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Abstract

The neurochemical information provided by proton magnetic resonance spectroscopy (MRS) or
MR spectroscopic imaging (MRSI) can be severely compromised if strong signals originating
from brain water and extracranial lipids are not properly suppressed. The authors of this paper
present an overview of advanced water/lipid suppression techniques and describe their advantages
and disadvantages. Moreover, they provide recommendations for choosing the most appropriate
techniques for proper use. Methods of water signal handling are primarily focused on the VAPOR
technique and on MRS without water suppression (metabolite cycling). The section on lipid
suppression methods in MRSI is divided into three parts. First, lipid suppression techniques

that can be implemented on most clinical MR scanners (volume pre-selection, outer-volume
suppression, selective lipid suppression) are described. Second, lipid suppression techniques
utilizing the combination of k-space filtering, high spatial resolutions, and lipid regularization

are presented. Finally, three promising new lipid suppression techniques, which require special
hardware (a multi-channel transmit system for dynamic B;* shimming, a dedicated second-order
gradient system or an outer volume crusher coil) are introduced.
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1. Introduction

Two consensus papers have been published recentlyl-2. The first paper by Oz et al.!

deals with relevant clinical applications of MRS and MRSI in neurological disorders. The
second paper by Wilson et al.2 is focused on MRS and MRSI methodology and provides
recommendations for choosing optimal sequences and parameters for improved performance
in order to maximize the neurochemical information content. These recommendations

were mostly aimed at spectroscopy users who are limited by broadly available standard
techniques on clinical 3T MR scanners. A strong message from the methodology consensus
paper was that the performance of these techniques can be significantly improved by
implementing advanced methods already available in several academic research institutions
specializing in MRS.

The present paper is one part of a Special Issue in NMR in Biomedicine dedicated to
advanced methods in MRS and MRSI and is exclusively focused on water and subcutaneous
lipid suppression techniques designed for human brain proton MR spectroscopy. The goal of
this paper is to make recommendations for choosing and implementing the advanced water/
lipid suppression techniques currently available. In addition, this paper also includes basic
information about some new techniques that require specific hardware but have already
shown great potential for further applications.

1.1 Origin of water and lipid signals in brain proton spectra

The most prominent signal in a proton MR spectrum of healthy brain is the signal of water
that resonates at ~4.68 ppm /n vivo. Since water is the major component of all brain tissues
(70% - 85%), a very strong water signal (if not suppressed) is present in all spectra acquired
from any brain region.

In general, lipid resonances are not MR detectable in healthy brain tissue. These MR signals,
originating from membrane phospholipids, are affected by line-broadening mechanisms
typical of solid-state NMR (chemical shift anisotropy, dipolar coupling), making these
signals extremely broad and consequently not detectable by standard /n vivo MRS
techniques. It is worth mentioning that broad signals underlying resonances of low
molecular weight metabolites in short TE spectra, i.e. signals of macromolecules with very
short T, relaxation times (~30 ms), mainly arise from the protons of amino acids within
cytosolic proteins, not mobile lipids3.

However, mobile lipids, which are detectable by MRS, may accumulate in the brain due

to pathophysiological processes. Indeed, signals of mobile lipids can be observed in MRS
spectra acquired from some elderly subjects® or patients with different brain diseases,
including brain tumors®®, neurodegeneration’, or inflammatory and ischemic diseases8°. A
proper characterization and quantification of these lipid signals may be of diagnostic interest
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and should then not be affected by lipid suppression techniques. Here, we will mostly

focus on the artifactual lipid signals originating from regions outside of the brain, such as
subcutaneous fat, which may contaminate brain spectra. These extracranial signals originate
predominantly from triglyceride acyl groups, with major resonances of -CH,— and CH3—
groups at 1.3 and 0.9 ppm, respectively. However, lipids (in particular with unsaturated fatty
acyl groups) give rise to multiple further resonances between 2.0 and 5.5 ppm, possibly
overlapping the metabolite signals of interest in this frequency range (see Figure S1 in
Supporting Information for a 1H NMR spectrum of a triglyceride containing an unsaturated
fatty acyl chain).

Brain water and subcutaneous lipids signals are several orders of magnitude larger than
those of MRS-detectable metabolites. The amplitude of these signals, in addition to

their spectral position proximal to the metabolites of interest, leads to spectral baseline
distortions. By the spectral baseline we understand the curve consisting of smoothly

varying signal components underlying all resonances originating from the volume of interest
(VOI).10 In addition, satellites of the water signal originating from gradient coil vibrations
overlap the spectral region of interest. Finally yet importantly, the shape of the point spread
function enables subcutaneous lipid signal leakage into brain MRSI data. Unless these
strong resonances are substantially minimized or eliminated (suppressed), they interfere with
detection and reliable quantification of brain metabolites.

2. Water suppression

A variety of water suppression (WS) techniques has been developed for 1H NMR
spectroscopy aimed at studying 3D structures of proteins in aqueous solutions®?.

This includes pre-saturation, single inversion recovery (IR), use of binomial composite
semi-selective pulses'? and WATERGATE (WATER suppression by GrAdient-Tailored
Excitation)!3. These methods work successfully for 2D and 3D H NMR spectroscopy of
proteins dissolved in non-deuterated aqueous solutions measured in sample tubes, but their
application for /n vivolH MRS is complicated for several reasons. First, the limited peak
B, * available on human MR scanners affects the performance of conventional frequency
semi-selective composite pulse trains used for avoiding water signal excitation/refocusing.
Thus off-resonance effects associated with the limited B;* must be included in their
construction4. Since these pulse trains cannot be used simultaneously for slice selection and
water suppression, their use in single voxel localized sequences will prolong the minimum
echo time. Second, a deuterium lock, a key factor for maintenance of precise frequency
stability in high-resolution NMR spectroscopy of liquids, cannot be used /7 vivo, making
the elimination of unwanted coherences (e.g. utilizing pulse sequence phase cycling) much
less efficient. Therefore, these types of WS techniques are generally not found suitable for
in vivo single-voxel MRS. However, binomial semi-selective refocusing pulses have been
successfully used in combination with other WS techniques in MRSI14:15,

The most critical factor affecting the WS efficiency under /n vivo conditions is the spatial
Bp and B1* inhomogeneity and large variations between T; relaxation times of water in
different brain compartments (1.2 — 4.4 s at 7 T)16. Furthermore, the efficiency of WS is
challenged by frequency and phase fluctuations induced by physiological motion. Here, WS
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efficiency is defined as the ratio of the residual water peak relative to the amplitude of
the unsuppressed water signal in a reference acquisition acquired with otherwise identical
acquisition parameters 10, Ideally, the height of the residual water signal in MRS/MRSI
data should be comparable or smaller relative to the tallest metabolite peak in the water-
suppressed spectrum.

A number of WS techniques have been developed over the years starting at an early stage
of IH MRS17-22_ A typical WS building block consists of a CHemical Shift Selective
(CHESS) RF pulse followed by a crusher gradient20. First applications used three identical
CHESS pulses separated by the same time delayl®. The efficiency of this three-pulse WS
technique has been improved by varying the flip angles of these RF pulses18. Furthermore,
the sensitivity of WS efficiency to B; and T, variations was substantially decreased by
using four consecutive WS pulses with numerically optimized flip angles as described in a
technique called Water suppression Enhanced through T effects (WET)22,

The recently published consensus paper on MRS methodology? recommends the VAriable
Power and Optimized Relaxations delays (VAPOR) WS method for advanced MRS23-25,
As VAPOR was specifically optimized to address the most common complications of /n
vivo water suppression, B;* inhomogeneity and T variations, we chose this technique to be
explained in more detail in the following section. In addition, VAPOR parameters optimized
for 3 T are also included. Finally, the last section of water signal handling techniques is
dedicated to 1H MRS without WS.

2.1. VAPOR water suppression

The original version of VAPOR water suppression?* was developed specifically for high-
performance IH MRS of rodent brain at 9.4 T where transmit/receive surface RF coils

are commonly used. The primary goal was to design a WS technique that would be as
insensitive as possible to the inhomogeneous transmit B1* field of a typical surface RF coil.
In addition, the timing between frequency-selective RF pulses was chosen in a way that
enabled outer-volume suppression (OVS) blocks to be interleaved with the WS pulse train.
The optimization process took into account relative flip angles of WS pulses, inter-pulse
delays, and a large range of water T, in different brain compartments (tissue, cerebrospinal
fluid). The relative flip angles and inter-pulse time delays of the original VAPOR scheme 24
are:

Relative flip angles: a —a - 1.78a - a - 1.78a —a - 1.78a
Inter-pulse delays (in ms): 150 — 80 — 160 — 80 — 100 — 30 — 26

where a is the nominal flip angle. Large differences in relative flip angles (factor of

1.78 corresponding to 5 dB in B;*) and optimized timing decrease the sensitivity on B;*
and guarantee that M, magnetizations corresponding to coherence pathways experiencing
different B;* cross zero at the same time?24,

2.1.1. VAPOR water suppression for 7 T—The timing and relative flip angles of
the original VAPOR WS pulse train were slightly redesigned for applications on human 4T
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and 7T systems23:25 for two reasons. First, there was not enough time for OV'S blocks that
become longer due to limited peak B;* on human MR scanners. Second, the duration of WS
pulses was lengthened in order to keep the desired frequency selectivity. In addition, an 8!
WS pulse was included into the VAPOR pulse train designed for 'H MRS in human brain.
The 7T VAPOR scheme 2325 shown in Figure 1A, uses these parameters:

Relative flip angles: a —a - 1.78a. —a — 1.59a — a - 1.78a — 1.78a
Inter-pulse delays (in ms): 150 — 100 — 122 - 105 - 102 - 61 - 67 — 14

Flip angle scaling factors 1.59 and 1.78 correspond to 4 dB and 5 dB in B1*, respectively.
This WS scheme has the capability to reduce the residual water signal well below the
intensity of major brain metabolites, which is demonstrated by 7T 1H MR spectra acquired
by a VAPOR - semi-adiabatic Localization by Adiabatic SElective Refocusing (SLASER)
sequence?® from the motor cortex (Fig. 1B) and by a VAPOR — STEAM sequence from the
occipital lobe (Fig. 1C). The STEAM sequence offers the option of applying an additional
WS pulse during the TM period. This additional TM CHESS pulse increases the WS
robustness but also introduces some T1 weighting while also making the sequence a little

bit more sensitive to motion. Therefore, the TM duration with such a CHESS pulse should
be kept as short as possible. The eight RF pulse VAPOR adds only a small fraction to the
power deposition, which is dominated by VOI localization and OVS pulses. For the SLASER
sequence with OVS at 7T27, VAPOR contributes only by 0.27 W in comparison with 40.0 W
of sSLASER and 40.1 W of OVS. This also applies for the STEAM sequence combined with
four OVS blocks?23:25 (as shown in Figure 1A). VAPOR contributes 0.27 W (as mentioned
before), while OVS adds 73.1 W and STEAM 5.2 W.

Figure 1D shows that both versions of VAPOR (designed for animal and human MR
scanners) show exceptional WS efficiency over a wide range of nominal flip angles. This
makes the VAPOR technique well suited for 1H MRS under conditions with large spatial
inhomogeneities in transmit B4*, which that are typical for surface RF coils or human
applications at high magnetic fields. This insensitivity to B1* substantially simplifies and
speeds up VAPOR power calibration. A single power calibration on a localized signal from
the VOI should be sufficient for the localization sequence as well as for VAPOR WS.
Another important feature of a robust WS technique is that the slope of the residual water
signal dependence on nominal flip angle, i.e. the derivative d(M,/Mg)/da is close to zero
when the residual magnetization M /Mg = 0. This makes the WS technique insensitive to
B1* changes or variations. The dependence of the residual water signal using three CHESS
pulses of the same flip angle is shown for comparison to demonstrate this feature (Fig.

1D, inset). The inset clearly shows that the slope of 3 x CHESS zero M, line is steep
(Id(M,/Mg)/dal >> 0), which makes the WS extremely sensitive to any minor variation in
B1* (<0.1%).

The VAPOR technique is also optimized to maximize the WS efficiency over a wide range
of water T, relaxation times that are typical for animal and human brains. Figure 1E shows
the Bloch equation simulation of the residual water signal for a nominal flip angle at 7

T from four different brain compartments. The simulation was performed for white matter
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(WM) T1 = 1220 ms, cortical gray matter (GM) T, = 2132 ms, putamen T, = 1700 ms and
cerebrospinal fluid (CSF) T = 4425 ms using relaxation parameters for 7 T from Rooney et
al.16, It is worth mentioning that residual signals of tissue and CSF water may have opposite
amplitudes due to large differences between T relaxation times. However, these signals
cannot cancel each other if not sufficiently suppressed because resonance frequencies and
linewidths of these signals are not identical. The resonance frequency of water protons in
CSF is typically shifted slightly upfield due to differences in magnetic susceptibility28:29,
The VAPOR technique is capable of suppressing the water signal below 3% over a wide
range of nominal flip angles from 50 to 160 deg (Figure 1D,E). While such WS efficiency
fails to meet the typical WS requirements in the VOI (<0.05%), it helps to suppress spurious
echoes due to water signals from distant regions where the B;* could be substantially
different from that inside the VVOI.

As the residual water signal dependence on the nominal flip angle is flat around the optimal
setting, superior WS without performing a fine VAPOR power calibration should be feasible.
VAPOR power setting based on just one VOI-based B1* calibration, which is recommended
for advanced single-voxel MRS27, should be sufficient for all RF pulses of the sequence,
including VAPOR. However, before the sequence is used routinely on a specific MR
scanner, it is highly recommended to verify that the power automatically set for VAPOR
pulses agrees with the power measured experimentally. This test is important due to the large
difference in power requirements between RF pulses used for localization versus WS, and
performance of the RF transmit system may slightly deviate from the theoretical response
(non-linearity or slope). Therefore, it is recommended to run a VAPOR power calibration
over a wide range of B,* (as in Fig. 1E) and verify that the calculated power (i.e. pre-set
nominal flip angle) agrees with the requested power (nominal flip angle) in the center of the
flat region around 85 deg (Fig. 1 E,F). Any disagreement between these two values can be
easily fixed by use of an appropriate correction factor for automatic VAPOR power setting
or by requesting a slightly different value for the VAPOR nominal angle in order to get the
correct value experimentally. This calibration can be performed using a phantom with a T,
value of water typical for brain and with similar RF coil loading as a human head. The size
of the VOI should be comparable to the size typical for common MRS applications on a
particular MR scanner. Because the calibration depends on both hardware performance (RF
power amplifier) and also software (how the RF power is calculated for pulses of a different
shape and duration), it should be independent of brain regions and RF coils used. Changing
the inter-pulse delay between the 7t and 8! VAPOR pulse is more appropriate for a fine
VAPOR calibration if necessary. Changes of this delay in a narrow range close to a default
value of 67 ms moves the residual water curve up or down without changing its pattern, as
shown in Figure 1F.

The frequency selectivity of the VAPOR pulse train is an important parameter for
characterizing the performance of this WS technique. The suppression bandwidth should

be wide enough to cover frequency variations of the water resonance caused by spatial

By field inhomogeneity (including the volume outside of the VVOI). At the same

time, this suppression bandwidth should not be so wide as to suppress resonances of
important brain metabolites, such as creatine (3.91 ppm), phosphocreatine (3.93 ppm) or
phosphoethanolamine (3.98 ppm). In addition, the suppression bandwidth (expressed in Hz)
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has to be scaled with the By field strength due to chemical shift dispersion. The overall
frequency selectivity should be evaluated using the residual longitudinal magnetization M,
(not the excitation bandwidth characterized by Myy ). It should be noted that the overall
frequency selectivity of the VAPOR technique is quite different from that of a single

WS pulse (Fig. 2), depending not only on the RF pulse shapes and durations but also

on the number of pulses in the WS scheme, their flip angles, inter-pulse delays, and on

T relaxation times of water. Using RF pulses with flatter excitation profiles instead of
Gaussian pulses is recommended for the VAPOR technique, as this decreases the sensitivity
of WS to frequency offsets of the VAPOR frequency-selective RF pulses. The same
asymmetric amplitude-modulated RF pulse (P10), which was used in the 1-ms TE STEAM
sequence, was also used in the original VAPOR scheme designed for an 9.4 T animal
scanner?4. The VAPOR pulse train optimized for a human 7T scanner used a truncated
(3-lobe) P10 RF pulse in order to retain the required frequency selectivity, despite the
limited pulse duration?325, The M, profile of a single, truncated 25-ms P10 RF pulse (P10tr,
dashed line) and the overall frequency selectivity of the VAPOR WS pulse train simulated
for water in different brain compartments (GM, WM, CSF) are shown in Figure 2 A,B.
The frequency selectivity at 50% of M, is £0.32 ppm, with suppression <5% outside of

the £0.37 ppm region. This selectivity guarantees that signals of myo-inositol (4.05 ppm),
lactate (4.10 ppm) and, if necessary, the signal of glucose (5.23 ppm H1-a) can be detected
without saturation. The flat M, profile (x50 Hz from the VVOI water resonance frequency)
increases the WS efficiency outside of the VVOI, where the water resonance frequency may
significantly deviate from the VOI water on-resonance condition.

The timing of the VAPOR scheme was designed to include interleaved OVS modules.
Although using OVS is optional and is not a requirement for successful WS, utilization

of OVS modules can improve the overall spectral quality in three ways. First, OVS
improves the localization performance by suppressing side-lobes of slice selection pulses,
which minimizes contamination of spectra by resonances originated from outside the VOI
(such as signals of subcutaneous fat). Keep in mind, phase cycling cannot eliminate these
types of resonances. Second, OVS has the potential to suppress spurious echoes arising
from distant areas where WS pulses totally miss the water resonance because of a large

By inhomogeneity outside of the VVOI. This can happen when higher-order shims are
necessary to compensate the By inhomogeneity inside the VOI. Third, pre-localization

by OVS decreases the demands on crusher gradients of the localization sequence which
enables shorter TE and consequently increases SNR and decreases the dependence on T,
relaxation of metabolite signals. However, it is important to emphasize that OVS pulses
make a substantial contribution to the overall SAR of the sequence, and including OVS is
possible only for long repetition time (TR) conditions. In addition, OVS pulses may affect
the water signal intensity through magnetization transfer (MT) mechanisms. An alternative
approach for avoiding spurious echoes would be to use dynamic By shimming; using global
shims during the WS pulse train guarantees that water resonances across the whole brain
experience the WS pulses (y/2r ABg < WS bandwidth). Local shims optimized for a given
VOI (determining the spectral resolution) could be applied only during localization and
signal acquisition39-31,
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2.1.2. VAPOR water suppression optimization for 3 T—The VAPOR timings and
RF power originally optimized for 1H MRS of the human brain at 4 T and 7 T23 are less
suitable at 3 T due to both shorter Tq relaxation times of water at this field strength and the
demands for longer WS RF pulses as required for frequency selectivity. In order to expand
the water suppression region where the residual water signal intensity is insensitive to By
and T, inhomogeneity at 3 T, the following changes in relative flip angles and inter-pulse
delays are proposed for the first time in this report:

Relative flip angles: a —a — 1.78a —a — 1.59a — a — 1.78a — 1.86a
Inter-pulse delays (in ms): 160 — 110 - 132 -115-112-71-88 - 24

The flip angle of the 8" WS pulse is increased to 1.86a and the inter-pulse delays

are slightly increased for longer WS pulses. A Shinnar — Le Roux (SLR) pulse of 30

ms duration and 42 Hz bandwidth (measured in M) was suggested for the 3T VAPOR
pulse train (available on the CMRR web site: https://www.cmrr.umn.edu/spectro/) as a
compromise between the available time windows for WS pulses, their M, magnetization
profiles, and required frequency selectivity (Fig. 2 C,D). The frequency selectivity of this
version of VAPOR is £0.31 ppm at 50% M, with suppression <5% outside of the £0.40
ppm region. As shown in Figure 2, the 3T version of VAPOR with SLR pulses is slightly
more sensitive to off-resonance effects than the 7T version with truncated P10 pulses.

The dependence of the residual water signal intensity on nominal flip angle was simulated
for water in three different brain compartments having different T, relaxation times (WM T,
=840 ms, GM T4 = 1500 ms, CSF T4 = 4000 ms 16) (Fig. 3 A). The increased flip angle for
the last WS pulse helped to keep the dependence of the residual water signal with shortest
T1 (WM) flat between 80 and 120 degrees of the nominal flip angle. The visualization

of water magnetization M, trajectories during the VAPOR pulse train for three different
nominal flip angles can be found in the Supporting Information (Figure S2). In addition,

the dependence of the residual water signal on nominal flip angle was also measured
experimentally from the posterior cingulate cortex (PCC, Fig. 3 B) using the aforementioned
VAPOR parameters. Simulated and experimentally measured data were in good agreement
(Fig. 3 A).

2.1.3. Advantages and disadvantages of VAPOR—The VAPOR technique is a
robust water suppression method, insensitive to T; and By* variations. It provides high
WS efficiency by routinely allowing the minimization of the residual water amplitude well
below the intensity of major brain metabolites. The WS adjustment is fast and simple. It
requires just one local RF power calibration focused on the VVOI (e.g. localization sequence
pulse) and if necessary, the fine adjustment can be achieved by optimizing the inter-pulse
delay between the 7t and 8" VAPOR pulse. The high efficiency of water suppression
over a wide range of nominal flip angles (transmit B;*) makes the VAPOR technique
ideal for experiments where increased inhomogeneity in transmit B;* is expected (7 T,
half-volume RF coils). This feature of VAPOR enables efficient water suppression also
outside of the VOI, where the B;* can be very different from that within, which helps

to suppress the spurious echoes from distant regions. In addition, the VAPOR technique
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enables the use of interleaved OV'S, which improves the localization performance of the
sequence and minimizes occurrences of unwanted spurious echoes. However, because of
SAR limitations, VAPOR interleaved with OVS can only be used for MRS with sufficiently
long TRs (typically >3 s). For example, OVS contributes up to 93% of the total power
deposition in the VAPOR-OVS-STEAM pulse sequence?3:2> (Figure 1A).

A disadvantage of the VAPOR technique is the fact that it also partially suppresses
resonances of groups with exchangeable protons (mostly -NH- groups of secondary amines
and amides), affecting the detection and quantification of downfield signals32. In addition,
the series of VAPOR WS pulses may affect some metabolite resonances by a water-mediated
MT mechanism, which would cause a bias in quantification of these metabolites33-36, A
decrease in the assessed concentrations of total creatine (-12%) and glutamate (—-8%) due
to VAPOR has recently been reported for 3 T.37 It should be noted that this effect is

not specific just for VAPOR, but MT effects on metabolites can be expected for any WS
technique based on pre-saturation. The VAPOR technique cannot be used for a short-TR
acquisition (TR < 1s) because of the overall VAPOR pulse duration (~720 ms). In addition,
the overall SAR of the MRS localization sequence with VAPOR can be a limiting factor for
data averaging using shorter TRs. In these cases, we recommend using WET?22 or slightly
modified versions of WET38:39 as an alternative.

1H MRS without water suppression

Although optimized water suppression techniques have been essential for the successful
development and application of 1H MRS and MRS, it is important to note the advantages
and drawbacks of alternative methods that avoid water pre-saturation and partly aim at the
simultaneous detection of metabolite and water signals. Following the initial publications by
Kreis and Boesch#? and Hurd et al.#1, several authors have proposed different approaches for
localized 1H MR spectroscopy without water suppression.

For most applications, the limited dynamic range of the detected MR signal, which had been
one of the early arguments for the necessity of water suppression, is no longer a problem if
modern analog-to-digital converters with at least 16-bit resolution and digital filtering based
on oversampling are applied. However, the problem of artifact signals caused by any kind of
small signal modulations during data acquisition, which leads to side bands of the dominant
water signal, is more severe. The switching of slice selection or spoiler gradients may cause
a frequency modulation of the water signal, either directly by eddy currents or via excitation
of mechanical vibrations, that leads to sideband signals overlapping with metabolite spectra.
In addition, amplitude or phase jitter in the detection path of the scanner or instabilities in
the shim system can also contribute to sideband signals. These sideband signals of the water
resonance hamper metabolite quantification. The characteristics of the sideband artifacts

in terms of their intensity, reproducibility, and consistency between phantom and /n vivo
acquisitions depend on the source and nature of the instability (e.g. phase or amplitude
modulation, mechanical or electrical unsteadiness).

Besides avoiding water (and sideband) excitation40:4243 different approaches have been
suggested to suppress the sideband artifacts by exploiting their specific properties. Often
the sideband signals are antisymmetric, i.e., they occur equidistantly on both sides of the
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water signal but with a phase difference of 180 deg*4. More importantly, the amplitude

of the sideband signals scale with the strength and the sign of the applied magnetic field
gradients and are in sync with the phase of the signal from which they originate. This
property has been exploited by two approaches, which are both two-step methods. One
approach addressing gradient-related sidebands combines two measurements performed with
opposite gradient polarity*%45. The other method uses chemical shift selective adiabatic RF
pulses to invert the metabolite signals in the upfield or downfield part of the spectrum with
respect to water in alternating acquisitions*6, while leaving the water signal unaffected. In
this so-called “metabolite cycling” (MC) method, addition and subtraction of the two signals
allow the separation of the metabolite signals from the water and sideband signals (Fig. 4 A,
B).

The rationale for performing MRS or MRSI without WS is not only to simplify the
acquisition sequence by eliminating the water suppression modules that take up scan time
(e.g. limiting more condensed data sampling approach in interleaved multi-slice MRSI
experiments), but also for utilizing the unsuppressed water signal to improve MRS data
acquisition and processing. The simultaneously measured water signal can be used as an
internal reference for quantification purposes and for correcting variations in frequency (e.g.
drifts in long experiments or after gradient-intense MRI sequences), phase (e.g. related to
physiologic motion), or even signal amplitude (in diffusion weighted IH MRS). The water
signal is also very handy for multi-receiver phase correction and amplitude weighting.

Furthermore, the MC technique offers an elegant solution of avoiding possible bias in
metabolite quantification caused by MT effects3347 induced by WS techniques of long
overall duration, like VAPOR.

The main applications of MC are those where single water-suppressed acquisitions have
insufficient SNR for phase and frequency alignment of individual acquisitions*8, where

the spectrum phase is highly sensitive to physiological motion, such as diffusion-weighted
MRS49:50 where it is too time-consuming to record separate water-unsuppressed scans
(MRSI)®, where the water signal carries independent#? or real time>2 information of
interest, or where signals from exchanging protons are in the focus of the investigation3®:36.

However, the obvious advantages of MC have to be weighed against its drawbacks: water
suppression efficiency from the 2-step process can be inferior to what can be achieved by
optimized water suppression schemes?4. This is especially true in the presence of significant
phase and frequency drift (Fig. 4 C, D and F). However, post-acquisition alignment of
individual spectra can typically restore a high level of water suppression (Fig. 4 E). It can
be observed that the water acquired with downfield inversion is generally a few percent
smaller than water acquired with upfield inversion. This is likely explained as being due to
chemical exchange and Nuclear Overhauser effects (NOE) between exchangeable protons
from downfield resonances and water. A small amplitude correction will be required to
achieve the highest level of water suppression. For a given MR method, this correction
factor is highly reproducible and can be established quantitatively.#6:50 The inversion
efficiency of the adiabatic pulse is frequency dependent and may introduce a slightly
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frequency-dependent response profile, particularly at very high field®3. Random scan-by-
scan instabilities in the overall signal may lead to residual water sidebands.

While more details and illustrations can be found in the review by Dong®*, the following
example illustrates the recent application of MRS with MC in diffusion MRS (Fig. 5).
Diffusion-weighted spectroscopy scans benefit particularly from a simultaneously recorded
large SNR reference signal because the large diffusion gradient pulses in combination

with even slight patient or tissue motion easily lead to zero-order and time-dependent
phase fluctuations that are different for each acquisition. These signal modulations can be
corrected by traditional shot-by-shot correction of frequency and phase, and changes in
linewidth can readily be derived from the water reference as well. Non-linear motion also
leads to loss in signal amplitude for individual acquisitions. This also can be estimated
from the individual large SNR water shots when put in perspective to the whole collection
of all acquisitions, as long as enough acquisitions with full signal intensity are among the
acquired data. It was found that the relative benefit of the amplitude restoration based on
the water signal increases with the strength of the diffusion weighting, and can reach a
boost in metabolite signal of 50% in certain subjects®®. When comparing to diffusion MRS
with WS the overall effect may easily be even considerably larger since the SNR in single
water-suppressed scans may be insufficient for reliable frequency and phase correction that
can lead to destructive or non-ideal signal accumulation.

2.3. Techniques for water signal handling in MRSI

Advanced MRSI techniques developed for 3T or 7T MR scanners preferentially use

WET 31.38.39,55-58 or \JAPOR59-64 WS techniques. Each technique has its advantages and
disadvantages. Since VAPOR is less sensitive to B;* variations than WET, the VAPOR
technique should be the method of choice for WS in MRSI at ultra-high fields where
substantial spatial inhomogeneity in B1* is expected. Moreover, the VAPOR technique is
inherently designed to include OVS pulses interleaved with WS pulses. These OVS pulses
can be used for extracranial lipid suppression. However, the overall duration of the VAPOR
pulse train of about ~720 ms, can make this method too long for ultra-high resolution MRSI
that requires compact data sampling with a very short TR. In addition, eight RF pulses of
VAPOR contribute substantially to the overall SAR of the MRSI sequence, which might lead
to SAR limitations for a short TR data acquisition. In these cases, the WET WS technique??
might be the best alternative>5:65,

The VAPOR technique can provide high WS efficiency over a wide range of B;* (flip
angles) (Fig. 1 and 3). However, efficient WS across a large region of interest (ROI) can

be achieved only if the power of the VAPOR pulses is set correctly, i.e. the range of

spatial variation in B1* across the MRSI ROI corresponds to the VAPOR nominal flip angle
region with the highest WS efficiency. For automatic setting of optimal VAPOR parameters,
having the B;* mapping data would be extremely useful. Fast MRSI data sampling using a
very short TR has a beneficial side effect of saturating (i.e. suppressing) the water signal,
particularly from compartments with long T1, such as CSF. This effect improves the WS
efficiency of the WET technique when it is used for ultra-high resolution MRSI.
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An alternative approach is to acquire the MRSI data without WS. Such an approach calls
for the metabolite cycling method, described in the previous section (2.2.). Recently, this
technique was successfully applied for high and ultra-high field MRSI?1.66, The advantage
of this technique is a simultaneous acquisition of both metabolite and water data. The water
signal is important not only as an internal quantification reference, but it also provides
calibration information for combining phased-array coils and for correcting residual eddy
currents, as well as phase and frequency drifts. However, as a difference method, metabolite
cycling based MRSI is susceptible to signal changes or fluctuations as already discussed
for single-voxel experiments. Furthermore, By inhomogeneities may affect the detection of
signals close to the water resonance and reduce the quality of separating the water signal
from the metabolite spectra, which may cause baseline distortions.56

3. Subcutaneous lipid suppression

Mobile lipids are not detectable in a healthy human brain by IH MRS or MRSI, however
they may appear in the brain as a consequence of a disease. The primary goal of this
section is not aimed at these mabile lipids in the brain, but instead is focused on techniques
suppressing the artifactual subcutaneous lipid signals originating outside of the brain. If
these unwanted extracranial lipid signals are not suppressed, they can contaminate and
severely degrade the quality of 1TH MRS/MRSI data. However, if mobile lipid detection
within the brain is the goal of the study, the extracranial lipid suppression should not
inadvertently suppress these signals.

The efficiency of eliminating extracranial lipids from single-voxel MRS data is determined
by the localization performance of the used pulse sequence. Advanced single voxel
spectroscopy techniques (SLASER, SPECIAL and STEAM, all typically combined with
OVS), which are described in another paper of this Special Issue?’, meet this requirement.
Their outstanding localization performance guarantees the elimination of unwanted lipid
signal from outside of the VVOI.

The following sections of this paper will describe different subcutaneous lipid suppression
techniques used in *H MRSI. In this case, signal contamination from subcutaneous lipids
is mainly affected by the point spread function (PSF) and motion. Due to voxel bleeding,
even voxels distant from the skull can be affected which can significantly deteriorate MRSI
data quality. In addition, reconstruction errors in methods such as parallel imaging or
non-Cartesian trajectories may introduce further lipid artifacts.

Initially, MRSI techniques utilizing volume pre-selection (by SLASER or PRESS
localization) will only be discussed briefly because advanced MRSI methods increasingly
aim for a whole-slice (whole-slab) coverage. All subsequent sections will be exclusively
focused on MRSI techniques capable of providing whole-brain coverage that is critical

for many potential clinical applications. At first, lipid suppression techniques that can

be implemented on most clinical MR scanners will be described. In a second part, new
advanced techniques using high spatial resolution developed for MRSI at ultra-high field
will be explained. Finally, three promising new lipid suppression techniques, which require
special hardware, will be described.
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MRSI techniques with volume pre-selection

Volume pre-selection has a number of advantages and disadvantages for human brain MRSI.
First and foremost, volume pre-selection has the capability to eliminate the contamination
of MRSI data by all unwanted signals originating from subcutaneous lipids. Volume pre-
selection is especially useful when MRSI investigation is targeting a specific brain region.
Such an approach is even more justified when the ROI requires strong B shims (i.e.
anterior-inferior frontal and anterior temporal) that would deteriorate the By homogeneity
outside of the ROI. This is a common challenge for MRSI data collection because high-
quality Bg homogeneity across the whole brain is not achievable on MRI scanners equipped
only with a standard Bg shim set (15t and 2"d-order).

The disadvantage of this approach is that volume pre-selection does not allow for whole-
brain coverage. In addition, the volume pre-selection technique with a rectangular shape is
not suitable to acquire MRSI data from the brain periphery due to differences in the brain
geometry. If the pre-selected volume contains only a fraction of the extracranial tissue, the
advantage of using this technique for lipid suppression is lost and other lipid-suppression
techniques have to be utilized. Last but not least, intensities of metabolite resonances in
MRSI voxels on the periphery of the pre-selected volume are compromised by the chemical
shift displacement error (CSDE). The sSLASER technique is highly recommended over
PRESS for the volume pre-selection at high By fields due to considerably reduced CSDE
and excellent localization performance (narrow transition zone, negligible contamination
from outside of the region of interest (ROI)27:38:39.58,

MRSI lipid suppression techniques for clinical MR scanners

Proton MRSI of the whole brain, i.e. without volume pre-selection, has considerable
advantages in terms of extended spatial coverage, particularly for cortical regions. However,
lipid signals from the scalp and other surrounding tissues are three to four orders of
magnitude larger than those of brain metabolites. Even when using medium to long

echo times, the relatively low spatial resolution of typical MRSI studies, as dictated

by SNR constraints, typically requires suppression of these unwanted lipid signals by

either acquisition techniques or post processing algorithms. In the following sub-sections,
acquisition methods that can be readily implemented on standard clinical scanners without
the need of advanced hardware will be reviewed.

3.2.1. Outer-volume suppression—The most common approach for full-slice, multi-
slice, or volumetric IH MRSI is the use of carefully-placed OVS slices to presaturate
peripheral lipid-containing tissues®’. In this approach, a series of spatially selective
saturation pulses are placed tangentially around the skull prior to exciting the metabolite
signals (see Fig. 6). Typically, OVS pulses are temporally interleaved with water pre-
saturation pulses, with one of the first demonstrations of this approach for multi-slice H
MRSI presented by Duyn et al.58,

The OVS approach for lipid suppression has now become quite common, with some
applications using up to 16 OVS pulses in all three spatial dimensions®7:6%, Variations of
OVS implementations include the use of cosine modulated pulses to simultaneously excite
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pairs of parallel saturation bands’?, multi-pulse sequences to reduce sensitivity to T1 and
B4+ variations 6271,

Conventional OVS pulses are, however, limited by relatively poor edge profiles, B;* and

T4 sensitivity, and susceptibility to chemical shift displacement errors. High-performance
Very Selective Saturation (VSS) pulses directly address these drawbacks.’2 In general,
increasing RF pulse durations while maintaining constant pass bands can increase selectivity
(defined as the ratio of the pass to transition bandwidths). VSS pulses achieve high
selectivity without increasing RF peak power constraints via the addition of a quadratic
phase variations while keeping the B;* magnitudes relatively constant. As a result, VSS
pulses can achieve much higher excitation bandwidths and narrower transition bands than
achievable using conventional pulse designs. For example a typical 3 ms VSS pulse can
achieve a 6 kHz passband, 350 Hz transition band, and a selectivity factor of 17, as
compared to a 5-ms conventional pulse with selectivity of 2.6 based on 1.3 kHz/0.5 kHz
pass/transition bandwidths In general, the excellent VVSS performance comes at a cost of a
nonlinear phase response, which in the case of saturation pulses is irrelevant as dephasing of
the excited magnetization is actually desirable. Hence, VSS pulses can be particularly useful
for MRSI applications in achieving excellent spectral quality even from tissues located close
to subcutaneous lipids.

A current limitation of OVS methods is the need to manually place the OVS slices, a process
that can significantly slow down workflow during a clinical exam. However, automatic
placement of the OV'S pulses using image segmentation and/or machine learning can
potentially overcome this limitation7:73. A much more significant limitation of OVS is the
lack of robustness towards variations in T1 and B1*. The minimum number of OVS slices
(8), provides essentially no compensation towards T; and B;*. Extending OVS to 16 or 24
pulses improves sensitivity towards T, and B;* at the expense of greatly increased SAR and
necessitates long TR acquisitions. Therefore, the OVS based subcutaneous lipid suppression
becomes unattractive moving towards magnetic fields above 3 T. Practically, whole-slice
OVS only provides a 15 - 25 fold mean extracranial lipid suppression factor under /in

vivo conditions®2.71.74 In addition, the overlap of OVS slices increases the probability of
spurious echoes generated by stimulated echo mechanisms. Finally, it should be noted that
OVS pulses might affect the intensity of the detected water signal through MT mechanisms,
which is important to take into account if the water signal is used as an internal reference for
quantification.

3.2.2. Inversion recovery—An alternative to OVS pulses is the use of inversion
recovery (IR) methods’®. Specifically, exploiting the relatively short Ty relaxation times

of lipids relative to those of most metabolites, lipid suppression can be obtained by

adding a non-selective inversion pulse and by dephasing gradient prior to the spectroscopic
acquisition’®. This approach, commonly named as Short inversion Time IR or Short Tau

IR (STIR), requires minimal user input and is generally quite robust. A side benefit of

the STIR method is the nulling of macromolecule signals. When short TRs are used, the
relative T, weighting between metabolites is rather small because shorter TRs compensate
for differences in Ty signal attenuation of metabolites at steady state’’. A representative 3T
whole brain 1H MRSI data set is shown in Figure 7.
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Inversion recovery methods, however, do have several important disadvantages. Lipid
signals from the brain, e.g. those seen with some pathologies, are also suppressed along
with the subcutaneous signals. In addition, B, inhomogeneities and lipid T, variations can
limit performance, with several investigators suggesting the use of double IR”® or multiple
dual-band inversions’®. However, the most significant disadvantage is the loss of metabolite
signals due to T4 decay during the inversion time. In addition, this approach may increase
the sensitivity to metabolite T, differences between pathological and control tissue. At 3

T, IR-MRSI results in approximately 30% metabolite signal loss. At higher fields, such

as 7 T, signal losses are 50% or more depending upon the TR used®%6. However, even
with these metabolite signal losses, very robust 7T spectroscopic imaging sequences have
been presented. A double IR approach in combination with parallel imaging was used to
obtain robust whole-slice 1H MRSI at 7 T°6, in which the use of long, low-power inversion
pulses reduced SAR requirements, and a tailored frequency sweep for these adiabatic pulses
provided a 13-fold mean lipid suppression factor85 with significantly less metabolite signal
losses as compared with conventional IR suppression.

3.2.3. Chemical shift selective lipid suppression—As an alternative to avoid

the IR metabolite signal losses, one can design frequency-selective saturation RF pulses
which selectively excite (and subsequently dephase) the part of the spectrum containing
major CH,- and CHs-lipid peaks (~0.9 — 1.3 ppm). While this approach does preclude

the measurement of metabolites having resonances in this ppm range (e.g. lactate), the
remaining metabolites can be imaged at full sensitivity. This approach may be particularly
useful at high magnetic field strength such as 7 T, at which increased chemical shifts

relax RF pulse spectral profile constraints. However, it has to be emphasized that lipids, in
particular those containing unsaturated fatty acids, have additional resonances in the 2.0 —
5.5 ppm range that compromise the quantification of metabolites, especially glutamate and
glutamine. Therefore, this approach might be more suitable for long-TE MRSI. However, it
is necessary to keep in mind that strong lipid resonances do not totally disappear even at TES
extending up to 288 ms.

Of course, multiple lipid suppression methods can also be combined. Zhu et al.,
demonstrated a dual-band water and lipid suppressed multi-slice MRSI sequence consisting
of five pre-saturation dual-band frequency-modulated radiofrequency pulses based on
hypergeometric functions integrated with eight OVS pulses®?, providing a 20-fold mean
lipid suppression factor. This approach was later extended to a parallel imaging 7T method
using a 32-channel receive array having whole-slice coverage, high SENSitivity Encoding
(SENSE) acceleration factors, insensitivity to B;* inhomogeneities, and minimum chemical
shift displacement artifacts81.

3.3. Lipid suppression in MRSI with high spatial resolution

In this section, lipid suppression methods utilizing the combination of k-space filtering, high
spatial resolutions, and lipid regularization6582 are described.

3.3.1. Spatial Filtering in k-space—The theoretical PSF is determined by the
measured k-space extent and the k-space weighting®3. A filter (or "window") can be
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applied in k-space by multiplication of data with k-space weighting coefficients. The Fourier
transform of the filter weights define the PSF of the filtered image, and thus k-space filtering
enables adjusting the PSF to specific needs. Typically, low-pass filters are applied, which
have PSFs with suppressed side lobes, and thus reduce voxel bleeding. One such example

is the Hamming filter A(n7) = 0.54 + 0.46 - cos(2n/N), where n is the index of the k-space
point in one dimension, and N is the number of k-space points. This filter has a PSF with
strongly suppressed first side-lobes at the expense of less suppression of the other side-lobes.
For more detail on these topics see the paper of Maudsley et al., in this Special Issue84.
Figure 8 A shows the lipid contamination in FID-MRSI data when different post-processing
lipid handling methods were utilized. In Figure 8 B, four theoretical PSFs are shown,
together with experimentally obtained total NAA (tNAA) maps of two volunteers. With no
lipid handling, the signal leaks to the whole field of view (FOV) with values around —20

dB for the low resolution, resulting in strong lipid contamination throughout the whole 1D
column (Fig. 8 A). Due to close vicinity of NAA signal to lipids, this is reflected also in
tNAA maps (Fig. 8 B-1 and -I11). After applying a Hamming filter (Fig. 8 B-I1), the PSF
side-lobes are considerably reduced to around —40 dB, however, this is at the expense of
increased voxel sizes (broader PSF main lobe). As a result, the lipid artifacts disappear in the
center of the brain, but the effective lower resolution can be seen at the edge of the brain,
especially for the low resolution (Fig. 8 A; Fig. 8 B-11), resulting in a smaller quantifiable
brain volume.

3.3.2. High Spatial Resolution—This effect of spatial k-space filters can be reduced
by using higher resolutions. Although the PSF ‘shape’ is the same for any spatial resolution
and therefore also the number of lipid-affected voxels is the same (Fig.8A), the total volume
of all lipid-affected voxels is smaller (simply because the voxel size is smaller)>®85, This

is again seen also in the tNAA maps, where the region of ill-quantified voxels (blue voxels
close to the skull in Fig.8B-I11) is smaller (Fig.8B-I11).

Neither of the methods mentioned above suppresses the lipid signal, but both provide a way
to control extracranial lipids caused by the sampling PSF. It is important to realize that the
PSF in a real measurement is not only influenced by the spatial resolution and k-space filter,
but also by measurement inconsistencies such as subject movement. Therefore, k-space
filtering or high resolutions cannot reduce lipid artifacts arising from motion (see Fig. 8
B-1V, volunteer 2 with Hamming filter, but without lipid regularization). In such cases, other
lipid suppression methods, such as lipid regularization, are necessary.

3.3.3. Reconstruction with lipid regularization—A post-processing lipid handling
method exploiting lipid regularized reconstructions has been described®6:87 and applied in
various MRSI applications®1:65:82.88.89 Tq ytilize this method, two conditions have to be
met: (a) spatial orthogonality and (b) spectral orthogonality of metabolites and lipids.

In mathematics, two vectors are orthogonal if their dot product equals zero. Generally,
orthogonality is a measure of similarity. In the case of MRSI, the spatial orthogonality
means that lipid and metabolite signals are detectable only in two mutually exclusive spatial
compartments, e.g. the brain and the scalp. In addition, the spectral orthogonality is fulfilled
because lipids and metabolites resonate (mostly) at different frequencies, if only the 1.28
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ppm lipid peak is considered. In other words, the dot product (the point-wise complex
multiplication) of a lipid spectrum and a metabolite spectrum is close to zero. On the other
hand, if this vector multiplication is not zero, the two spectra are not orthogonal and are
similar.

The described set of methods employs a regularized MRSI reconstruction, where the
regularization imposes prior knowledge on the measured data. MRSI reconstruction may
be described as solving a linear system A - x= yfor x, where A is the observation

model (e.g. a Fourier transform), x are the reconstructed data and y are the acquired data.
Instead of performing a direct reconstruction, the reconstruction can be formulated as a
minimization problem with ordinary least squares: min||A - x — yll% to minimize the sum
of squared residuals. In order to give preference to a particular solution with desirable
properties, a regularization term can be included in this minimization:

L1 regularization: min|lA - x — y||% +a||C - x||1

L2regularization: min||A - x — yll% +plC - xll%

Here a, B are regularization parameters and Cis a transform of x. The a and g influence the
amount of regularization and can be optimized empirically.

The following paragraph shows how such a minimization problem can be adapted to
minimize lipid signal in MRSI. By choosing x = Sand A = F, where S consists of all
reconstructed spectra, and F is the Fourier transform from image to k-space, the first term
in the minimization describes the consistency term. Its purpose is to make sure that the
reconstructed spectra Sare similar to the acquired spectra y after Fourier transform. By
storing all lipid spectra from the scalp in a matrix L, and choosing C= L with H being
the Hermitian conjugation, expression ||LHS||% can be used as the regularization term. The
Hermitian conjugation is needed due to the definition of the complex dot product between
L and S, such that the entries of the matrix LS describe how similar each individual
reconstructed metabolite spectrum is to every lipid spectrum. The matrix norm || LH S||%
characterizes the overall similarity (or orthogonality) of the given lipid and metabolite
spectra. Therefore, the goal of the reconstruction is to achieve L/7- Sas close to zero as
possible by minimizing ||LHS||% or IIL78ll;. Simultaneously, the data consistency term is
minimized to keep the reconstructed data similar to the measured k-space data . In total,
our minimization for L2-regularization can be written as:

. 2 H o2
argmin ||IFS—yl3 + AIL”SI

data consistency lipid penalty

The minimization in Eq. 1 is a well-known mathematical problem. As opposed to L1
regularization, a closed-form solution for L2 regularization exists, which is easy to
implement and computationally efficient.
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The performance of the described lipid-removal algorithm depends strongly on whether the
orthogonality-assumptions are valid. If strong lipid signals in the ppm range of interest (e.g.
at 2.24 ppm or 1.25 ppm over some macro-molecule resonances) are present, or lipid signals
also occur in the brain (e.g. in a tumor), these assumptions are no longer valid. In such cases,
lipid-regularized reconstructions might perform poorly, e.g. by adding lipids to spectra,
removing macro-molecules that should not be removed, or removing lipids that should not
be removed (e.g. brain tumors). We therefore recommend not to use lipid regularization if
MMs will be quantified, or lipids inside the brain are expected and of interest.

Revisiting Figure 8, lipid regularization can clearly remove most of the lipid signal (Fig.

8 A) and improve the tNAA map appearance, even with strong lipid contamination as in
volunteer 2. We suspect that substantial movement occurred in this subject so that Hamming
filtering and using a high resolution did not sufficiently reduce lipids in the brain. In this
volunteer, only the combination of Hamming filtering and lipid regularization provides
spectra and metabolic maps of satisfying quality. In practice, L2 lipid regularization provides
lipid reduction factors in the order of 10-fold®.

3.4. Lipid suppression using non-standard hardware

The last part of this lipid suppression techniques section is dedicated to novel methods
requiring hardware not available on clinical 3T MR scanners. The first method is designed
for 7 T and higher field MR systems with multi-channel transmit systems. The next two
methods require a unique hardware, a dedicated second-order gradient system or an outer
volume crusher coil.

3.4.1. Lipid suppression using dynamic B;* approach—Human 7T MR scanners
are commonly equipped with a multi-channel transmit system to overcome a spatial
inhomogeneity in transmit B1*. Typically, 7T systems are configured with 8 independent
transmission channels to support both RF shimming and parallel transmission. The gained
flexibility in parallel transmit systems opens new avenues for efficient suppression of
subcutaneous lipids signals for advanced, whole brain MRSI at 7 T. Two different

spatial distributions of RF can be generated by such parallel transmit systems: one for
homogeneous excitation, refocusing and water suppression and a second RF distribution
(ring distribution), which constrains the RF to the periphery of the head for outer volume
suppression (Fig. 9 A).

For the homogeneous distribution, the generated B1*(r) is given by:
Bf () = Y a;B} (e 1(®0; T /)

where a;and @, represent the amplitude and phase parameters determined through RF
shimming for each coil j. ®gjis calculated such that ®q;+ @{7) = 0 over a small central ROI,

and a;is selected such that (B (r)) over the brain is minimized. For the ring distribution, @,
+ @ (/7) = 3mj/4 for each coil j.
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Similar to the homogeneous distribution, which is designed to be maximally constructive

in the center of the slice and somewhat destructive at the periphery (i.e. reduces high
amplitudes of RF adjacent to the coils to make the fields homogeneous over the entire slice)
the ring distribution is maximally constructive at the periphery and completely destructive
(B1™ fields cancel) at the center. The RF distribution is also highly efficient in the periphery
requiring 40% of the amplitude (or 16% of the power) of the homogeneous distributionl.
The maximal local SAR remains similar to that of the homogeneous distribution since the
electric fields also combine more effectively at the periphery for the ring distribution.

By utilizing only RF shimming to generate the distribution, spatial selectivity is achieved
without the need for gradient selection and with a single pulsel®31, Since RF shimming is
utilized (i.e. same waveform to all RF channels) any method for suppression (e.g. inversion
recovery — Fig. 9 B, saturation etc.) can be utilized with minimal additional setup. For
inversion recovery, two pulses can be applied with optimal timings so as to suppress
resonances with a broad range of T, values (400 — 2000 ms) (Fig. 9 C) with maximal
efficiency (>50 fold in mean lipid suppression) (Fig. 9).

Although single row transceiver arrays are limited by their inhomogeneity across the Z-axis
of the array, two row transceiver arrays can significantly extend the homogeneous volume %,
In these cases, a single ring distribution can be calculated for the entire brain volume (Fig. 9
A) enabling multi-slice and multiple spatially distinct single slices to be acquired without the
need for optimizing individual values for each slice. Notably a 16 channel transmit system
was not required, rather 8 individual channels were utilized with a 1 to 2 splitter driving
adjacent coils across the two rows.

3.4.2. Lipid suppression by dynamic, second-order Bg fields—A new technique,
named as elliptical localization with pulsed second-order fields (ECLIPSE) 7491 has been
introduced, which achieves selective excitation of an elliptical ROI with a single RF pulse
(Fig. 10). A dedicated gradient coil insert generates pulsed, high-amplitude magnetic fields
described by second-order spherical harmonic functions (Fig. 10 A). In the transverse plane
the Z2 spherical harmonic function (222 — (X2 + Y2)) has a circular dependence on
position, whereby a combination of Z2 and X2-Y2 functions can extend that to an in-plane
elliptical dependence (Fig. 10 C). When used in combination with a frequency-selective

RF pulse, the elliptical magnetic field distribution leads to the near-perfect selection of
brain while simultaneously eliminating extracranial signals (Figs. 10 B,D). When ECLIPSE
volume selection is combined with MRS, the resulting localized 1H MR spectra are free of
lipid contamination (Figs. 10 E,F). ECLIPSE can be executed in a variety of pulse sequence
styles, including inner volume selection’91, outer volume suppression and skull-specific
signal nulling through T relaxation differences’®. In all cases a single ECLIPSE pulse
affects all spatial locations equally, leading to equal T4 relaxation recovery and uniform
signal suppression. By independent mean lipid suppression factors of >100 are routinely
observed with all ECLIPSE styles, typically at ~30% of RF power needed by an equivalent,
conventional multi-slice lipid suppression method. Future extensions of ECLIPSE are
focused on improved ROI shaping by combining ECLIPSE with multi-coil setups®2.
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3.4.3. Lipid suppression by means of a dedicated crusher coil—This new lipid
suppression technique for brain MRSI® is based on the principle of surface spoiling
gradients that generate a very local and inhomogeneous magnetic field in the outer layer

of the head. These local fields destroy the phase coherence of the extra cranial signals. This
lipid suppression technique can be easily incorporated in MRSI sequences as it requires only
a short pulse of the coil (during the echo time) without additional RF pulses or delays. The
crusher coil can be powered by an amplifier commonly used for By shimming. Outer volume
crushing allows for a large increase in sampling efficiency of lipid-suppressed sequences

in the brain, which is particularly beneficial at ultra-high field strengths. Voxel-wise lipid
suppression factors in the order of 20- to 70- fold have been observed with the method.
Disadvantages of lipid suppression based on a crusher coil include reduced signal retention,
especially in the axial plane and variable lipid suppression depending on the subject and
slice position.

3.5. Lipid suppression techniques summary

While multiple lipid suppression techniques have been reviewed in previous sections, an
objective comparison between them is difficult to make because a comprehensive study
comparing all these methods under equivalent conditions has not been performed to date.
Since each of these techniques has its own set of advantages and disadvantages, it would be
inappropriate at this point to choose one single method as the best. Despite these challenges,
our attempt here is to help and guide the reader by providing a simplified assessment

of strengths and weaknesses of these methods using a wide range of different criteria
(Table 1). The choice for using the most appropriate method depends on the type of MRSI
application and availability of appropriate hardware. Some techniques, such as the high
spatial resolution approach or dynamic B;* shimming are suitable only for =7 T due to
requirements for SNR or specific hardware, respectively.

Recently developed lipid suppression methods based on spatially shaped By and B4
magnetic fields provide superior suppression while simultaneously addressing some
limitations of conventional methods. Lipid suppression based on shaped By and B4

magnetic fields can, in principle, be achieved with a single RF pulse, thereby eliminating
complications due to multiple overlapping slices and differential T, relaxation. Moreover, by
reducing the RF power deposition, these techniques are advantageous for ultra-high fields.
While a multi-transmit or parallel transmission technology is not standard with most clinical
3T magnets, it is typically available on ultra-high field MRI systems (Bg =7 T). Therefore,

a B;1* shimming approach for lipid suppression should be feasible at ultra-high fields. For
lipid suppression with the ECLIPSE approach, however, a high amplitude second order
gradient insert is required, which is not currently available as an option through MRI system
vendors. The availability of high powered and higher-order gradient inserts available through
third-party vendors, or by improving the performance of vendor supplied higher-order shim
coils, can bring ECLIPSE-based localization to the wider MRI community. Recently, outer
volume crusher coils have become commercially available for 3T and 7T research (MR
Shim GmbH, Germany). The availability of the crusher coil will lead to more MRSI

studies that would demonstrate advantages and disadvantages of this novel, lipid suppression
technique.
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4. Overall recommendations

The authors of this paper are affiliated with different research institutions and have

been directly involved in the development of water and/or fat suppression techniques.

Their primary goal is to share their experience, to guide MRS/MRSI users to understand
advantages and disadvantages of individual techniques, and to provide recommendations for
choosing the most appropriate water/fat suppression techniques and for their proper usage.

Recommendations for water signal handling

The primary and most important goal of WS techniques is to suppress the water signal

to a level at which it will not negatively affect metabolite quantification. Reducing the
residual water signal to below the largest metabolite signal is usually sufficient. Moreover,
WS techniques for high and ultra-high B fields have to be as insensitive to T, and Bq as
possible in order to guarantee an efficient and robust WS efficiency requiring only minimal
adjustments. To achieve this goal, the authors of this paper recommend the following:

. using WS techniques that provide an in-phase single-frequency residual water
signal rather than techniques providing smaller residual signals that are spread
out over a wider frequency range or are out-of-phase with respect to the
metabolite signals.

. using VAPOR water suppression for IH MRS of brain when longer TRs are
used. For a short-TR acquisition approach, we recommend WET technique as an
alternative. Warning: WS techniques may affect some resonances through MT
effects.

. using a newly optimized version of VAPOR for MRS studies at 3 T, which is
more robust and better suited for shorter T, of water (especially in WM) at this
field. Decreased sensitivity to B;* variations makes this version more suitable for
a fully automatic parameter setting.

. calibrating the automatic setting of the VAPOR RF power to avoid a possible
bias when VAPOR is used for the first time for a given MR scanner or if the
RF hardware was exchanged. By using the experimentally measured dependence
on nominal flip angle for the residual water signal, it is necessary to verify
whether the pre-set power agrees with the power corresponding to the middle
of the flat region where the derivative d(M,/Mg)/da is minimal (not necessarily
the power corresponding to the smallest residual signal). Such a value should be
set automatically in further experiments using the VOI based power calibration
(typically some pulses of the localization sequence).

. using the inter-pulse delay between the 7t and 81" VAPOR pulse for the fine
calibration of VAPOR (if necessary) instead of RF power adjustment.

. using WET WS for a dense MRSI data sampling approach with short or ultra-
short TRs when VAPOR cannot be used. However, in the case of MRSI, where
substantial spatial B;* innomogeneities across a large ROl are very common, the
VAPOR technique should yield enhanced results compared to WET.

NMR Biomed. Author manuscript; available in PMC 2021 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tkac et al.

Page 22

using the metabolite cycling (MC) approach preferentially for 'H MRS acquired
from small VOIs when SNR in single acquisitions is not sufficient for
performing frequency and phase corrections and when substantial changes in
these values are expected (e.g. MRS of spine).

using MC for diffusion-weighted MRS where signal amplitude fluctuations are
expected for some acquisitions but not the large majority of them.

using MC with common localization methods or employing localization
techniques that do not affect the longitudinal magnetization of water if aiming at
the direct detection of exchangeable protons, such as those in secondary amine
and amide groups.

using MC when potential magnetization transfer effects have to be avoided.

using single scan averaging for MC which enables alignment of up-field and
downfield inverted shots before addition or subtraction.

using a weighting factor for subtracting scans with upfield or downfield inversion
in MC.

including a residual water map in MRSI data reporting in order to demonstrate
the overall data quality when the WS efficiency is challenged by By and B4
spatial inhomogeneity.

4.2. Recommendations for subcutaneous lipid signal handling

The field of lipid suppression techniques is much more diverse than WS techniques and
each method has its benefits and limitations. Therefore, it was not possible at this stage

to select and recommend just one approach. The general goal of lipid suppression in

MRSI is to eliminate the leakage of unwanted signals originating from subcutaneous lipids
into brain tissue spectra that can severely obscure metabolite quantification. Choosing the
most appropriate lipid suppression technique will depend primarily on the type of clinical/
research problem to address and on the availability of non-standard hardware. Here we
provide some basic comments and recommendations:

We recommend using lipid suppression based on (adiabatic) inversion recovery
for whole-brain MRSI at a clinically-achievable resolution (1 mL). This
technique provides not only a robust level of lipid suppression, but also
suppresses brain macromolecular resonances (mostly mobile proteins). In
addition, this technique minimizes differences in metabolite signal T,-weighting
caused by differences in their T1 relaxation times.

We recommend using lipid suppression based on octagonal eight or ten-slice
OVS around the brain for 3D-MRSI studies. In order to reduce the sensitivity on
B4 and T, variation, at least two OVS cycles are recommended. However, this
approach requires longer TRs because of SAR limitations.

MRSI across a cuboidal volume selected by a single-voxel localization method
can be useful for more focal pathologies in the center of the brain, provided
that high-bandwidth RF pulses are used to mitigate chemical shift displacement
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artifacts at edge voxels of the detected MRSI grid. When the pre-localization is
used then additional lipid suppression elements are not necessary if the FOV is
extended to separated skull from brain spatially; if not, OVS pulses in addition to
the pre-localization sequence are recommended.

We highly recommend the use of high-bandwidth RF pulses for localization with
OVS, both in MRS and MRSI in order to minimize the CSDE. Frequency-swept
RF pulses appear to be the best choice for this application.

High-resolution MRSI at 7 T offers inherent lipid containment due to the more
favorable point spread function. In addition, higher-resolution MRSI allows
novel reconstruction routines (L2-regularization) to further contain the lipid
contamination. However, we do not recommend using such lipid-regularizations
when aiming to quantify the lipid content in tumors.

Some of the main limitations of lipid suppression related to RF power
deposition, volume coverage, and insensitivity to B; and T4 can be mitigated
with recently developed OVS methods based on spatial ring selection using
shaped B or B; magnetic fields.

The level of lipid suppression is strongly dependent on the MRSI spatial
resolution and echo-time. In an ideal case, the lipids should be suppressed to
the level of spectral noise.

In practice, lipid suppression factors of 15-20-fold can provide adequate MRSI
spectra for most spatial positions. As residual lipid signals are ubiquitous in
MRSI, inclusion of a residual lipid map in conjunction with the metabolite maps
is recommended.
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Abbreviations
ADC

CHESS
CSDE

CSF

apparent diffusion coefficient
chemical shift selective
chemical shift displacement error

cerebrospinal fluid
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ECLIPSE elliptical localization with pulsed second-order fields
Fov field of view
GABA ~y-aminobutyric acid
GM gray matter
IR inversion recovery
(O)VE] outer-volume suppression
MC metabolite cycling
MT magnetization transfer
MRSI MR spectroscopic imaging
NOE nuclear Overhauser effect
PSF point spread function
PCC posterior cingulate cortex
ROI region of interest
SAR specific absorption rate
SENSE sensitivity encoding
SLR Shinnar — Le Roux
STIR short tau inversion recovery
tNAA total N-acetylaspartate
TIR inversion recovery time
VAPOR variable pulse power and optimized relaxation delays
VOI volume of interest
VSS very selective saturation
WET water suppression enhanced through T, effects
WM white matter
WS water suppression
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Figure 1.
(A) VAPOR pulse sequence scheme with 4 interleaved OVS blocks. Relative flip angles of

WS pulses: a —a — 1.78a —a — 1.59a — a — 1.78a — 1.78a., inter-pulse delays (in ms):
150 - 100 — 122 — 105 — 102 — 61 — 67 — 14 (delay between last VAPOR pulse and the first
pulse of the localization sequence). (B,C) *H MR spectra acquired by sSLASER (TE = 28
ms, TR=95s, VOl =9 mL, NA =64) and STEAM (TE=6ms, TR =55, NA =128, VOI
= 8 mL) localization methods combined with VAPOR water suppression using volume and
half-volume RF coil, respectively. (D) Simulated dependence of the residual water signal
on nominal flip angle a of VAPOR pulse train assuming T; = 1500 ms. Data simulated

for VAPOR WS method optimized for 9.4T animal MR scanner?4 and for 7T human MR
scanner2325, In addition, the curve of the residual water simulated for 3 x CHESS pulse WS
using inter-pulse delays (in ms) 50 — 50 — 20 was added for comparison. Inset: zoomed-in
residual water signal dependence on nominal flip angle. (E) Simulated dependence of the
residual water signal on nominal flip angle at 7T for tissues with different T, relaxation
times of water (CSF 4425 ms, WM 1220 ms, cortical GM 2132 ms, putamen 1700 ms)16.
(F) Simulated dependence of the residual water signal on nominal flip angle for an average
tissue T, of 1500 ms at 7T for different inter-pulse delay between 7t and 8" WS pulse.
Panel A modified with permission from Tkac et al.23 © 2010 Springer Nature 2005.
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VAPOR frequency selectivity at 3T
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Figure 2.

Frequency selectivity of VAPOR water suppression. (A) Frequency selectivity simulated

for 7T version of VAPOR using truncated (3 lobe) P10 RF pulse (see the inset) of 25-ms
duration?4. Nominal flip angle was set to 85 degrees. Residual M, profile was calculated for
GM (T4 = 1830 ms), WM (T4 = 1220 ms) and CSF (T; = 4425 ms)16. In addition, the M,
profile of the truncated P10 pulse (90 deg) was included. (B) Zoomed-in M, profile shown
in panel A. (C) Frequency selectivity simulated for 3T version of VAPOR using a Shinnar —
Le Roux (SLR) RF pulse of a 30-ms duration (see the inset). Nominal flip angle was set to
85 degrees. Residual M, profile was calculated for GM (T = 1500 ms), WM (T; = 840 ms)
and CSF (T = 4000 ms) assessed from Rooney et al.16. In addition, the M, profile of the
SLR 90 degree pulse was included. (D) Zoomed-in M, profile shown in panel C.
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(A) Dependence of the residual water magnetization on nominal flip angle for 3T version of
VAPOR simulated for three brain compartments with different T1 relaxation times (WM T1
=840 ms, GM T4 = 1500 ms, CSF T4 = 4000 ms)6. In addition, experimentally measured
dependence of the residual water signal intensity on nominal flip angle was included
(VAPOR-SLASER, TE =28 ms, TR = 3 s, posterior cingulate cortex). Simulated and
experimentally measured data are in good agreement. (B) Representative 1H MR spectrum
acquired from the posterior cingulate cortex (VOI position shown in the inset) using VAPOR
—SLASER sequence at 3T (TE =28 ms, TR = 3 s, NA = 64, 32-channel receive-only head

array coil).
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Figure 4.

Principle of water suppression based on metabolite cycling (MC). (A, B) MC MRS is
based on two scans during which the all signals in the spectrum range upfield (A)

and downfield (B) from water are inverted without perturbing the water signal. In both
non-water-suppressed scans, the gradient coil vibration-related sidebands associated with
the water signal overwhelm the smaller metabolite signals (see inset with NAA signal).
However, since the water signal and related sidebands are identical in both scans, they are
suppressed in the difference spectrum (F) = (B) — (A). The water signal is incompletely
suppressed and the metabolite signal are broadened due to significant magnetic field drift
during the 8 min acquisition (NA = 128, TR = 4 s). The strong water signal present during
every transient is ideally suited to determine the (C) frequency and (D) phase stability
throughout the scan. (E) Post-acquisition frequency correction greatly improves the water
suppression, while simultaneously increasing the spectral resolution. The sum of (A) and
(B) provides the water signal, which can be used for a post-acquisition signal correction.
Data were acquired from the human occipital cortex at 4 T using a macromolecule-nulled
STEAM sequence (TE=6ms, TR =4 s, TI =200 ms, NA =128, 16 mL).
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Figure 5.

Illustration of the benefit of using metabolite cycling instead of water suppression for the
case of diffusion spectroscopy. SLASER spectra with two different diffusion weightings (top
b = 40 s/mm?; bottom b = 4140 s/mm?) obtained from human occipital gray matter are
plotted to demonstrate the effect of eddy current (i.e. time-varying phase) correction and
amplitude (motion) compensation based on the co-acquired water signal. The spectra on the
left include zero-order phasing of each acquisition (automatically performed by the scanner
software), which is probably also somewhat more reliable for the non-water-suppressed
signals than for water-suppressed acquisitions where water suppression efficiency may
vary from scan to scan. As evident from comparison of the left-most and middle spectra,
the effect of eddy-current correction is obviously larger for the high b-value spectrum,
which is expected because larger gradient amplitudes lead to larger eddy currents — though
this correction does not necessarily need a shot-by-shot correction. The right-most panel
demonstrates the effect of an additional amplitude correction (motion-compensation, see
text) based on the water signal where each single acquisition is scaled to the expected

size (taken from the top quartile of all acquisitions) or discarded if quality criteria are not
fulfilled. Again, it is evident that this correction is considerably larger for the high b-value,
effectively mitigating motion-induced signal loss that is increasing with gradient amplitude
and corresponding bias in the obtained apparent diffusion coefficient (ADC) values. Thus,
a systematic overestimation of diffusion coefficients of metabolites can be avoided by using
diffusion MRS with MC.

Acquisition parameters: VOI = 28 cm3, healthy female (26 years), a pair of pulsed diffusion
gradients placed before and after the last adiabatic slice selection gradient, diffusion gradient
length = 11.5 ms, ramp time = 200 s, diffusion time = 155 ms, diffusion gradient
amplitudes of 3 mT/m (b = 40 s/mm?2) and 30.7mT/m (b = 4140 s/mm?2) on each axis,

TE =200 ms, TR =3s, 3T Prisma (Siemens), phased-array receive head coil, number of
averages 16 for low and 64 for the high b-value scans). Figure courtesy of André Déring,
University Bern, using data recorded in the context of reference0,
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Figure 7.
Whole-head *H MRSI at 3 T using inversion recovery for lipid suppression in combination

with a spectral-spatial spiral acquisition. (A) pulse sequence diagram, (B) metabolite maps,
and (C) a representative spectrum. Parameters: TR =2's, TI = 180 ms, TE = 144 ms,
nominal voxel size = 1.2 cm3, total acquisition time = 3.6 min.
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Figure 8.
(A) H-FID-MRSI spectra from larger voxel size (red voxels, 11 x 11 x 8 mm3) and

smaller voxel size (yellow voxels, 3.4 x 3.4 x 8 mm?3) acquired from one volunteer (Vol

2 in B) showing lipid contamination (grey band). Shown are data where no lipid handling
was applied, lipid regularization was applied, Hamming filter was applied and both lipid
regularization and Hamming filter was applied. Note: Spectra from white voxels are not
plotted. The data sets with 11x11 mm? resolutions were obtained by down-sampling

the MRSI data and applying an elliptical filter in k-space in post-processing to simulate
accurately how such data would be measured. First order phase error is caused by the
acquisition delay of the FID-sequence. (B) tNAA maps of two volunteers for different
resolutions, filters, and lipid regularizations (top two rows), together with the corresponding
theoretical point spread functions (PSF) in logarithmic scale (lower row). The PSFs are
plotted relative to the peak height at the center in dB, for an FOV of 220x220 mm2. Since
the main tNAA peak is close to the lipids, the tNAA maps are good indicators for lipid
contamination.
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If no spatial filter is applied, the PSF shows strong signal spread over the whole FOV, which
is reflected in a substantial lipid contamination (A, no lipid handling). Quantification of
tNAA may be affected by the huge lipid peaks, which is often manifested as “hotspots” in
metabolic maps or areas that were not quantified (I and I11). Lipid regularization may not
always completely eliminate the lipid signals, especially at lower resolution (A, Lip.Reg.; B-
I and B-111). Hamming filtering reduces the strong signal spread, thus improving the spectra
in the centre of the brain, however the periphery, also due to larger nominal voxel size

still suffers from lipid contamination (A, Hamm. filter) and inaccurate tNAA quantification
(lower tNAA at the border of the brain in B-11). Using high resolutions recovers big parts of
the tNAA maps at the brain edge (B-1V). In case of strong lipid contamination (i.e. - if lipid
signals originate from other sources than the theoretical PSF), additional lipid regularization
can help to reduce these artifacts, which often appear as random hotspots in the tNAA map
(A, Hamm. & Lip.Reg.; B-1V, vol 2).
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Figure 9.

(A) B1* for the homogeneous and ring distributions using a double row transceiver
array. (B) MRSI sequence using the two B1* distributions and a double inversion

Page 39

recovery preparation for suppression of extracerebral signals. (C) Plot of the equilibrium
magnetization following a single (dashed line TIR/TR 350/3000ms) and double (solid line,
TIR1/TIR2/TR 600/180/1500ms) inversion recovery preparation as a function of T1. (D) /in
vivo results showing 1H MR spectra spanning the head (left to right) acquired after 2D phase
encoding: without any outer volume suppression, with a non-spatially selective IR, with a

single or double spatially selective (ring distribution) IR.

Panel C and D modified with permission from Hetherington et al.1> © 2010 Wiley.
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Figure 10.

Principle of ECLIPSE lipid suppression. (A) A human head-sized RF coil (gray former)

is closely fitted with copper coils that generate Z2 (red), X2Y2 (blue) and possibly other
magnetic field distributions. (B) MR image obtained without ECLIPSE. (C) Magnetic field
distribution that closely fits the human brain for magnetic field offsets between —0.5 and
+2.7 kHz. (D) MR image with ECLIPSE showing the elimination of all extracranial signal
with a magnetic field offset greater than +2.66 kHz. (E) Water-suppressed 1H MR spectra
acquired from the entire slice in the absence (red) and presence (green) of ECLIPSE. (F)
Water-suppressed 1H MR spectra extracted from a 21 x 21 MRSI dataset (1 cm3 nominal
resolution) at the positions indicated in (B, D).
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Overview of performance metrics for the extracranial lipid suppression methods described.in this paper.

method

Lipid suppression Multislice Inversion | Selective lipid L2-reqularization Dynamic B;* | ECLIPSE- Crusher
method for MRSI [O)VA) recovery suppression 9 approach oVvSs coil
Lipid suppression 7-fold 10-fold >50-fold >100-fold | 20-70-fold
factor
Edge voxel CSDE + ++ ++ ++ + ++
Lipid-brain transition i i i it
zone fidelity
SAR -- + + ++ + + ++
Axial slice coverage + ++ ++ ++ +
H +
Immunity to B, ++ ++ N/A + ++ ++
variations
Immunity to T,
L -- ++ ++ ++ ++ ++
variations
Prowde§ MM mapping Yes No No No Yes Yes Yes
in ROI
Extendable for 3D
MRSI Yes Yes Yes Yes Yes Yes Yes
Requires additional
hardware No No No No Yes Yes Yes
Full-intensity MRS Yes No Yes Yes Yes Yes Yes

The number of +/- signs proportionately indicates positive/negative attributes with respect to desirable outcomes with extracranial lipid
suppression. The positive/negative attributes are further highlighted by a color code spanning from green (positive), orange (neutral), and red

(negative).
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