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Purpose: Fast proton (1H) MRSI is an important diagnostic tool for clin-
ical investigations, providing metabolic and spatial information. MRSI at
7 T benefits from increased SNR and improved separation of peaks but
requires larger spectral widths. RS-COKE (Readout-Segmented Consistent
K-t space Epsi) is an echo planar spectroscopic imaging (Epsi) variant
capable to support the spectral width required for human brain metabo-
lites spectra at 7 T. However, mismatches between readout segments lead
to artifacts, particularly when subcutaneous lipid signals are not sup-
pressed. In this study, these mismatches and their effects are analyzed and
reduced.
Methods: The following corrections to the data were performed: i)
frequency-dependent phase corrections; ii) k-space trajectory correc-
tions, derived from short reference scans; and iii) smoothing of data at
segment transitions to mitigate the effect of residual mismatches. The
improvement was evaluated by performing single-slice RS-COKE on a
head-shaped phantom with a “lipid” layer and healthy subjects, using vary-
ing resolutions and durations ranging from 4.1× 4.7× 15 mm3 in 5:46 min
to 3.1× 3.3× 15 mm3 in 13:07 min.
Results: Artifacts arising from the readout-segmented acquisition were sub-
stantially reduced, thus providing high-quality spectroscopic imaging in phan-
tom and human scans. LCModel fitting of the human data resulted in a relative
Cramer-Rao lower bounds within 6% for NAA, Cr, and Cho images in the
majority of the voxels.
Conclusion: Using the new reference scans and reconstruction steps, RS-COKE
was able to deliver fast 1H MRSI at 7 T, overcoming the spectral width limitation
of standard EPSI at this field strength.
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1 INTRODUCTION

Proton MRS (1H-MRS) in the brain is a well-established
method that provides valuable diagnostic information in
a range of diseases. 1H-MRS information is utilized to
characterize metabolic abnormalities in the human brain,
assisting in cancer diagnostics1 and in the assessment
of neurological disorders2–5 such as Alzheimer’s disease,
schizophrenia, and depression. 1H-MRS also provides new
insights in the study of brain function6,7 by capturing
changes in metabolite concentrations. 1H-MRS of the
human brain is typically performed at 1.5 T and 3.0 T; how-
ever, in recent years scanners operating at a magnetic field
strength of 7 T have been approved for diagnostic appli-
cations of MRI and 1H-MRS. At this higher field strength,
1H-MRS applications have the advantages of increased
SNR and an improved spectral resolution of metabolite
resonances.6,8

MRSI is an attractive method for performing 1H-MRS
for human studies as it provides simultaneously both
metabolite and spatial information. Many of the MRSI
methods are based on chemical shift imaging (CSI), which
commonly results in a long scan duration. Recent devel-
opments in FID-MRSI9,10 have demonstrated good spatial
resolution within acceptable scan durations by combin-
ing CSI with short TR and high acceleration using parallel
acquisition with multi-channel receive coils. Additional
directions for fast spectroscopic imaging also exist, includ-
ing spiral,11 concentric rings,12 rosettes,13 and echo planar
spectroscopic imaging (EPSI)14 schemes. The latter, EPSI,
is a well-established fast MRSI technique15,16 in which
an alternating readout gradient is used to simultaneously
acquire both 1D spatial and 1D spectral information within
a single shot. EPSI-based acquisitions have the potential to
accelerate the acquisition while providing high-resolution
MRSI. However, their high-resolution implementation at
7 T is hampered by hardware limitations that restrict the
spectral width (SW).

One approach to increase the SW is to split the read-
out (RO) into several segments17,18 so that each RO gra-
dient covers a smaller range of k-space (see Figure 1B).
This allows the readout gradients to be shortened, which
reduces the echo spacing (ESP) of the echo train (equiva-
lent to the dwell time in an FID) and thus achieves a higher
SW.

In practice, however, the effective dwell time is not
represented by a single echo spacing because of the incon-
sistency between the readouts acquired under the positive
and negative gradients.19,20 This arises both from hardware
inconsistencies and from the opposite time evolution with
respect to the k-position, kx, along the RO direction; kx
increases or decreases with time according to the gradi-
ent sign. One way to resolve this is to analyze the positive-

and negative-polarity ROs separately21,22 and average the
results. However, this effectively doubles the echo spacing
and consequently halves the SW. To preserve the full SW,
an alternative approach is used in this study based on the
COKE (consistent K-t space Epsi) scheme.23,24 As shown
in Figure 1, this technique adds alternating phase-encode
(PE) blipped gradient pulses between the RO gradients and
reverses the sign of both these PE blips and the RO gra-
dients at every excitation. Consequently, the echo trains
of two consecutive excitations can be reshuffled to give
two new echo trains: one with positive RO gradients only
and one with negative RO gradients only, each correspond-
ing to a separate PE value (see Figure 1B–1D). Thus, two
PEs are still acquired within two TRs, but the new echo
trains are each internally consistent and have an effective
dwell time of a single echo spacing, therefore providing the
full SW. In practice, the COKE scheme trades the Nyquist
ghost along the spectral dimension for a Nyquist ghost
along the spatial PE direction.

In this study, the above two approaches were com-
bined to create one sequence: the readout segmented
COKE (RS-COKE). Initially, the application of RS-COKE
was limited by ghosting artifacts of subcutaneous lipid
signals.25 These ghosts, along the spatial RO direction,
affected the quality of spectra from brain–tissue regions.
Although these contaminating signals can be reduced by
lipid suppression techniques,26–28 these techniques can
have an adverse effect on the metabolite signals of inter-
est; furthermore, at 7 T, B1 inhomogeneity makes the
implementation challenging. Preliminary computer sim-
ulations (see Methods) verified two potential causes for
these artifacts: The first was the lack of a suitable echo
time shifting scheme29 to match the off-resonance sig-
nal evolution between readout segments. The second was
inconsistencies between the actual and expected kx trajec-
tory achieved by the RO gradients. The effect of similar
trajectory errors in standard readout-segmented imaging
sequences30 is typically mitigated by applying empirical
scaling corrections to RO gradient amplitudes. However,
these measures are inadequate in the case of MRSI, where
the low concentrations of brain metabolites render their
signals highly sensitive to contamination by spatial ghost-
ing from the relatively high concentration of lipids in
subcutaneous fat.

2 METHODS

Following the above insights of potential artifact sources,
segment time shifts were incorporated in the sequence,
and a procedure was developed to measure and reduce the
RO-segment mismatches, leading to improved spatial and
spectral quality (see Figure 2). The segment mismatches
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F I G U R E 1 Schematic diagram of the pulse sequence and the acquired trajectories in RS-COKE. (A) A schematic diagram of the
RS-COKE sequence and (B–D) the resulting kx − t trajectories. (B,C) are the trajectories of the odd and even excitations of a 3-segmented
RS-COKE acquisition. Colors mark different PE lines (#1: blue; #2: red). Faint lines with hollow arrows mark gradients with data sampling
switched off. All blue lines (PE #1) can be recombined from (B) and (C) into a consistent set (D) of acquisitions (same-PE and same-sign
gradients). The same is done for PE #2 (not shown). The time gap δt is the gap between segments at the center of their overlap (vertical
dashed lines). Further time-shifting the segments relative to each other can minimize the gap for either the positive or the negative gradient
acquisitions but at the cost of a larger gap for the opposite acquisition gradient. PE, phase-encode; RS-COKE, readout-segmented consistent
K-t space echo planar spectroscopic imaging.
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were measured by adding two new reference scans to
the sequence (extending the scan time by two TRs). The
effect of the mismatch was then reduced through two main
stages in the reconstruction: The first stage analyzed the
new reference scans, deriving trajectory and timing cor-
rections. The second stage employed these corrections in a
regridding procedure used to handle the nonuniform sam-
pling, including a smoothing of any residual intersegment
inconsistencies.

The modified RS-COKE acquisition and process-
ing scheme was examined in a 3D head-shaped phan-
tom designed for MRSI evaluation, which included
brain-mimicking metabolic content as well as a “lipids”
layer. Finally, spectroscopic imaging with RS-COKE was
examined in healthy human subjects, probing different
SWs and number of segments.

The above steps, including the artifact simulations, are
detailed next.

2.1 Computer Simulations

A simple set of computer simulations was performed
to investigate possible causes of imaging artifacts in
a readout-segmented acquisition. A readout-segmented
gradient-echo (GRE) acquisition was simulated, where
each of its three segments was uniformly sampled in both
time and k-space. The simulation modeled an axial view of
the lipid layer as an elliptical ring. (See Supporting Infor-
mation section S1 for more details on the modeling of the
lipid layer).

Two variations to the sequence were tested: The first
variation investigated the effect of a fixed time shift
between consecutive segments. Firstly, data were gener-
ated for a zero time shift so that all 3 segments had the
same TE. Secondly, data were simulated for a fixed time
shift between the readout segments so that they were
acquired at different TEs and behaved collectively as a sin-
gle long readout (see Figure 3). The effect of the time shift
variations was tested for both an on-resonance signal and
a 1000 Hz off-resonance signal (approximating the lipid
frequency offset at 7 T).

The second variation to the sequence investigated the
effect of an unplanned overlap of the segments (or a
gap between them). Such a mismatch between segments
could arise in RS-COKE from inconsistent scaling of the
amplitudes used for the sinusoidal RO gradients and their
trapezoidal prephasers (see sequence diagram, Figure 1).
In the simulation, the mismatch between segments was
achieved by scaling the kx value about the segment centers
k(s)x,center (s = 1, 2, 3) before shifting the centers. A scale of 1%
was used, transforming the k(s)x positions in segment s as
follows:

k(s)x → k(s)x,center + 1.01 ⋅
(

k(s)x − k(s)x,center

)
. (1)

This was compared to the perfect case.

2.2 The RS-COKE sequence

Figure 1A shows the RS-COKE sequence as it was imple-
mented on a 7 T Magnetom Terra (Siemens Healthcare,
Erlangen, Germany). It is RO-segmented and employs
sine-shaped RO gradients—unlike the trapezoidal gradi-
ents of conventional EPSI, as used today—as well as the
COKE scheme. The sequence was designed so that neigh-
boring RO segments have an overlap equivalent to 8 uni-
formly sampled points for the desired FOV Lx along RO,
that is, a k-space range of 8 ⋅ 2𝜋∕Lx. Note that these extra
points will not affect the duration of the scan as long as
they fit within the desired echo spacing; otherwise, addi-
tional segments will be required, thus extending the total
scan time. In addition to excitation and refocusing pulses, a
VAPOR31 water-suppression module was used, consisting
of 8 pulses with a total duration of 742 ms. Lipid suppres-
sion was not applied. The actual acquisition was preceded
by 5 TRs of “dummy” scans to reach steady state.

Figures 1B–1D shows the k-space trajectories for the
case of a 3-segment RS-COKE acquisition. Figures 1B,1C
show the sinusoidal kx − t trajectory of the three seg-
ments. The trajectories have been time-shifted by one
echo-spacing quanta with receivers switched off during
some of the initial and final gradients, marked as light
lines with empty arrow heads. With these skipped acquisi-
tions, the recombined trajectories, as in Figure 1D, do not
include superfluous acquisitions.

2.2.1 Reference scans

In addition to the sequence described above, reference
acquisitions were performed for the corrections described
in sections 2.3.3-2.3.5. The reference scans were run on
water, and in order to reach steady state they were pre-
ceded by five dummy scans on water. These dummy scans
were in addition to the ones with water suppression preced-
ing the actual scans performed.

The three reference scans were each a single segment
acquisition but without water suppression or any PE (no
PE prephaser and no COKE PE gradient blips). The fre-
quency of the water suppression block was shifted to that
of the lipids during the reference scan to reduce possible
signal contamination by the off-resonance lipid signals.

The first reference, used for estimating time shifts
and phase differences between odd and even echoes
(with opposite polarity RO gradients), was similar to that



SEGINER et al. 2343

proposed for EPI in Ref. 32 and acquired the central RO
segment (around kx = 0).

The two additional reference scans were used to esti-
mate inconsistencies between segments: one at the cen-
tral RO segment and one at the adjacent segment. These
scans included an additional separate but identical RO
prephaser that shifted the segments so the center of their
overlap region was at kx = 0, where the signal is typically at
a maximum. (See section 2.3.4 for the corrections derived
from these scans.)

2.2.2 Channel weights calibration

To estimate the weights when combining the signal from
the different channels, an extra GRE sequence on water
was scanned. The FOV and resolution of the GRE scan
were similar, but not necessarily identical, to those of the
RS-COKE scan (a user-interface limitation of the GRE
sequence used).

2.3 Reconstruction steps

2.3.1 General reconstruction steps

The RS-COKE reconstruction was implemented in Mat-
Lab (MatLab 2018b and 2021a, MathWorks, Natick, MA)
and included the following main steps:

• A Hann filter in k-space along both the RO and the PE
dimensions;

• An exponential time apodization with decay constant of
0.1 ms;

• Fourier transformation along all dimension (RO, PE,
and time), employing regridding for the nonuniform RO
sampling;

• A weighted coil channel combination based on Ref.33.

Regridding was based on a convolution kernel34 using a
Kaiser-Bessel kernel to convolve the sampled signal at the
desired on-grid k-positions (see Supporting Information
section S1 for more details).

The coil combination weights were derived from the
separate GRE image. Based on Ref.33, the weight given
to each pixel at each channel was the complex conju-
gate of the GRE image (per channel and per pixel), nor-
malized by the root-sum-of-squares of the channels at
the GRE pixel. The signal was Hann-filtered (RO and
PE) before the Fourier transform, and the image from
each channel was interpolated to match the RS-COKE
resolution.

Note that the Hann filter was used here instead of a
Hamming filter. This was done due to the much faster
decay of its ringing artifacts.35 Nevertheless, both filters
have the same downside of reducing the resulting res-
olution, halving it compared to the nonfiltered case, so
the final image resolution is half that given by the recon-
structed matrix. Apart for the Hann filter, no other process-
ing was performed to reduce lipid artifacts.

2.3.2 RS-COKE corrections — overview

The general reconstruction scheme above was supple-
mented with RS-COKE–specific corrections. A general
flowchart of the modified reconstruction is shown in
Figure 2, with correction steps marked in bold. The correc-
tions are detailed below. (The effect of the different steps
can be appreciated in Supporting Information Figure S1 in
section S2, both for a phantom and for in vivo.)

2.3.3 Even/odd inconsistencies: Nyquist
ghosts

As in EPI,32 there may be inconsistencies between acqui-
sitions with negative and positive RO gradient lobes.
The only inconsistencies considered here are a time shift
between the actual acquisition and the gradient wave-
form, as well as a fixed phase difference. These were found
from the reference scan on water, without PE gradients, at
the central RO segment (around kx = 0). See Supporting
Information section S1 for more details on the analysis.

Note that no actual correction was applied at this stage
to the raw signals. The time shift was used within other
corrections described below (trajectory corrections, and
off-resonance phase corrections), see also the flowchart in
Figure 2.

2.3.4 Trajectory corrections (kx and time t)

Any discrepancy between the planned and actual readout
k-positions in the segments leads to artifacts when joining
the segments. To correct for such discrepancies, the fol-
lowing relation was assumed between the actual sampled
positions k(s) (tn) of the n-th sample in segment s to the
planned trajectory k(s=0)

ideal (tn) for the center segment (s = 0)

k(s) (tn) = 𝜂 ⋅ k(s=0)
ideal (tn − 𝜏) + s ⋅ Δkseg, (2)

where the two unknowns are the scaling parameter 𝜂 and
the absolute time shift 𝜏 between the actual acquisition
and the gradient waveform (ideally 𝜂 = 1 and 𝜏 = 0), and
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F I G U R E 2 Schematic flowchart
of the reconstruction, including
correction steps. The odd and even PE
lines (positive and negative RO
gradients) are processed in parallel
before they are combined in the final
steps. The different parameters
extracted from the water references
(right) are used at different stages of the
reconstruction, marked by arrows.
Correction steps are marked in bold
with superscripts marking the relevant
section in the main text as follows:
1even/odd inconsistencies: Nyquist
ghosts, 2trajectory corrections kx and
time t), 3off-resonance inconsistencies,
4residual segment inconsistencies.

whereΔkseg is the increment between segments generated
by the RO prephaser (seen at the start of the echo train in
Figure 1).

The two parameters 𝜏 and 𝜂 were determined from
the 2-segment reference scan described above (two neigh-
boring segments, ky = 0, without PE blips, shifted to
overlap around kx = 0). From each scan, the odd acqui-
sitions (positive gradient lobes) were separated out, a
Fourier transform applied along the time axis, and the
zero-frequency line of each segment extracted. This was
followed by a root-sum-of-squares combination of the
channels. With these two magnitude signals (from the
two segments), the parameter pair 𝜏 and 𝜂 for which the

signals best match at the overlap was found. See Sup-
porting Information section S1 for more details on the fit
performed.

Note that 𝜏 is an absolute shift, not a relative shift, and
could be found because the sampling pattern k(s=0)

ideal (tn)was
nonuniform.

Once the shifts of the (analyzed) odd acquisitions were
found, the same 𝜂 scaling was used for the even acqui-
sitions (opposite RO gradient sign). The even time shift
used was a combination of the odd shift 𝜏 just found
and the even/odd shift found earlier. Note that the even
shift could be deduced separately from analyzing the even
acquisition. This was not tested.
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2.3.5 Off-resonance inconsistencies

In order to consistently combine all the kx segments for
each phase-encode ky value, phase consistency is required.
This consistency is affected by the resonance frequency
of each spectral component, as well as the timing of each
data sample. This timing includes both the ideal pre-
scribed timing (see Figure 1) and the deviations from
this ideal as manifested in the trajectory corrections. The
phase consistency corrections were divided into correc-
tions within segments and between segments, as described
below.

Phase inconsistencies within segments
For consistency within a segment, and especially between
positive and negative RO gradients, the frequency match-
ing the position in the spectrum was used to gener-
ate an appropriate linear phase to compensate for the
phase evolution (before regridding). The sign of this linear
phase was alternated between RO gradients of alternate
polarity because the negative-polarity acquisitions were
time-reversed to match the same kx positions. The same
correction was applied to all segments.

Phase difference between segments
For consistent merging of the RO segments, the phase
must be continuous at the interface between the segments.
Consequently, the phases of the data in each segment were
adjusted, adding a frequency-dependent phase increment
between adjacent segments so that the phase at the start
of the segment would match that of the corresponding
kx data point in the previous segment. The phase incre-
ment used was based on the frequency at the given position
in the spectrum and on the time shift between the two
points. The evolution time used for each sampled point
included the time shift correction 𝜏 in Equation 2 and the
even/odd time shift found in the even/odd inconsistencies,
section 2.3.3.

2.3.6 Residual segment inconsistencies

Despite the above corrections, residual inconsistencies
that still lead to artifacts are possible. To reduce these
inconsistencies, the transitions between segments were
linearly smoothed, as outlined below, to ensure signal
continuity.

As a starting point, consider two segments contin-
uously sampled in k-space, overlapping between koverlap

min
and koverlap

max . The signals of the two segments are given by
S1(k) and S2(k), where S1(k) covers ks within the over-
lap and below it (k ≤ koverlap

max ), whereas S2(k) covers ks
within the overlap and above it (k ≥ koverlap

min ). With these

assumptions, signal continuity at the edges of the over-
lap can be achieved by defining the following smoothed
signal

S1,2(k) = fk ⋅ S1(k) + (1 − fk) ⋅ S2(k), (3)

k ∈
[

koverlap
min , koverlap

max

]
,

where fk varies linearly with k, from one to zero (inside the
overlap)

fk ≡
koverlap

max − k

koverlap
max − koverlap

min

∈ [0, 1]. (4)

In practice, the signals of the two segments are not
continuously sampled but rather are at different discrete
ks, thus Equation 3 could not be used and the smoothing
was combined with the regridding to common k-positions.
This was achieved by modifying—at the overlaps—the
density compensation factors used in the regridding. (See
Supporting Information section S1 for further details on
how the smoothing was incorporated into the regridding.)

2.4 Spectral analysis

Spectra in each voxel were fit with LCModel36,37 (v6.3)
using simulated basis functions of 15 metabolites
obtained by solving the full Liouville equations with
in-house MatLab 2018 routines. The 15 metabolites
were: aspartate (Asp), creatine (Cr), phosphocreatine
(PCr), glycerophosphocholine (GCP), phosphocholine
(PCh), glutathione (GSH), glucose (Glc), glutamine
(Gln), glutamate (Glu), γ-aminobutyric-acid (GABA),
sodium-lactate (Lac), myo-inositol (mI), N-acetylaspartate
(NAA), N-acetylaspartylglutamate (NAAG), and taurine
(Tau). The spectral fitting was performed in the range
of 1.0–4.1 ppm. Following the fit, the resulting metabo-
lite maps and the estimated relative CRLB (Cramer-Rao
lower bounds) were collected. Note that for the short
TE (14 ms) used here, a more accurate estimation could
be found by including macromolecules in the set of
basis functions38; however, this was outside the scope of
this work.

As the LCModel fitting was done separately per voxel,
the resulting metabolite maps potentially hide pronounced
changes in the lipids and the baseline between neigh-
boring voxels, thus hiding lipid contamination and lipid
ghosting artifacts. Metabolite images were therefore also
created using straightforward integration over each of the
metabolite peaks (the integration range is specified in
the figure captions). Direct integration is more sensitive
to lipid contamination and ghosting artifacts, highlight-
ing their presence (as well as being much faster), and is
therefore important for visual inspection.
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2.5 Experiments

The experiments were performed on a 7 T MRI system
(Magnetom Terra, Siemens Healthcare) using a commer-
cial 1Tx/32Rx head coil (Nova Medical, Wilmington, MA).
The RS-COKE acquisitions were accompanied by scout
scans for localization, a high-resolution GRE scan as a ref-
erence, and low-resolution GRE scans used to generate coil
combination weightings.

Note that as RO sampling was nonuniform, the
reported acquisition matrices represent the theoretical res-
olution for the k-space region covered. As the sequence
was implemented so that segments have an overlap of
8 sample points (after regridding), each segment was
acquired with 4 extra samples at each edge. Thus, the
acquisition matrixes were always 8 samples larger along
the RO compared to the reconstruction matrices.

2.5.1 3D head-shaped phantom imaging

A 3D-printed, head-shaped phantom designed for 7 T
was used.39 The phantom included 3 subsections, mim-
icking brain, muscle, and lipid tissues, respectively.
It included an agar “brain” region with metabolites
and an oil-filled “lipids” layer. The brain-mimicking
metabolites for spectroscopy comprised the follow-
ing solution: 10 mM L-glutamic acid, 10 mM Cr and
PCr (together Cr + PCr), 8 mM myo-inositol, 2 mM
gamma-aminobutyric acid, 2 mM Cho, 5 mM sodium
lactate, and 12.5 mM NAA. Potassium dihydrogen
orthophosphate was used as a buffer to achieve pH of
∼7 (typically titrated using ∼2.13 g/L sodium hydroxide
pellets). For further details, see Ref. 39.

Scan parameters for the RS-COKE acquisition were:
3 RO segments, ESP = 0.36 ms (SW = 2778 Hz), FID
duration 106 ms, FOV (RO × PE) 200× 250 mm2, acqui-
sition matrix 56× 64, reconstructed matrix 48× 64,
in-plane reconstructed resolution 4.1× 3.9 mm2, slice
thickness = 15 mm, TR/TE 2000/14 ms, and scan dura-
tion 6:08 min. Low-resolution GRE scan parameters were
FOV 200× 250 mm2, in-plane reconstructed resolution
4.1× 3.9 mm2, slice thickness 5 mm, TR/TE 50/2 ms, and
scan duration 5 s.

2.5.2 Human imaging

All scans were carried out in accordance with the Weiz-
mann Institute of Science (Rehovot, Israel) guidelines and
regulations, and were performed according to procedures
approved by the Internal Review Board of the Wolfson
Medical Center (Holon, Israel) after obtaining informed

suitable written consents. Three volunteers were scanned
with the following four RS-COKE scans:

i. Three RO segments, ESP = 0.34 ms (SW = 2941 Hz),
FID duration 217 ms, FOV (RO × PE) 260× 300 mm2,
acquisition matrix 71× 64, reconstructed matrix
63× 64, in-plane reconstructed resolution
4.1× 4.7 mm2, slice thickness = 15 mm, TR/TE
1700/14 ms, and scan duration 5:49 min.

ii. The same as (i) above, but with 5 RO segments,
with acquisition matrix 68× 64, reconstructed
matrix 60× 64, in-plane reconstructed resolution
4.3× 4.7 mm2, and scan duration 9:26 min.

iii. The same as (ii) above but with a larger acqui-
sition matrix 93× 90 and reconstructed matrix
85× 90, resulting in-plane reconstructed resolution
3.1× 3.3 mm2 and scan duration 13:07 min.

iv. The same as in (i) but with ESP = 0.28 ms
(SW = 3571 Hz).

The low-resolution GRE scan parameters were:
FOV 260× 300 mm2, in-plane reconstructed resolution
4.1× 4.7 mm2, slice thickness 5 mm, TR/TE 50/1.8 ms,
and scan duration 4 s.

The high-resolution GRE scan parameters were:
FOV 260× 300 mm2, in-plane reconstructed resolution
1.6× 1.6 mm2, slice thickness 5 mm, TR/TE 50/2 ms, and
scan duration 11 s.

3 RESULTS

3.1 Simulation results

Figure 3 summarizes the results of simulations examining
the ringing artifacts in a readout-segmented acquisition
for an annulus object that mimics the subcutaneous lipid
layer around the brain. Figure 3A shows an acquisition in
which each RO segment was acquired at the same time rel-
ative to the excitation. Both on- and off-resonance cases are
shown, where the off-resonance case mimics the lipid sig-
nal. Figure 3B shows an acquisition with incremental time
shifts Δt of the segments (Δt = s ⋅ ESP, with s the segment
number) to achieve a continuous temporal evolution along
the segmented kx direction. Only the off-resonance case is
shown. The effect of the change between Figure 3A,3B is
clearly seen in Figure 3C, comparing the two results along
a cross section.

Figure 3D shows the effect of scaling the RO amplitude
(without scaling the corresponding prephasing gradients),
simulating a scaling error between the prephasing and the
readout. The plot on the right of Figure 3D exemplifies
the effect by showing the signals—with and without the
stretch—along a cross section.



SEGINER et al. 2347

(A)

(B) (C)

(D)

F I G U R E 3 Simulated ringing artifacts in a readout-segmented acquisition for an annulus object mimicking the subcutaneous lipid
layer in the head. (A) Each segment acquisition starts at the same delay from the excitation; both on- and off-resonance cases are shown
(off-resonance mimics the lipid signal). (B) Acquisitions with incrementally time-shifted segments to achieve an effective continuous
temporal evolution within each 3-segment PE line. (C) Signal ringing along an image-domain line (white, dashed) inside the annulus for
cases (A) and (B). (D) Effect of scaling the RO amplitude (but not the corresponding prephasing gradients); a stretching that can occur
between the segments. For simplicity, simulations used equidistant k-space points instead of the nonuniform sampling (sine-shaped
gradients) used in the actual scan. RO, readout.

In this simulation, the dominant artifacts come from
the incorrect gradient amplitude scaling (of 1%). The case
of time-shifted segments for the off-resonance signal also
results in significant artifacts. In this synthetic simulation,
even the perfect case (on resonance, no shifts or ampli-
tude error) has minor Gibbs ringing artifacts. In practice,
these would be less apparent in human imaging due to
noise, irregular edges, and partial volume along the slice

dimension (effectively smoothing the edge within the 2D
slice).

3.2 Phantom results

The results of RS-COKE acquired in a 3D head-shaped
phantom designed with a “lipids” layer and
brain-mimicking metabolites are shown in Figures 4–6.
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F I G U R E 4 Signals from the trajectory reference scans on water (left: before trajectory correction; right: after; top: phantom scan;
bottom: a scan performed in vivo). Signals shown are the zero-frequency component of the reference scans raw data (after apodization and an
FT along time). The stray blue points, even after correction, are probably transients due to switching of the receivers on/off, and where
disregarded (the first and last 4 samples were always discarded in the analysis). FT, Fourier Transform.

F I G U R E 5 The effect of the trajectory correction on the signal at the transition between overlapping segments (top, phantom example;
bottom, data acquired in vivo). The full extent of the signals is shown to the left, with zooms into the overlap shown in the middle and on the
right (middle before correction and right after correction). The corrected signals are overlayed with the gridded signal (black), which smooths
the transition (see main text). After correction, the signal mismatch in vivo is mostly in amplitude, probably mainly due to physiological
changes. Signals are shown for ky = 0 and for the dominant frequency (lipids)
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(A) (B)

(C)

(D)

F I G U R E 6 Phantom RS-COKE results without and with RO-segments corrections. (A) A GRE scan at the MRSI slice position (used to
calibrate coil combination weights). (B) Spectral images for “lipids” (oil), NAA, Cho, and Cr, without trajectory corrections or smoothing of
transitions. (C) Same as (B) but with corrections. (D) Spectra at the positions (1) and (2), marked on the NAA images. Red spectra are without
the corrections and black spectra have been corrected. Spectra are displayed as the real part after a 3× 3 voxel average. Images are the
magnitude after integration over the complex spectrum in the corresponding voxel, with the lipid image summed over 227 Hz and the
metabolites over 116 Hz. The lipid images scale is ×80 that of the metabolite images. The scaling of the intensity in the images was chosen to
highlight the artifacts. The same scaling was used for the top (without correction) and bottom (with corrections) images. GRE, gradient echo.

Figure 4 (top) shows the zero-frequency signals of
the phantom’s 2-segment reference scan, comprising two
consecutive RO segments, shifted in k-space (by mod-
ifying the prephasing gradient) to overlap around kx =
0. On the left are the measured signals using the nom-
inal RO k-trajectory in each segment, whereas on the
right are the signals after the trajectories have been cor-
rected according to Equation 2, with 𝜏 and 𝜂 such that
the signals best match. The signals match well after the
correction.

Figure 5 (top) shows phantom sample data for two seg-
ments from the actual acquired signal before and after
trajectory correction; signals are at ky = 0 for the spec-
tral frequency with the strongest signal (“lipids”). The
corrected signals are overlayed with the gridded signal

(black), which smooths the transition. While the trajectory
correction aims to align the segments along kx, the tran-
sition smoothing compensates for amplitude differences
and any other residual mismatches.

Images of the “lipids”, NAA, Cr, and Cho peaks
are shown in Figure 6 before and after the applied
corrections. The RO-segmentation ringing artifacts are
clearly seen before the correction, while after the cor-
rection a uniform phantom distribution is revealed (as
expected). Figure 6D shows the spectra from two voxel
locations: in a clean region (1) and on the ring arti-
fact (2). While the first shows a mild difference between
metabolite peaks before and after correction, the sec-
ond case (voxel close to the lipid) shows a significant
improvement.
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(A) (B)

(C)

(D)

F I G U R E 7 In vivo RS-COKE results without and with RO-segments corrections. (A) Images for reference: a localizer showing the slice
position and a high-resolution GRE scan at the slice (with IR for T1 weighting). (B) Spectral images of lipids, NAA, Cho, and Cr, without
trajectory corrections or smoothing of transitions. (C) Same as (B) but with corrections. (D) Spectra at the positions (1) and (2), marked on the
NAA images. Red spectra are without the corrections and black spectra have been corrected. Spectra are displayed as the real part after a 3× 3
voxel average. Images are the magnitude after integration over the complex spectrum in the corresponding voxel, with the lipid image
summed over 227 Hz and the metabolites over 116 Hz. The lipid images scale is ×15 that of the metabolites. The scaling of the intensity in the
images was chosen to highlight the artifacts and the features. The same scaling was used for the top (without correction) and bottom (with
corrections) images.

3.3 Human imaging results

Figure 4 (bottom) shows the zero-frequency signals from a
2-segment reference scan acquired in vivo. Again, the mea-
sured signals using the nominal RO k-trajectories are on
the left, while the signals after the trajectory corrections
are on the right.

Figure 5 (bottom) shows the effect of the trajectory
correction in vivo. The signals shown are from the actual
scan (not the reference scan) at ky = 0 for the spectral
frequency with the strongest signal, corresponding to the
lipids.

Figure 7 shows images and spectra acquired from a
healthy human subject using RS-COKE. Data are shown
before and after corrections. Images are shown for the
lipids, NAA, Cr, and Cho peaks. The images after cor-
rection show clear features of the ventricles and other
anatomical features. Figure 7D shows spectra in two

representative voxels, with a significant reduction in arti-
fact following the applied correction. For comparison,
Figure S2 also shows LCModel fitting of this dataset before
and after correction. The LCModel NAA map, from the
data before correction, shows fewer artifacts than the
matching NAA image of Figure 7 (generated by simple
integration). Nevertheless, the average CRLB in the brain
before correction is high (34.4%) compared to the same
map after corrections (5.5%).

Figures 8 and 9 show the four RS-COKE scans acquired
with two different SWs, 3 and 5 RO segments, and at differ-
ent spatial resolutions. All four scans show clean spectra
with a low level of lipid contamination. Five segments,
instead of 3, can be used to increase the SNR for the
same spatial resolution (second column in Figures 8 and
9) or to increase the resolution (third column). High SWs
of ∼3600 Hz can be achieved with RS-COKE even with
3 segments (fourth column). The CRLB of the LCModel
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F I G U R E 8 Spectra from RS-COKE with different spectral width, number of segments, and spatial resolution. Left, spectra from three
scans with ESP = 0.34 ms (SW = 2941 Hz): (i) 3 segments and 63× 64 reconstructed voxels (4.1× 4.7 mm2) in 5:49 min, (ii) 5 segments and
60× 64 reconstructed voxels (4.3× 4.7 mm2) in 9:26 min, and (iii) 5 segments and 85× 90 reconstructed voxels (3.1× 3.3 mm2) in 13:07 min.
Right, scan (iv) with ESP = 0.28 ms (SW = 3571 Hz) and the rest as in (i). The top row shows the LCModel fitting for a single voxel, the
bottom row for an average of 3× 3 voxels. The image at the top-left corner shows the NAA image from Figure 6 with the location of the voxel
marked by a red plus symbol. ESP, echo spacing; SW, spectral width.

in the central region is within 6%, increasing only in the
ventricles and near the lipid layer.

Figure 10 shows LCModel metabolites maps and CLRB
images of the NAA, Cr, and Cho, as well as the (gluta-
mate+ glutamine)/NAA ratio for two in-plane resolutions
(4.1× 4.7 mm2 and 3.1× 3.3 mm2 (reconstructed), corre-
sponding to scans (i) and (iii) in Methods).

4 DISCUSSION

The RS-COKE pulse sequence, incorporating
readout-segmented EPSI and alternating PE blips for
consistent k-t space acquisition, offers fast spectroscopic
imaging and high spatial resolution for human applica-
tion at 7 T. The method can mitigate the spectral-width
limitation at 7 T and provides a coherent phase evolu-
tion that avoids Nyquist artifacts in the spectra. However,
the method is susceptible to ringing artifacts along the
RO direction. This phenomenon is known from standard
imaging applications of readout-segmented EPI, where
simple mitigations such as a system-specific RO gradient
scaling can achieve a sufficient suppression of the arti-
fact. However, in the case of EPSI, the residual ringing

artifact is detrimental to spectral quality. This is especially
evident when the lipid suppression is switched off as the
off-resonance lipid signal is then high compared to that
of brain metabolites. These signals emanate from the sub-
cutaneous scalp region, which forms a sharp ring around
the brain further amplifying the ringing artifact.

In this study, we have introduced a method to mini-
mize this ringing artifact by correcting k-space trajectory
inconsistencies between the RO segments. The correction
uses a short adjustment scan at the start of the acquisi-
tion to provide data that are specific to the scan protocol
being used and fits these data to a mathematical model
to estimate and correct the trajectory difference between
adjacent segments. In addition, the method applies sig-
nal smoothing at RO-segment transitions and a phase
correction that is both frequency- and segment-specific.
In conjunction, these processing steps were shown to
substantially reduce artifacts in spectra and metabolite
maps and provide a powerful tool for correcting the
segment-to-segment inconsistencies without the need for
a prior calibration of individual scan protocols.

The results show adequate signal correction, both in
the dedicated 3D head-shaped phantom and in human
scanning. As in FID-MRSI without lipid-suppression,9,40
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F I G U R E 9 NAA images from RS-COKE for varying scan parameters: SW, number of segments, and spatial resolution. From left to
right: the first three with ESP = 0.34 ms (SW = 2941 Hz) having: (i) 3 segments and 63× 64 reconstructed voxels (4.1× 4.7 mm2) in 5:49 min,
(ii) 5 segments and 60× 64 reconstructed voxels (4.3× 4.7 mm2) in 9:26 min, (iii) 5 segments and 85× 90 reconstructed voxels (3.1× 3.3 mm2)
in 13:07 min, and the last scan (iv) with ESP = 0.28 ms (SW = 3571 Hz) but otherwise the same as (i). The top row shows the NAA images
integrated over 116 Hz around the NAA peak. The middle row shows the LCModel-estimated NAA maps, and the bottom row shows the
corresponding CRLB maps. The image at the top-left corner shows the high-resolution reference GRE image with the outline for the mask
used on the NAA images marked in red. The arrows in the top-right image point to residual artifacts in the integral image: one in the PE
direction and one in the readout direction, which were removed with the LCModel fitting. Each of the integral images was scaled separately
to visualize the features. The metabolite maps (based on LCModel) were all scaled the same, normalized to the maximum of the right most
image. The FOV of the images was cropped to reduce surrounding empty space. CRLB, Cramer-Rao lower bounds.

this method allows the acquisition of metabolite maps
without the need for outer-volume suppression, thus
reducing the specific absorption rate and providing
full-slice coverage. The leakage of the unsuppressed lipid
signal into the brain regions was minimized by applying
a Hann filter in k-space. Using the Hann filter instead of
a Hamming filter practically removed lipid ringing arti-
facts well within the brain without any other lipid removal
processing. Although applying the filter lowers the final
resolution of the image, it is a frequently used tradeoff,
even when additional post processing is used to remove the
lipids signal.9,40

The images acquired in vivo still occasionally suffer
from artifacts along the PE direction, which are most likely
due to motion and breathing. The LCModel fitting is more
immune to these artifacts because it removes the fluctua-
tions that appear as the spectra baseline.

This study has focused on a single slice–selective MRSI
acquisition. RS-COKE can be extended to whole-brain
studies with either multi-slice or 3D phase encoding. This
can be achieved by reducing the TR using a shorter water
suppression module, as was previously reported.9 With
acquisition of ∼200 ms, as in this study, a TR of ∼300 ms
could be achieved. In this case, 3D phase-encoded whole
brain scan with 10 mm resolution and 3 segments could be
acquired in∼12 min (including 12 phase-encoding points).
The multi-slice configuration can incorporate accelera-
tion method using multi-band pulses, which was already
demonstrated with the COKE implementation at 3 T.41,24

In this case, 12 slices using acceleration factor of 2 would
be acquired with a similar scan time to that in this
study.

This whole-brain extension should also consider SNR
efficiency, which depends on the trajectory traversed and
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F I G U R E 10 Metabolite maps from LCModel: NAA, Cr, Cho, and Glu+Gln/NAA ratio. The images shown are for scan (i):
ESP = 0.34 ms (SW = 2941 Hz), 3 segments, 63× 64 reconstructed voxels (4.1× 4.7 mm2) in 5:49 min; and for scan (iii): 5 segments, 85× 90
reconstructed voxels (3.1× 3.3 mm2) in 13:07 min. The metabolite maps and the corresponding CRLB maps are shown. The color bars of the
metabolite maps were chosen to highlight the features for each metabolite. The maps were normalized the same as in Figure 9. The black
overlay highlights a region with high B0 inhomogeneity. The FOV of the images was cropped to reduce surrounding empty space.

the desired filter (Hann filter in this case). Based on Kasper
et al.,42 the SNR efficiency of RS-COKE and EPSI is exam-
ined in the Supporting Information section S4. For com-
parison with EPSI without temporal interleaving, having
the same SW, a slightly larger FOV than used in the in
vivo scans was examined. The SNR efficiency of RS-COKE
and EPSI (without temporal interleaving) were very simi-
lar. Unlike RS-COKE, however, in EPSI without temporal
interleaving the SW is limited by hardware constraints
(slew rate).

Comparing RS-COKE to temporally interleaved EPSI,
the latter provided ∼30% better SNR efficiency. However,

in practice 1H temporally interleaved EPSI suffers from
aliasing artifacts in the spectrum, arising from residual
water signal,22 which limit the temporal interleaving to
3 or fewer interleaves. In RS-COKE, on the other hand,
this artifact is practically missing, even in the 5-segmented
case.

Nevertheless, the SNR efficiency gap can be fur-
ther reduced. Several trajectory variations to consider are
reducing the size of the overlap region and a different
sampling density more resembling the Hann filter, for
example, by having the segments overlap at the center
of k-space (as k-space is sampled more densely at the
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overlaps), and/or switching to radial acquisition in k-space
(again, for dense sampling at the center of k-space). In
addition, the current implementation treats all segments
similarly; thus, extra “overlap” k-space points in the first
and last segments—which do not have a segment to over-
lap with—are essentially discarded and are not used to
extend the RO resolution but are used in the convolution
regridding. A different reconstruction algorithm—applied
after the trajectory corrections have been found—might
better use these extra sampling points.

A previous comparison of EPSI with other trajec-
tories43 showed that for most resolutions EPSI has an
SNR efficiency higher than spiral, concentric rings, or
flyback EPSI, with spiral gaining the upper hand at
resolutions below ∼4.5 mm. That comparison, however,
does not account for filtering of the data or include
density-weighted trajectories. Thus, other trajectories,
such as density-weighted concentric rings,44 may prove
more efficient.

Summarizing the above, RS-COKE does not seem to
carry an overly excessive penalty in SNR efficiency while
also avoiding aliasing in the spectrum. A more thorough
investigation, which is outside the scope of the current
work, is still required.

Further modification could include the shortening
of the water-suppression module, as reported previ-
ously.9 In addition, the residual motion-induced artifacts
could be suppressed by incorporating navigators or other
motion-detection methods to reduce signal changes from
one excitation to the next.45,46 It might also be benefi-
cial to apply dynamic corrections to compensate for mag-
netic field fluctuations during acquisition,47 noting that
respiratory-induced field fluctuation is enhanced at 7 T
compared to lower field strengths.48

5 CONCLUSION

The artifact-suppressed implementation of RS-COKE
reported in this study provides a robust approach to fast
MRSI acquisition at 7 T. Unlike standard EPSI, the method
is not limited by the increased SW required at ultrahigh
field. RO segmentation decouples the spatial resolution
from the SW, allowing the technique to use high spatial res-
olution and exploit the increased SNR at 7 T. RO segmen-
tation comes at a cost of extended total scan duration, but
this is compensated by achieving the desired SW and by
an SNR increase due to the longer net acquisition time. In
addition to RO segmentation, the COKE phase-encoding
scheme avoids the Nyquist errors in the spectral domain,
which are a further limitation of the EPSI sequence type.
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Figure S1: Comparison of the effect different reconstruc-
tion steps have. Shown are NAA images after a different
correction step was skipped each time, along with the NAA
image after the full correction (right most). Top, phantom
results and bottom, in vivo results. The correction steps,
from left to right are (in parentheses the relevant section
names in main text): smoothing of signal at overlaps
(‘Residual segment inconsistencies’), segment trajectory
corrections (‘Trajectory corrections (kx and time t)’), phase
correction between segments (‘Phase difference between
segments’), phase correction within segments (‘Phase dif-
ference within segments’), and even/odd RO corrections
(‘Even/Odd inconsistencies — Nyquist ghosts’). The scans
reconstructed are the same as in Fig. 6 (phantom) and
Fig. 7 (in vivo) of the main text (using, however, slightly
different masks).
Figure S2: NAA images before (a) and after (b)
RO-segments correction. The images show (from left to
right) – NAA integral map, LCModel NAA map, and the
matching LCModel CRLB map. c) Spectra from two vox-
els (marked as (1) and (2) on the left image) are shown
before and after correction with LCModel fitting. It can
be seen that fitting the baseline can reduce the artifact
effect.
Figure S3: The integrand,

∑
i 𝜂i (k) ⋅ d2

target (k)∕di,acq (k) ,
from Eq. s8 for sequence variations using SW = 2941 Hz,
FOV 280 mm, and dead time of 25 μs, based on three seg-
ments with overlaps of size of 8 k-samples. The integrand
is proportional to the signal’s noise variance at each RO
k-position. Left, without Hann filter, and right, with.

Figure S4: The integrand,
∑

i 𝜂i (k) ⋅ d2
target (k)∕di,acq (k),

from Eq. s8 for sequence variations using SW = 2941 Hz,
FOV 280 mm, and dead time of 25 μs, based on three seg-
ments without overlaps. The integrand is proportional to
the signal’s noise variance at each RO k-position. Left,
without Hann filter, and right, with.
Figure S5: The integrand,

∑
i 𝜂i (k) ⋅ d2

target (k)∕di,acq (k),
from Eq. s8 for sequence variations using SW = 2000 Hz,
FOV 280 mm, and dead time of 25 μs, based on three seg-
ments without overlaps. The integrand is proportional to
the signal’s noise variance at each RO k-position. Left,
without Hann filter, and right, with.
Figure S6: The integrand,

∑
i 𝜂i (k) ⋅ d2

target (k)∕di,acq (k),
from Eq. s8 for two different acquisition dead times of 25 μs
(solid lines) and 0.1 μs (dashed lines). Left, without Hann
filter, and right, with. Sequences shown are variations of
the human imaging case (iv): SW = 3571 Hz (echo spacing
280 μs), FOV 260 mm, and based on three segments with
overlaps of size of 8 k-samples. The integrand is propor-
tional to the signal’s noise variance at each RO k-position.
Outside the overlaps and without the Hann filter the plots
are proportional to the RO gradient used.
Table S1: Relative SNR efficiency of different RS-COKE
and EPSI variations using SW = 2941 Hz, FOV 280 mm,
and dead time of 25 μs, based on three segments with over-
laps of size of 8 k-samples. SNR efficiencies are normalized
relative to the 3-segmented RS-COKE case. All variations
had the same total scan time, same SW, same FOV, same
resolution (spatial and spectral), same echo-train length,

and same TR. Thus, 1∕
√

|𝜎final|22 based on Eq. s8 could also
be used for a relative SNR efficiency measure.
Table S2: Relative SNR efficiency of different RS-COKE
and EPSI variations using SW = 2941 Hz, FOV 280 mm,
and dead time of 25 μs, based on three segments without
overlaps. SNR efficiencies are normalized relative to the
3-segmented RS-COKE case. All variations had the same
total scan time, same SW, same FOV, same resolution (spa-
tial and spectral), same echo-train length, and same TR.

Thus, 1∕
√

|𝜎final|22 based on Eq. s8 could also be used for a
relative SNR efficiency measure.
Table S3: Relative SNR efficiency of different RS-COKE
and EPSI variations using SW = 2000 Hz, FOV 280 mm,
and dead time of 25 μs, based on three segments without
overlaps. SNR efficiencies are normalized relative to the
3-segmented RS-COKE case. All variations had the same
total scan time, same SW, same FOV, same resolution (spa-
tial and spectral), same echo-train length, and same TR.

Thus, 1∕
√

|𝜎final|22 based on Eq. s8 could also be used for a
relative SNR efficiency measure.
Table S4: SNR efficiency gain as a percentage if acquisition
dead time (reserved for PE gradients in RS-COKE) were
reduced from 25 μs to 0.1 μs (the dead time appears both at
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the start and end of each gradient lobe). Cases listed (left
column) are the human imaging scan cases given in the
main text, where the ‘+’ signifies modifications on top of
the original case. Below each case appear its main param-
eters, echo spacing (ESP), number of segments, RO FOV,
and RO reconstruction resolution (pixels). For every basic
setup – defined by the SW, resolution (spatial and spectral),
and number of segments of RS-COKE – three sequences
were compared: RS-COKE with sine-shaped RO gradients
(as implemented in this work), RS-COKE using trape-
zoid RO gradients, and temporally interleaved EPSI. For
n-segmented RS-COKE, the echo-spacing of the matching

EPSI was n times larger but used n temporal interleaves.
For each case and sequence, two SNR gains are given, on
the left, without applying a Hann filter and on the right,
with.
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