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Purpose: Single-voxel MRS (SV MRS) requires robust volume localization as
well as optimized crusher and phase-cycling schemes to reduce artifacts arising
from signal outside the volume of interest. However, due to local magnetic field
gradients (B0 inhomogeneities), signal that was dephased by the crusher gradi-
ents during acquisition might rephase, leading to artifacts in the spectrum. Here,
we analyzed this mechanism, aiming to identify the source of signals arising
from unwanted coherence pathways (spurious signals) in SV MRS from a B0 map.
Methods: We investigated all possible coherence pathways associated with
imperfect localization in a semi-localized by adiabatic selective refocus-
ing (semi-LASER) sequence for potential rephasing of signals arising from
unwanted coherence pathways by a local magnetic field gradient. We searched
for locations in the B0 map where the signal dephasing due to external (crusher)
and internal (B0) field gradients canceled out. To confirm the mechanism,
SV-MR spectra (TE= 31 ms) and 3D-CSI data with the same volume localization
as the SV experiments were acquired from a phantom and 2 healthy volunteers.
Results: Our analysis revealed that potential sources of spurious signals were
scattered over multiple locations throughout the brain. This was confirmed by
3D-CSI data. Moreover, we showed that the number of potential locations where
spurious signals could originate from monotonically decreases with crusher
strength.
Conclusion: We proposed a method to identify the source of spurious signals in
SV 1H MRS using a B0 map. This can facilitate MRS sequence design to be less
sensitive to experimental artifacts.

K E Y W O R D S
1H MRS, B0 inhomogeneity gradients, coherence pathways, spurious signals

1 INTRODUCTION

1H MRS is a powerful technique for noninvasive measure-
ment of metabolite levels that can be applied in different

parts of the body such as brain, liver, and breast.1 1H MRS
can also provide diagnostic and prognostic information,
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such as by assessing metabolic alterations in tumor tissue.
Understanding these alterations can have a major impact
on treatment planning and patient outcome.2 1H MRS
can, however, be challenging, as metabolite detection is
sometimes obscured due to contamination by lipid signal
contamination or incompletely suppressed water signals,
especially in the body.3 In the head, large signals from
water and extracranial lipids need to be suppressed to
detect the signals of interest from lower concentrated brain
metabolites. Although water and lipid suppression in the
head is expected to be technically less challenging than in
other organs, artifacts caused by signals outside the voxel
may obscure the baseline and contaminate metabolite sig-
nals. Due to the lack of prior knowledge related to these
factors (in the basis functions), accurate metabolite quan-
tification can be sensitive to fitting parameters.4 Artifacts,
therefore, cause inaccurate metabolite quantification. A
careful mitigation of artifacts will improve the widespread
use of MRS.5 This requires robust localization of the signal
of interest while disposing all unwanted signals arising
from unwanted coherence pathways outside the volume
of interest (VOI).

One of the most successful localization techniques to
date is the semi-localized by adiabatic selective refocus-
ing (semi-LASER) sequence,6,7 which uses a slice-selective
excitation along one axis, and two pairs of slice-selective
refocusing pulses along the remaining orthogonal axes.8
Phase cycling is the traditional strategy for suppressing
unwanted signals by repeating the same experiment with
different phases of the RF pulses and the receiver.9,10 The
signals from the desired coherence pathway will be added
together, while signals arising from unwanted coherence
pathways will be canceled out through subtraction. Con-
sidering the approximate seven orders of magnitude sig-
nal crushing that are needed in single-voxel (SV) MRS,
care must be taken in the proper design of phase-cycling
steps and crusher gradients used in the sequence. For
sequences with a high number of RF pulses, at least 16
phase cycling steps are needed to remove unwanted sig-
nals. However, relying on subtraction of strong unwanted
signals requires highly stable (motion-free) acquisitions.
Next to phase cycling, magnetic field gradients are used as
an effective method for the selection of signals arising from
the desired coherence pathway and crushing of signals
arising from unwanted coherence pathways. The design
of these crusher gradient schemes is usually performed
empirically in vivo in a few subjects before implementing
the protocol for a clinical study and not on each subject
individually.

In the brain, insufficient suppression of spurious sig-
nals (ie, signals arising from unwanted coherence path-
ways) leads to artifacts in SV-MRS data. These artifacts are
most likely caused by the water signal coming from areas

outside the VOI.11 The sources of these spurious signals in
MRS have been studied for the point resolved spectroscopy
(PRESS) sequence via two different approaches. Moonen
et al analyzed the source of spurious signals in PRESS
using the coherence pathway formalism.12 Later, the same
theoretical description was used to design a set of exper-
iments for the PRESS sequence that identified the coher-
ence pathways associated with artifacts.11 In these exper-
iments, all eight combinations of RF pulses at zero flip
angle (to account for imperfect slice profile) or at a nomi-
nal flip angle (ie, the ideal situation) were investigated. In
both studies, infinite sharp edges for the slice profiles were
assumed. The second approach involved k-space analy-
sis of spurious echoes. Starck et al described the origin of
spurious echo artifacts by Fourier transform concept, con-
sidering a realistic slice profile of the RF pulses.13 Local
gradients, caused by magnetic-field inhomogeneities, can
reverse the phase dispersion by a crusher gradient, leading
to a rephasing of the spurious signal during the acqui-
sition.1,11,13 For the theoretical analysis of the effect of
crusher and local magnetic field gradients on spurious sig-
nals, Starck et al used a PRESS sequence with a linear
static gradient as a model for local magnetic field gradient.
However, this method exploited at 1.5 T is not transferable
to the ultrahigh magnetic fields (ie, 7 T) with nonlinear
shim gradients, which lead to steeper gradients outside
the VOI.

In this work, we propose a new strategy to identify
the source of spurious signals in single-voxel 1H MRS
data, taking into account the intrinsic B0 field inhomo-
geneities using a B0 field map at subcentimeter resolution.
To predict the potential refocusing of spurious signals,
we searched for areas where the signal dephasing caused
by the local magnetic field gradients canceled the signal
dephasing due to the crusher gradients. We compared
the distribution of the source of spurious signals using
two B0 shimming conditions: VOI and whole-brain
shimming (second order). Based on the resulting data,
the number of regions from which a spurious signal
could arise at different strengths of the crusher gradi-
ents was quantified. Our results provide a framework
that can enable subject-specific and location-specific
design of an optimal crusher gradient scheme in
SV MRS.

2 THEORY

To explain the effects of unwanted coherence pathways, we
will consider the example of the semi-LASER sequence.
Assuming that the excitation pulse, and all four refocus-
ing pulses, of the semi-LASER sequence are calibrated
with respect to the applied B1

+ field, the VOI (area 1 in

 15222594, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29222 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [01/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SHAMS et al. 73

Figure 1B) experiences a 90◦ excitation and complete refo-
cusing by two pairs of refocusing pulses (90◦, 180◦, 180◦,
180◦, and 180◦). However, the flip angle of a given pulse
typically deviates from the nominal flip angle. Further-
more, the slice profile of a selective RF pulse is generally
imperfect and will never achieve infinite sharp edges. That
means the transition band of a RF pulse experiences a
continuum of flip angles from 0 to the nominal value.
Both can result in spurious signals (ie, signals arising
from unwanted coherence pathways). The selection of the
desired signal, corresponding to the center of the three
intersecting orthogonal planes (VOI), is achieved by imple-
menting a set of crusher pairs surrounding each of the
refocusing pulses. The total gradient area of the coherence
pathway ([−1 1 –1 1 –1]) associated with the desired sig-
nal equals zero in the VOI. The total gradient areas of all
the other coherence pathways will not equal zero. If the
signals through these pathways are rephased by the intrin-
sic magnetic-field inhomogeneity gradients at any time
within the acquisition window, artifacts may appear in the
spectrum.

Although the transition bands of the refocusing pulses
may experience a range of flip angles (from 0◦ to 180◦), to
simplify our example, we will assume that all transition
regions experience a 90◦ excitation. In doing this, 25 spa-
tial areas that experience a different combination of RF
pulses can be identified (Figure 1B). As the semi-LASER
sequence consists of five RF pulses, a total number of 81
coherence pathways can be identified. The desired path-
way is the one in which the net gradient area equals zero.
All 81 pathways originate from at least one of the 25 areas
in Figure 1B. For example, the pathway [−1 –1−1−1−1]
originates from the areas 2, 6, 21 and 25, and the pathway
[−1 –1−1 1 –1] originates from of the spatial regions 7, 11,
16, 20 and 8, 10, 17, 19.

To investigate how a local magnetic field gradient
could result in a spurious signal in the acquisition win-
dow, the total integral of the magnetic field inhomogene-
ity gradient over time (B0 gradient-time integral) along
the anterior–posterior (AP), right–left (RL), and feet–head
(FH) directions can be calculated using a 3D B0 field map
from the human head. The phase accrual from the crusher
gradient-time integral (crusher areas) as well as B0 (intrin-
sic) gradient-time integral along each spatial axis depend
on the specific coherence pathway, as RF pulses can gen-
erate changes of coherence order, e.g. (+/-1). The total
crusher area over three spatial axes for a pulse sequence
of N RF pulses Garea,tot =

[
garea,1; … ; garea,n

]
can be com-

puted as follows:

garea,i = ∫
𝜏i

0
gcrusher,i(t)dt, i ∈ {1, … ,n}, (1)

where gcrusher,i is a vector representing each crusher gradi-
ent strength in mT m−1, and 𝜏i is its corresponding dura-
tion in milliseconds. The effect of these crusher gradients
through all k coherence pathways, described as accumu-
lated phase (𝚽crusher =

[
𝝓crusher,1; … ;𝝓crusher,k

]
∈ Rk×3) in

Hz cm−1 ms, can be expressed as

𝚽crusher = 𝛾C Garea,tot, (2)

where 𝛾 is the gyromagnetic ratio, and C represents the
concatenated matrix of all k coherence pathways, which is
of size k × n. The desired pathway (eg, 𝑗th row of 𝚽crusher)
is, for a well-designed crusher/phase-cycling combination,
the only pathway that will not experience any phase accu-
mulation by the crushers (ie, 𝝓crusher,𝑗 = [0 0 0]).

The phase accumulated by the B0 inhomogeneity
gradients over time through all pathways, 𝚽inhom.gr =[
𝝓inhom.gr,1; … ;𝝓inhom.gr,k

]
∈ Rk×3, can be expressed in the

unit of Hz cm−1 ms as follows:

𝚽inhom.gr(x, y, z;T) = 𝛾C t𝛻B0(x, y, z), (3)

where (x, y, z) is the 3D spatial location; t =
[tRF2 − tRF1; … ; tRFn − tRFn−1;T − tRFn] is the time vec-
tor with elements corresponding to the RF pulse time
intervals; T is a certain time in the acquisition window;
and 𝛻B0(x, y, z) =

[
𝜕B0(x,y,z)

𝜕x
,
𝜕B0(x,y,z)

𝜕y
,
𝜕B0(x,y,z)

𝜕z

]
is the B0

spatial gradient vector. Therefore, 𝚽inhom.gr(x, y, z;T) is
a matrix size of k × 3 for one given voxel in the mag-
netic field map, and the accumulated phase can be
computed for all voxels (3D), which will result in a
4D matrix.

The gradient-time integral caused by the magnetic
field inhomogeneity over the three dimensions in any of
the pathways i, 𝝓inhom.gr,i(x, y, z;T), can extend for tens
of milliseconds into the acquisition, giving a time win-
dow treph to potentially rephase signals from the originally
dephased (crushed) pathway. If the magnitude of 𝝓crusher,i
satisfies

||𝝓inhom.gr,i(x, y, z;TE)|| ≤ ||𝝓crusher,i||
≤ ||𝝓inhom.gr,i

(
x, y, z;TE + treph

) ||, (4)

then the magnetic field inhomogeneity gradient will
cause a spurious signal if the signs of 𝝓crusher,i and
𝝓inhom.gr,i(x, y, z;TE) are opposite along each orthogonal

axes: sign
((

𝝓inhom.gr,i(x, y, z;TE)
)

x

) ≠ sign
((
𝝓crusher,i

)
x

)
for the x axis and similarly for y and z axes. The same
should also hold for the sign of the elements of the vectors
𝝓crusher,i and 𝝓inhom.gr,i

(
x, y, z;TE + treph

)
.
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(A) (B) (C)

F I G U R E 1 A, Schematic of excitation
and refocusing slices and volume of interest
(VOI; blue box) in an imperfect localization.
B, Twenty-five spatial regions are determined
by the imperfect refocusing pulses. Yellow
bands represent transition areas of the 180◦

pulses. C, Sequence diagram of the
semi-LASER sequence with optimized
crusher scheme, assuming that the relatively
long slice-selective gradients act as crushers
as well. AP, anterior–posterior; FH,
feet–head; RL, right–left

3 METHODS

We adapted the dephasing optimization through coher-
ence order pathway selection (DOTCOPS) algorithm14,15

to optimize the relative area of the crushers in the
semi-LASER sequence (Table 1) under the assumption
that the effective refocusing takes place in the middle of
the RF pulse. Therefore, the relatively long slice-selective
gradients also act as crushers. Consequently, the area
for the crusher between two consecutive adiabatic pulses
was calculated as the gradient-time integral of both the
slice-selective and the crusher gradients between these
two pulses. The area of each individual crusher depended
on the orientation along which the pulses were applied,
as well as on the polarity of the slice-selective gradients.
We applied the excitation along the RL axis and the first
and second pairs of refocusing pulses along the AP and
FH axes, respectively. The sequence with the optimized
crusher scheme is shown in Figure 1C.

3.1 Data acquisition

We performed the measurements on a 7T MR scanner
(Achieva; Philips, Best, Netherlands) using a 32-channel
receive-only, eight-channel transmit coil (Nova Medical).
To investigate the effects of a large induced magnetic field
gradient, the following experiments were carried out on a
phantom with a small air bubble. A spectrum was acquired
from a voxel of 2× 2× 2 cm3 using a semi-LASER sequence
with frequency offset–corrected inversion-refocusing
pulses.16 The scan parameters were TE = 31 ms, TR = 5 s,
spectral width (SW) = 4 kHz, number of complex
points = 2048, number of signal averages (NSA) = 32,
a 16-step Cogwheel phase-cycling scheme computed by
DOTCOPS,15 maximum crusher area of 11 mT m−1 ms,
offset frequency = 2.7 ppm, and variable pulse powers and
optimized relaxation delays (VAPOR) water suppression.17

B0 homogeneity was optimized for the selected volumes
by fast, automatic shimming technique by mapping along
projections (FASTMAP)18 with up to second-order shim

terms, second-order projection-based shimming (which is
called pencil-beam [PB-2nd] for Philips), using the MRS
voxel as a target volume. A B0 map with the same shim
setting as the SV-MRS acquisition was acquired with a
3D fast-field-echo sequence (FOV = 110× 110× 11 mm3,
matrix size = 64× 64× 64 mm3, isotropic resolu-
tion = 1.7 mm, flip angle = 8◦, delta TE = 1 ms. To
determine the spatial origin of spurious signals, CSI
data, with only excitation of the MRS single voxel,
was acquired. Hence, artifacts will be phase-encoded
to their actual sources. The acquisition parameters
were FOV = 135× 135× 120 mm3, spatial resolu-
tion = 15× 15× 15 mm3, matrix size = 9× 9× 8, excitation
volume = 15× 15× 15 mm3, NSA = 1, no phase cycling,
TE = 31 ms, TR = 5 s, SW = 4 kHz, number of com-
plex points = 2048, offset frequency = 2.7 ppm, and scan
time = 54:25 min. The same SV and CSI experiments
with the same acquisition parameters as the experiments
described previously were performed on a phantom
without an air bubble.

The in vivo study was approved by the local ethical
committee, and written informed consent was obtained
from the participants. We included 2 subjects (male/fe-
male, age: 31/32 years) who underwent similar MR proto-
cols. A T1-weighted anatomical image (T1 3D turbo field
echo: 1.5 mm3 isotropic voxel) was acquired to position the
MRS voxels in the frontal cortex. The same semi-LASER
single voxel measurement as in the phantom was per-
formed on a volume of 2× 2× 2 cm3. Another spectrum
was acquired with the same protocol but with reversed
gradient polarity along the FH direction. Like the phan-
tom experiments, a B0 map (PB-2nd) was acquired with
a 3D fast field echo with a FOV = 224× 224× 140 mm3,
matrix size = 64× 64× 40 mm3, and isotropic reso-
lution of 3.5 mm. In the second volunteer, we first
acquired the CSI data with the following parameters:
FOV = 210× 210 mm2, slice thickness = 30 mm, spatial
resolution= 30× 30× 30 mm3, matrix size= 7× 7× 6, exci-
tation volume = 30× 30× 30 mm3, NSA = 1, TE = 31 ms,
TR = 5 s, SW = 4 kHz, number of complex points = 2048,
offset frequency = 2.7 ppm, and scan time = 19 min).
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SHAMS et al. 75

T A B L E 1 Relative crusher areas and optimized phase-cycling scheme (a 16-step Cogwheel phase cycling) obtained from the
DOTCOPS tool

Semi-LASER
sequence

RF pulse
number

Relative crusher
area along RL

Relative crusher
area along AP

Relative crusher
area along FH

DOTCOPS (COG16 [0, 9, 7, 9, 0; 10]) 1 0 1 −1

2 −1 1 1

3 −1 −0.7252 0.2743

4 1 0.2743 −0.7252

5 1 1 1

Note: The maximum crusher area of 11 (mT m−1 ms) was assigned to the crushers with relative area of 1.
Abbreviation: DOTCOPS, dephasing optimization through coherence order pathway selection.

Subsequently, we repeated the SV-MRS acquisition but
with voxel size of 3× 3× 3 cm3, NSA = 16, and no phase
cycling (similar to the 3D CSI). The B0 shim settings were
not adjusted as to maintain the same B0 field as during
the acquisition of the 3D-CSI and the SV-MRS experi-
ment. We also acquired whole-brain B0 maps for further
comparisons.

3.2 Finding the source of spurious
signals

The magnitude images acquired from the 3D fast field
echo sequence were used for masking out the background
noise in the B0 map. Residual noise from neck and nose
were removed with morphological filters, a combination
of closing and opening morphological operations with a
disk-shaped structuring element tuned empirically (the
radius of 1 and 7 pixels, respectively) (Supporting Informa-
tion Figure S1). We used PulseWizard (a MATLAB-based
RF pulse generation and simulation graphical user inter-
face available for downloading from Robin A. de Graaf’s
Yale University profile webpage) to determine the width
of the transition bands of the refocusing pulses in the B0
map. Approximately, one voxel of the in vivo (isotropic res-
olution = 3.5 mm) B0 map and two voxels of the phantom
(isotropic resolution = 1.7 mm) B0 map covered the tran-
sition bands of the refocusing pulses for a 2-cm isotropic
MRS voxel.

For each coherence pathway, voxels in the B0 map were
investigated for the possibility of signal phase cancelation
by the crushers in the acquisition window (treph) of 100 ms
(with lower and upper threshold of TE and TE+ 100 ms)
along three spatial axes, as mentioned in section 2. To visu-
alize the effect of all coherence pathways, we created the
source of spurious signals map (SoSS map) of all pathways.

This map shows the number of pathways for each
voxel in the B0 map, where 𝝓crusher,i satisfied the inequality
condition described in Eq. 4.

3.3 Quantifying number of voxels
as potential sources of spurious signals

We assessed the effect of reversing the polarity of the gradi-
ents in one direction in the appearance of spurious signals,
both experimentally and by simulation. To find the rela-
tion between the total crusher areas and the number of
voxels emerging as potential sources of spurious signals,
we simulated an increased total crusher area along each
spatial dimension with a factor starting from 1 up to 20 by
25% increments (ie, crushing factors). We also performed
the same simulation while reversing the polarity of the
gradients along one of the spatial directions (FH axis).

4 RESULTS

4.1 Phantom data

The location of the MRS voxel in the phantom with the air
bubble and the corresponding spectrum acquired by the
semi-LASER sequence (without phase cycling) is shown
in Figure 2A. A clear local B0 gradient at the air–solution
interface can be seen in the B0 map (Figure 2B). In the
spectrum, spurious signals can be observed in the fre-
quency range of 4.0–4.6 ppm. Figure 2B depicts the SoSS
map overlaid on the two corresponding slices of the B0
map (second-order VOI shim) and color-coded according
to the number of coherence pathways that lead to spurious
signals. These slices are within the CSI grid (Figure 2C)
and visualize locations where the signal dephasing caused
by crusher gradients and B0 field gradients canceled out.
Analysis of the coherence pathways showed that the spu-
rious signals mostly arise from locations around the air
bubble area. This is confirmed by the CSI data, showing the
spatial origin of the spurious signals around the air bubble
(Figure 2C). In addition, spurious signals also arise from
voxels at the edge of the phantom, which can be verified by
the data in the bottom rows in the CSI grid. Figure 3 shows
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(A)

(C)

(B) F I G U R E 2 A, Spectra from a phantom
containing a small air bubble, using
single-voxel (SV) semi-LASER (no phase
cycling) and CSI with the same VOI
localization as the single voxel. Compared
with the VOI of the CSI, SV MRS exhibits
some spurious signals indicated by red
arrow. B, The MRS voxel localized on the
shimmed B0 map (PB-2nd VOI shim). The
possible origins of spurious signals were
overlaid on representative slices of the B0

map and color-coded according to the
number of pathways associated with these
regions. These slices are within the CSI grid
(shown in [C]) and visualize locations where
the signal dephasing due to crusher
gradients and B0 field gradients canceled
out, for those pathways. C, The CSI data
confirmed the same locations of artifact (air
bubble and the edge of the phantom) as the
B0 map analysis. The spectra were scaled to
the SD of the noise

the results of the same phantom when fully filled with
water. Compared with the spectra in Figure 2, no spurious
signals can be seen in the CSI grid, which is confirmed by
the SoSS map (Figure 3B).

4.2 In vivo data

Among all 80 unwanted coherence pathways, we iden-
tified [0 0−1−1−1] as the coherence pathway with the
least total crushing area (‖‖𝝓crusher,i

‖‖), which will serve
here as an example. This pathway originated from areas
8-10-17-19 and 3-5-22-24 in Figure 1B. These areas cor-
responded to voxels that were confined to the transitions
areas of the refocusing pulses in the AP, inside and out-
side of the FH bands, respectively. The spurious signals
from the [0 0−1−1−1] coherence pathway was most likely
to get rewound by the inhomogeneity gradients in the
acquisition window. As an example, Figure 4A shows
sagittal slices of the B0 map, in which the red voxels
depict the locations where the signal dephasing due to

the inhomogeneity gradient (𝝓inhom.gr,i) and crusher gradi-
ents (𝝓crusher,i) of the [0 0−1−1−1] pathway from regions
3-5-22-24 were canceled at a specific time between TE and
TE+ 100 ms. The voxels causing potential spurious sig-
nals are most densely packed in the vicinity of the skull
or near the air cavity with large magnetic-field inhomo-
geneities. Figure 4B shows the result of the same analysis,
but inverting the gradient polarity along one of the spatial
dimensions (FH axis). When reversing the gradient polar-
ity, fewer locations where spurious signals could arise from
were identified in the selected slices. The SoSS maps are
shown in Figure 5, where it can be seen that for this MRS
voxel, which was placed in the frontal lobe, most potential
sources of spurious signals were located close to the skull
and around the air cavities. By reversing the gradient polar-
ity, voxels that were detected as a source of spurious signals
in more than five pathways disappeared. New spurious
signal locations, however, appeared throughout the brain
(see Supporting Information Figure S2 for more example
slices). In contrast to the local MRS VOI shim, a cluster
of voxels was detected in the transition bands adjacent to
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SHAMS et al. 77

F I G U R E 3 Resulting spectra and
source of spurious signals (SoSS) maps of the
phantom without air bubble from the same
SV and CSI experiments as in Figure 2. The
CSI and SoSS maps show no such artifacts as
observed in the phantom with an air bubble.
The spectra were scaled to the SD of the noise

(A)

(C)

(B)

the MRS voxel in the case of whole-brain shim (Support-
ing Information Figure S3). Moreover, voxels associated
with more than three different pathways were located in
the transition area number 19 (Supporting Information
Figure S3A,B; white arrows).

Reversing the gradient polarity along one axis resulted
in fewer spurious signals in the frequency range of
3.3–4.2 ppm (Figure 6A). The spectra from SV MRS (aver-
age of 16 NSAs, no phase cycling) and from the VOI of the
3D-CSI data (1 NSA) are shown in Figure 6B. Although
the spectral quality of the SV MRS acquired without phase
cycling seemed reasonable, there appeared to be spurious
signals compared with the CSI data with the same VOI as
the SV MRS. Moreover, substantial spurious signals in the
CSI grid outside the presumably selected MRS voxel are
observable.

The effect of an increasing crusher area on the number
of voxels being identified as potential sources of spurious
signals was simulated and shown in Figure 7. An increase
in the total crusher area resulted in fewer potential loca-
tions of spurious signals. However, even when multiplying

the total crushing area by a factor of 10, still several poten-
tial locations led to spurious signals. For instance, with a
10-fold increase in the crushing factor (section 3), the num-
ber of voxels that could be the source of spurious signals
was decreased by 91.3% and 97.7% in the case of VOI and
whole-brain shims, respectively. The number of voxels that
could lead to spurious signals in the case of inverted gra-
dients polarity was not less than the noninverted ones for
all crushing factors. The total number of spurious signal
locations decreased faster with whole-brain shim.

5 DISCUSSION

We presented a method to identify the locations where
spurious signals in SV MRS could originate from investiga-
tion of all possible coherence pathways in a semi-LASER
sequence. We identified possible spurious signal sources
in the B0 map by localizing voxels in which the phase
evolution induced by the crusher gradients was reversed
by the local magnetic-field inhomogeneities. The a priori
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(A)

(B)

F I G U R E 4 Representative sagittal slices of the B0 map (PB-2nd VOI shim) inside and outside of the MRS voxel (white square). The
voxels in red show the locations where the magnetic-field inhomogeneity gradient potentially causes a spurious signal (Eq. 4) by canceling
out the effect of external gradients through pathway [0 0−1−1−1] for the crusher scheme in Figure 1C (A) and when the gradient polarity
was inverted along the FH axis (B)

identification of the source of spurious signals can help to
optimize pulse sequences. Our results show that the poten-
tial spurious signals do not arise from a single location but
are scattered throughout the head. At ultrahigh field (ie,
7 T), the B0 field is less uniform than at lower field strength.
This increases the chance that the signal dephasing due
to the local B0 field inhomogeneity and crusher gradients
cancel each other. However, this nonuniformity scales lin-
early with magnetic field strength, thereby affecting SV
MRS at lower fields as well, but to a lesser extent.

Possible solutions to reduce spurious signals include
improved crusher schemes, phase cycling, outer-volume
suppression, CSI, and sensitivity encoding.18 Phase cycling
is a method to suppress the spurious signals by sub-
tracting the signals from undesired coherence pathways.
However, its efficacy will decrease in the presence of
phase and frequency instability and motion. Outer-volume
suppression adds additional saturation pulses to min-
imize longitudinal magnetization before the excitation
pulse. Our proposed methodology can guide placement of
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SHAMS et al. 79

F I G U R E 5 The SoSS maps of all possible pathways overlaid on the B0 map (PB-2nd VOI shim) for the optimized crusher scheme in
Figure 1C (top row) and (the same scheme with inverted polarity of the gradients along FH direction bottom row). The SoSS maps show the
spurious signal origins and the number of pathways (color-coded) associated with them. At these voxels, 𝝓crusher,i satisfied Eq. 4
(||𝝓inhom.gr,i(x, y, z;TE)|| ≤ ||𝝓crusher,i|| ≤ ||𝝓inhom.gr,i(x, y, z;TE + 100 ms)||). The red arrows indicate the locations where the associated number
of pathways that could lead to potential spurious signals is greater than three (see Supporting Information Figure S2 for more example slices).
The MRS voxel is shown as a black box

slice-selective outer-volume suppression pulses, although
additional pulses in the pulse sequence might lead to
increased chances of spurious signals. The phase encod-
ing in CSI moves the spurious signals to the location of
its origin. However, it requires a long acquisition time;
therefore, typically no signal averaging is performed, and
hence no phase cycling can be done. Faster MRSI meth-
ods19 can shorten the scan time, but this has rarely been
implemented. With sensitivity encoding, the coil sensitiv-
ity maps from a multichannel receive coil can be used for
spatial separation of the spurious signals and the desired
spectrum. Our method can be used as an input to such
an algorithm, although the many scattered spurious sig-
nal locations, as demonstrated here, could render efficient
unfolding impossible.

The voxels that were identified through multiple coher-
ence pathways were located in the areas 8, 10, 17, and 19.
Most of the coherence pathways also originated from these
areas. Investigating an individual coherence pathway may
give valuable insight into further sequence development.
This may require alternative strategies, like the use of
local crusher gradients,20 dynamic multicoil shimming,21

or elliptical localization with pulsed second-order field.22

Accurately identifying the location of the artifacts will also
enable simulating the spectral appearance of spurious sig-
nals. This paves the way to use artificial intelligence to
remove spurious signals from the data.23

We identified the possible source of spurious signals
based on the combination of the sequence crusher scheme
and the B0 map. The SoSS maps were generated to quantify
the influence of all coherence pathways associated with
possible spurious signal locations. Polarity reversal of all
gradients can reduce the appearance of spurious signals

and improve localization by incorporating the spatial B0
information. Even though we saw fewer spurious signals
in the spectrum after inverting the gradient polarity, the
number of potential sources of spurious signals in the B0
map did not decrease. This could be due to the fact that,
here, we only looked into the number of potential sources
of spurious signals, and not into their intensities.

Increasing the crusher area can also help reduce the
possible sources of spurious signals and this relation can
be optimized upfront for improved crushing of signals
from unwanted coherence pathways. This is, however, at
the cost of increased TE and stronger gradients, which
will increase the chances of peripheral nerve stimulation.
Moreover, the increase in the crusher area by itself is not
sufficient for removing all sources of spurious signals. In
simulation, we showed that even with very high crushing
factors (section 3), the number of potential spurious signal
locations reaches a nonzero plateau (Figure 7). It should
be noted that, practically, for this sequence implementa-
tion, the total crusher area can only be increased with a
maximum of 75% while maintaining a TE of 31 ms.

Comparing the two brain shims, the density of the pos-
sible source of spurious signals was more notable at the
edge of the MRS voxel in the situation of the whole-brain
shim than in the local VOI shim (Supporting Informa-
tion Figure S3 and Figure 5). The local VOI shim (PB-2nd)
resulted in lower SD of the field homogeneity in the MRS
voxel compared with the whole-brain shim (5.0 Hz vs
20.1 Hz). The total number of spurious signal locations
for the whole-brain shim was higher compared with the
local VOI shim for the first crushing factors (Figure 7),
but it decreased faster with increasing crushing factor. The
polarity reversal did not reduce the abundance of potential
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(A)

(B)

F I G U R E 6 Spectrum acquired with the semi-LASER scheme in Figure 1C with PB-2nd VOI shim setting. A, Time and
frequency-domain signals from a voxel of 2× 2× 2 cm3. The resulting FID and spectrum after gradients polarity reversal are shown on top. B,
Spectra from 3D CSI (blue box; number of signal averages [NSA] = 1, matrix size = 7 [AP]× 7 [RL]× 6 [FH]) with the same localization as SV
MRS (green box; semi-LASER, TE = 31 ms). Compared with SV MRS, the VOI spectrum exhibits less amount of artifacts. The red boxes
depict the locations in CSI data from where possible spurious signals originate (Figure 4). Cho, choline; Cr, creatine; Glu, glutamate; NAA,
N-acetylaspartate

spurious signal locations in the very first crushing factors;
however, it is worth mentioning that the location of voxels,
identified as sources of spurious signals, appears to be the
driving force behind the appearance of spectral artifacts
and not the number of voxels. Moreover, a good B0 shim-
ming (typically linewidth < 15 Hz) in SV MRS is essential
to decrease the linewidth within the voxel and to have
an efficient water suppression.24 For that, higher-order
shimming within the voxel can be used, although it could
result in large frequency offsets outside the voxel. This

consequently affects the global water suppression and
increases the chance of spurious signals being generated
outside the MRS voxel. Therefore, enhanced overall water
suppression as a result of improved global shimming can
help reduce spurious signals.25

Our method to determine the spatial origin of spuri-
ous signals in SV MRS was validated both in phantom
and in vivo experiments. In the 3D-CSI acquisition, the
phase-encoding gradients were applied in three directions.
Therefore, spurious signals experienced phase-encoding
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F I G U R E 7 The effect of increasing the crushing area (scheme
in Figure 1C) on the number of voxels being detected as potential
sources of spurious signals based on PB-2nd VOI shim and
second-order whole-brain shim. The x-axis values represent the
factor by which the crushing area was increased. Crushing factors
of 1 and 1.25 (first and second point in the graph) indicate the
current total crusher area and current total crusher area× 1.25,
respectively. For the crusher scheme in Figure 1C with TE = 31 ms,
only the first four crushing factors would be practical

gradients in three directions and did not fold into the MRS
voxel. We observed that the spurious signals originated
from the same locations as the locations identified by our
B0 map analysis. In vivo, the non-phase-cycled SV MRS
showed significant spurious signals, even with an opti-
mized crusher scheme. The in vivo CSI data confirmed
that spurious signals in SV MRS originated from outside
the voxel of interest, even when taking the point spread
function into account.

We used a simplified model for the determination of
all possible coherence pathways; therefore, our methods
have some limitations. First, for analysis of the coherence
pathways, we assumed that the 90◦ excitation pulse had
a perfect rectangular excitation profile. We also assumed
that the transition bands of the 180◦ refocusing pulses
experienced 90◦ excitation, while the spins in these areas
could experience a flip angle from 0◦ to 180◦, depending
on spatial location. These assumptions primarily affect the
intensity of the spurious signal, but they do not affect the
chance of the crusher area being counterbalanced by the
local B0 inhomogeneity gradients. Second, in our analy-
ses, we considered a time window of 100 ms to investigate
the possibility of signal rephasing by the local inhomo-
geneity gradient, because after 100 ms, most of the signal
has been decayed due to T2* (considering the T2* val-
ues in the brain). Looking at the time-domain signals in
Figure 6A, the FID before inverting the gradient polarity
exhibited a greater amount of spurious echoes (> 0.18 s).

This observation might explain the appearance of spuri-
ous signals up-field of water in the frequency domain.
Finally, our presented method lacks the ability to identify
which unwanted coherence pathways are most destruc-
tive to the spectrum. It would be of interest to determine
those pathways that manifest spurious signals in the spec-
trum more than the others. This would enable the design
of crusher optimization algorithms to provide targeted
crushing power toward those specific pathways.

6 CONCLUSIONS

This analysis allows us to relate spurious signals to their
specific anatomical locations of origin and therefore opens
a new window to optimize the acquisition strategy. Know-
ing the possible sources of spurious signals, one can opt
for changing the gradients polarity, shimming differently,
or increasing crusher strength at the cost of prolonged TE.
This prior knowledge will help design a crusher scheme
that effectively sorts out spurious signals from experimen-
tal data. Our method can facilitate MRS-sequence design
to be more robust to spurious signals.
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Figure S1. A, Magnitude images acquired from the
3D fast-field-echo (FFE) sequence. B, Sagittal slices of
the pencil-beam volume second-order volume-of-interest
(VOI) shim maps after intensity-based thresholding to
remove noise in the background and at the air–tissue
interfaces. C, Final B0 maps after applying morphological
filters. B0 map color bars are in hertz units
Figure S2. Source of spurious signals (SoSS) maps
overlaid on representative sagittal slices of the B0 map
(second-order VOI shim) for the scheme in Figure 1 with
inverted gradients polarity along the feet–head (FH) axis.
These maps show the potential locations of the spuri-
ous signals and the number of pathways (color-coded)
associated with them. At these voxels, 𝝋crusher,i sat-
isfied Eq. 4: (||𝝋inhom.gr,i(x, y, z;TE)|| ≤ ||𝝋crusher,i|| ≤||𝝋inhom.gr,i(x, y, z;TE + 100 ms)||)
Figure S3. The SoSS maps for representative sagittal slices
of the whole-brain shim maps for the scheme in Figure 1
(A) and the same scheme with inverted gradients polar-
ity along FH axis (B). The SoSS maps show the spurious
signals origins and the number of pathways (color-coded)
associated with them. At these voxels, 𝝋crusher,i sat-
isfied Eq. (4) (||𝝋inhom.gr,i(x, y, z;TE)|| ≤ ||𝝋crusher,i|| ≤||𝝋inhom.gr,i(x, y, z;TE + 100 ms)||). White arrows indicate
voxels being identified in more than three pathways.
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