designed with and without spectral envelope root-flipping were
compared.

In Vivo MRSI Experiments

The tailored spiral-in-out SPSP water suppression pulses were inserted into the WET portion
of an MRSI sequence and used to scan healthy subjects at 7T. Subject participation was
approved by Institutional Review Board of the University Medical Centre Utrecht, after
providing informed consent. The slice of interest was selected for a study on amyotrophic
lateral sclerosis for the investigation of brain metabolism in brain areas affected by the
disease. Areas of interest included: the banks of the left superior temporal sulcus, left
cuneus, left inferior parietal area, left isthmus cingulate area, the banks of the right superior
temporal sulcus, right pars triangularis area, left caudatus and left putamen. The selected
slice was imaged with a 22x22 cm2 FOV and 0.5x0.5 cm? spatial resolution. The MRSI
acquisition bandwidth was 3000 Hz, the spectral resolution was 5.86 Hz/point, and the FID
excitation flip angle was 35 degrees. Automatic image-based second-order shimming was
applied. Skull fat was suppressed by a crusher coil [3] using a 1.2 ms current pulse played
0.8 ms after FID excitation. The crusher coil is an actively switchable coil that generates a
very local distortion of the By magnetic field in the skull and skin. The depth of spoiling can
be adjusted up to approximately 3 cm from the coil by adjusting the driving current. This
was done on a per-subject basis, by visual inspection of the suppression area on a fast proton
density weighted scan. The crusher coil was interfaced to one of the unused B; shim
amplifiers of the 7T scanner and switched during the sequences by means of a commercially
available dynamic shim update unit (Load & Go Real Time Shims, Resonance Research Inc,
Billerica, MA, USA). The same TR was used for all subjects to maintain consistent 7;
weighting, and was set to 300 ms based on previous experience with the range of scanner-
enforced minimum TR’s in different subjects for the conventional WET-MRSI sequence,
which depends on the spectral resolution and the scanner’s subject-dependent SAR
calculation. This TR corresponded to a total scan time of 7.5 minutes. Measurements were
done with no water suppression, with conventional WET water suppression, and with the
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proposed water suppression. To compare the quality of water suppression between the two
methods, for each voxel, signal in the water band was summed, and then normalized by the
measured water signal with no suppression. Metabolite spectra were generated with and
without post-processing removal of water signal. The post-processing steps included fitting
the unsuppressed spectra to the water-suppressed spectra in each voxel and subtracting the
fit from the water-suppressed spectra, followed by SVD-based water filtering [34].

Figure 5 shows the comparison between spatial subpulses designed using spiral-in and spiral
in-out trajectories. The spiral-in pulse has approximately 24% finer spatial resolution (2.5
cm) than the spiral in-out pulse (3.3 cm) (Figure 5a) and has lower on-resonance root-mean-
square (RMS) excitation error (3% versus 4.45%), but the spiral in-out pulse has 47% lower
peak amplitude and 40% lower SAR since it visits the center of k-space twice (Figure 5b).
The spiral-in pulse spends 26% (0.168 ms) of the possible RF duty cycle on its prewinder
(the prewinder is the initial linear ramp of the spiral-in k, waveform in Figure 5a), compared
to 10% (0.065 ms) for the spiral in-out pulse. Figure 5¢ shows that the spiral in-out pulse is
robust to up to approximately 500 Hz frequency offset (with root-mean-square (RMS) error
less than 6%), while the spiral in pulse’s error increases rapidly with frequency offset and
exceeds that of the spiral in-out pulse at £100 Hz, reaching an RMS error of approximately
15% at +500 Hz offset. Figure 5d shows simulated excitation error patterns at 0 and 500 Hz,
where the very large errors of the spiral in pulse can be appreciated at +500 Hz.

Simulated spatial subpulse RMS excitation error and overall sequence TR are plotted in
Figure 6 as a function of the RF power regularization parameter A. Each line represents
pulses designed for one of the 28 subjects. To meet the sub-300 ms TR constraint, based on
Figure 6 the A for all scans was chosen to be 1025, At this value, the RMSE’s of the spatial
subpulse designs were under 36% for all subjects, as shown in Figure 6b.

As shown in Figure 7, root-flipping the 145 degree spectral envelope (black) reduced peak
amplitude by 50% compared to the initial minimum-phase SLR envelope (gray). The 80
degree pulse peak amplitude was similarly reduced 43% with root flipping (not shown). The
peak amplitude of the 145 degree pulse with the minimum-phase envelope was 20.3 4T,
which exceeds the peak RF limit of many head and body coils that have upper limits of 13—
18 4T. Without root-flipping, the peak RF demand of the 145 degree pulse exceeded 18 4T
in 8 of the 28 subjects from Figure 6.

Experiments

Figure 8 compares water suppression performance between conventional WET and the
proposed sequence in five healthy subjects. Figure 8a shows simulated normalized single
subpulse excitation patterns and measured water residual maps for each subject, as well as

the corresponding By maps. The single subpulse patterns are equal to the 3;” maps for WET,
since it uses spectrally-selective pulses only. The spiral subpulse flip angle maps generally
reduced flip angles in the middle of the brain, and increased flip angles on the sides. This
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improvement in flip angle homogeneity primarily resulted in reduced water residuals on the
left and right sides of the brain, since the scanner adjusts its transmit gain so that the target
field strength is met in the middle of the brain. In Subject 2, B, field distortions above the
sinuses caused the water signal frequency to shift out of the pulses’ passband, resulting in
high water residuals for both methods there. Figure 8b compares water residual histograms
from all five subjects (3944 total voxels). The third histogram is the direct subtraction of the
previous two, which shows that the tailored SPSP sequence resulted in a significant increase
in pixels with water residual under 3%. Figure 8c shows the corresponding mean and max
water residuals for the five subjects. The proposed sequence largely reduced mean and max
water residuals in each subject, and the overall mean water residual was reduced from 5.88%
t0 2.52%, a 57% decrease.

The left image in Figure 9 shows MR spectra from Subject 3 using the proposed sequence
for water suppression, overlaid on the corresponding anatomical image. The skull fat around
most of the brain was suppressed by the crusher coil and only very limited fat signal
remained, though large lipid signals remained in the front of the brain (as indicated in the
Figure), where the subject’s head was not close enough to the conductors of the rigid crusher
coil. Figure 9 also shows the enlarged MR spectra in three boxed voxels, which had the best,
average (most common), and worst improvement in residual water signal. All y-axis are
unit-less signal intensity and scaled the same. As shown in Figure 8, the best improvement

was a result of the proposed method’s robustness to B~ inhomogeneity at the lateral regions,
and the worst improvement was a result of similarly good water suppression from both

methods due to strong B in the middle of the brain. The spectra obtained using different
water suppression methods were compared, before and after further water removal by post-
processing. As shown in the spectra before water removal in the best and average
improvement cases, conventional WET resulted in much larger water line widths and larger
water side bands, which remained after water removal by post-processing and degraded the
metabolite spectrum in the best improvement case. The MR spectra obtained with proposed
method before and after water removal were of good quality in all three cases. Overall this
example illustrates that the tailored pulses reduce the need for an additional unsuppressed
acquisition to fully remove water signal, and improve the likelihood of successful post-
processing.

Discussion

A short and effective water suppression method was proposed to enable high resolution
MRSI at ultra-high field. The method replaces the conventional spectrally-selective
saturation pulses used in the three-pulse WET water suppression sequence with patient-
tailored spiral in-out SPSP saturation pulses, to provide robust and short water suppression

in the presence of large B~ inhomogeneities. The spiral in-out trajectory used in the pulses,
combined with root-flipping, resulted in low peak RF amplitudes and acceptable SAR, even
for flip angles of 145 degrees. The pulses were designed using a computationally efficient
(<0.4 seconds total design time) separable method in which the short spatial subpulses were
first designed using an iterative magnitude-least-squares method based on a precomputed
regularized matrix pseudo-inverse, and were then duplicated to form a train that was
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weighted by the root-flipped spectral envelope. The resulting patient-tailored water
suppression sequence was validated in /7 vivo experiments, in which the pulses’ SAR were
compatible with TRs under 300 ms and enabled MRSI data with fine in plane spatial
resolution (5 mm) and good spectral quality to be measured in 7.5 minutes, with a crusher
coil for fast lipid suppression. Averaged across 5 subjects, the proposed method reduced
mean water residual from 5.88% to 2.52% (57% improvement) compared to conventional
WET.

We further showed that spiral in-out RF pulses are less sensitive to off-resonance, have lower
power, and have a higher RF duty cycle than spiral-in pulses of the same duration and
XFQOV. Since the spiral in-out trajectory was slew-rate limited and its total duration was
fixed at 0.645 ms, its XFOV and its initial rotation angle were the only parameters that could
be tuned; Supporting Figure S1 shows that spatial subpulse excitation error is relatively
insensitive to XFOV and that the chosen XFOV of 10 cm was close to the best value of 12
cm, when error was averaged across 28 subjects. The average best rotation angle for an
XFQV of 10 cm was also used in all experiments. As shown in Figure 8a, the spiral in-out
pulses reduced flip angle inhomogeneity primarily by mitigating the central brightening
effect in the middle of the brain, and flip angles were typically lower on the sides of the

brain due to the higher frequency B;" variations there.

While the proposed method addressed WET’s sensitivity to B;" inhomogeneity, it remained
sensitive to off-resonance that pushed water out of the spectral envelope’s passband. This
subject-and slice position-dependent effect was especially evident in the front of the brain
above the sinuses. It could be reduced using shim coil arrays or combined RF coil/shim
arrays [35-38]. An alternative and complementary approach would be to perform a full
iterative waveform design (instead of the separable method used here) that incorporates a
measured off-resonance map, to try to generate a different spectral profile at each spatial
location that is centered on the local water peak [39-41]. However, Supporting Figure S2
shows that directly applying full waveform design with off-resonance compensation to our
current experimental setup does not provide a clear improvement in pulse performance. This
is due to the limited spatial encoding that is possible within the very short subpulse duration
(0.645 ms) which is imposed by the spectral FOV. A full waveform design would also
require more sophisticated and longer computation than the separable method used here.
However, we anticipate that parallel excitation could enable sufficiently fine spatial encoding
to make off-resonance compensation feasible, and it could also enable more complete

mitigation of ;" inhomogeneity [31, 41-43]. This will be the focus of future work.

In this work, SPSP pulses were developed to suppress water in MRSI with robustness to B}
inhomogeneity, and were followed by an excitation and signal readout that were not
spectrally-selective. B} inhomogeneity-robust adiabatic SPSP pulses have been previously
used for refocusing in volume-localized MRSI sequences [44-51]. One recent example is
the Semiadiabatic Spectral-Spatial Spectroscopic Imaging (SASSI) sequence which uses two
adiabatic SPSP refocusing pulses to achieve insensitivity to 5~ inhomogeneity, along with a
linear-phase SPSP pulse for excitation [51]. An advantage of this sequence is that since it
uses volume localization it can potentially eliminate all water and lipid signals. The main
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drawbacks of SASSI and other adiabatic PRESS sequences are their smaller spectral
bandwidths and their longer TR’s due to the high SAR of their at least two refocusing
pulses, so matrices of, e.g., 44x44 as used in the present study would require longer scan
times. It may however be useful to apply the proposed tailored spiral in-out SPSP water
suppression sequence to further improve water suppression in SASSI and related sequences.
If another method can be used for slice-selection, it may also be possible to use tailored
spiral in-out SPSP pulses for spectrally-selective excitation in pulse-and-acquire phase-
encoded MRSI, though their power would increase due to the approximately 4x broader
excitation bandwidth compared to when they are designed to only excite water.

Conclusion

We have proposed and validated spiral in-out spectral-spatial tailored RF pulses for water
suppression in high resolution MRSI. Compared to the conventional WET method, the
pulses reduced mean residual water signal by 57%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Overview of tailored spiral in-out SPSP pulse design.
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Figure2.
The WET water suppression sequence, followed by excitation and acquisition for MRSI

measurement. Each spectrally-selective excitation pulse is followed by a crusher gradient.

The excitation pulses have 80-80-145 degree flip angles, to mitigate the effects of 5"
inhomogeneity and 7; relaxation. In this work, the conventional excitation pulses are
replaced with tailored SPSP spiral in-out RF and gradient waveforms, to reduce water
suppression errors due to B~ inhomogeneity. The timing of the 1.2 ms crusher coil pulse for
skull lipid suppression is indicated.
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Figure 3.
Frequency profile of the spectral envelope. The spectral FOV is 5.2 ppm, with 1 ppm pass-

band and transient-band, and 4.2 ppm stop-band. The pass-band replica does not overlap
with the metabolites of interest.
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Patient-tailored spatial subpulse design flowchart. With a patient-dependent 13;” map and a
pre-emphasized spiral in-out trajectory, the system matrix A is constructed and its RF power-
regularized pseudo-inverse Al is calculated. An iterative magnitude-least-squares
optimization is then performed, which interleaves RF pulse calculation with phase
relaxation.
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Spiral in versus spiral in-out subpulse simulations. (a) 0.645 ms spiral-in and spiral in-out &,

trajectories. The initial linear ramp prewinder of the spiral-in trajectory is labeled. (b)
Amplitude waveforms of spiral-in and spiral in-out RF subpulses for a human subject. The
spiral-in waveform is zero during its prewinder, and the spiral in-out waveform is zero
during the up and down ramps at either end of the pulse. (c) RMS excitation error as a
function of offset frequency for spiral in and spiral in-out pulses. (d) Percent flip angle error
maps at 0 Hz and 500 Hz frequency offset.

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ma et al.

900

TR(ms)
(2]
8

log, A

Figure 6.

Page 18
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TR (a) and Root-mean-square excitation error (b) simulated against pulses designed with
different RF power regularization parameter A. Each line represents pulses designed for one

of the 28 subjects using B; maps of slice of interest. When A equals 1025, designs for all

subjects have TR within 300 ms and RMSE within 36%.
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145 degree RF and x-gradient waveforms designed for a human subject. Root-flipping the
spectral envelope reduced peak amplitude by 50% compared to the initial SLR envelope.
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2 3
Subjects

Max

i m e .

4 5

Comparison of water residuals after conventional and spiral SPSP WET water suppression,
in five healthy subjects. (a) Simulated spatial subpulse flip angle maps, water residual maps,
and off resonance maps. (b)Water residual histograms across all subjects. (c) Mean and

maximum water residuals in each subject.
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Subject 3 spectra, acquired with conventional WET and the proposed spiral in-out SPSP
water suppression. (Left) Subject 3 spectra acquired with the spiral SPSP water suppression,
overlaid on a gradient echo image. Representative voxels are labeled where the spiral SPSP
suppression achieved its best, average, and worst improvement compared to conventional
WET, in terms of water residual ratios. (Right) The spectra in the three boxed voxels are
shown before and after water removal, with percentage water residuals resulting from both
methods indicated. All y-axes are unit-less signal intensity and scaled the same.
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