
HAL Id: hal-03495688
https://hal.science/hal-03495688

Submitted on 20 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Using spectrally-selective radiofrequency pulses to
enhance lactate signal for diffusion-weighted MRS

measurements in vivo
Eloïse Mougel, Sophie Malaquin, Mélissa Vincent, Julien Valette

To cite this version:
Eloïse Mougel, Sophie Malaquin, Mélissa Vincent, Julien Valette. Using spectrally-selective radiofre-
quency pulses to enhance lactate signal for diffusion-weighted MRS measurements in vivo. Journal of
Magnetic Resonance, 2022, 334, pp.107113. �10.1016/j.jmr.2021.107113�. �hal-03495688�

https://hal.science/hal-03495688
https://hal.archives-ouvertes.fr


Journal of Magnetic Resonance 334 (2022) 107113
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Using spectrally-selective radiofrequency pulses to enhance lactate
signal for diffusion-weighted MRS measurements in vivo
https://doi.org/10.1016/j.jmr.2021.107113
1090-7807/� 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail address: julien.valette@cea.fr (J. Valette).
Eloïse Mougel, Sophie Malaquin, Mélissa Vincent, Julien Valette ⇑
Université Paris-Saclay, CEA, CNRS, MIRCen, Laboratoire des Maladies Neurodégénératives (UMR 9199), Fontenay-aux-Roses, France

a r t i c l e i n f o
Article history:
Received 30 June 2021
Revised 2 November 2021
Accepted 23 November 2021
Available online 26 November 2021

Keywords:
DW-MRS
J-coupling
Frequency selective pulse
Polychromatic pulse
Lactate
a b s t r a c t

Measurement of lactate diffusion properties using diffusion-weighted magnetic resonance spectroscopy
in vivo may allow elucidating brain lactate cellular compartmentation, which would be of great impor-
tance for neuroscience. However, measuring lactate signal is complicated by low signal-to-noise ratio due
to low lactate concentration and J-modulation of its 1.3 ppm peak.
In this work, we assess the benefits of using a diffusion-weighting spin echo block and spectrally selec-

tive refocusing pulses to suppress the effect of J-coupling on the 1.3 ppm lactate resonance, by not refo-
cusing its coupling partner at 4.1 ppm. Two different kinds of spectrally selective pulses, either
polychromatic or single-band, are evaluated in the mouse brain at 11.7 T. Almost complete suppression
of J-modulation is shown, resulting in an approximately two-fold signal increase as compared to a refer-
ence STE-LASER sequence (for the specific diffusion times used in this work). Repeated measurements
confirm that lactate diffusion-weighted signal attenuation is measured with an approximately two-
fold precision.
� 2021 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The idea has been proposed that measuring brain lactate (Lac)
diffusion properties, using diffusion-weighted MR spectroscopy
(DW-MRS), may shed some light about lactate distribution
between extracellular and intracellular space, due to different dif-
fusion properties within these two compartments [1]. More
recently, it has been suggested that morphological differences
between astrocytes and neurons are large enough to induce differ-
ent intracellular diffusion properties, as assessed by measuring the
diffusion of cell-specific metabolites such as astrocytic myo-
inositol (Ins) and neuronal N-acetyl aspartate (NAA) [2–4], so that
DW-MRS might even allow distinguishing astrocytic lactate from
neuronal lactate [5]. This opens fantastic perspectives to non-
invasively study the cellular compartmentation of brain lactate,
which is tightly linked to the controversial astrocyte-to-neuron
lactate shuttle hypothesis [6], whereby the existence of a lactate
concentration gradient, as recently confirmed using FRET imaging
[7], allows lactate produced in excess in astrocytes to be released
in the extracellular space and taken up by neurons to sustain (at
least partially) neuronal energy needs.
Measuring brain lactate diffusion properties with DW-MRS is
however critically limited by the low signal-to-noise ratio (SNR),
due to low lactate concentration (0.5–1 mM) and, on top of that,
to the fact that its prominent CH3 peak at 1.3 ppm is J-coupled with
the CH group (resonating at 4.1 ppm and barely detectable on
spectra). Hence, DW-MRS sequence must be carefully chosen to
maximize lactate signal. Methods have been proposed to optimize
detection of the 1.3-ppm lactate peak and separate it from macro-
molecules at 1.2–1.4 ppm, based on comparison/difference of spec-
tra acquired at different echo times (TE) [8], or on MEscher-
GArwood (MEGA) J-editing [9]. However these methods require
very long TE (>144 ms), which becomes impractical at high field
because of shorter T2 relaxation times [10]. Moreover, these meth-
ods require at least two acquisitions which are then subtracted,
which may lead to artifacts. Finally, incorporating diffusion gradi-
ents in such sequences is not trivial if one wants to avoid cross-
terms with other gradients.

In most of our recent works, including in Ligneul et al. [5] where
lactate signal at high b-values was interpreted as reflecting lactate
compartmentalized primarily within astrocytes in control mice,
but primarily within neurons in a mouse model of astrocyte reac-
tivity, we used the STE-LASER sequence [11]. This sequence con-
sists of a non-localized diffusion-weighted stimulated echo (STE)
block, followed by a LASER localization block. The advantage of
STE-based diffusion-weighting is that it allows high b-values
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(or long diffusion time td) to be reached, while keeping TE rela-
tively short and, thus, mitigating J-modulation (and T2 relaxation).
Hence, while STE results in the loss of half the magnetization as
compared to a spin echo (SE), in general there is no benefit to per-
form SE-based diffusion-weighting, at least for J-coupled metabo-
lites such as lactate.

In a weakly coupled spin system evolving during a spin echo, J-
coupling effect on any resonance can be canceled by refocusing
only that particular resonance. In the context of lactate diffusion
measurement with STE-LASER, replacing the STE diffusion block
by a SE diffusion block, where the refocusing pulses selectively
refocuses the 1.3 ppm, but not the 4.1 ppm resonance, will cancel
the effect of J-coupling. The goal of this work was to assess to what
extent such an approach allows better characterization of lactate
signal attenuation, for diffusion times of �50 ms (i.e. similar to
the one which allowed observing very significant alteration of lac-
tate signal attenuation in a mouse model of astrocyte reactivity
[5]). Besides the constraint on refocusing the lactate resonance at
1.3 ppm, but not at 4.1 ppm, we imposed the two following
specifications:

– In the long-term perspective of comparing lactate diffusion to
cell-specific intracellular metabolites to elucidate lactate com-
partmentation, the pulse must also refocus the NAA at 2 ppm
and the Ins at 3.5 ppm, so that these peaks are visible on
spectra.

– Since macromolecules (MM) at 1.4 ppm largely overlap with
lactate, it is necessary to properly quantify MM signal. Hence
we propose to refocus the isolated 0.9-ppm MM peak, in order
to provide a reliable estimate of overall MM contribution.

Two different kinds of spectrally-selective refocusing pulses
were evaluated: either a polychromatic (PC) pulse with several
bands refocusing only the resonances of interest (as previously
used by Shemesh et al. [4,12]), or a single-band (SB) pulse refocus-
ing the whole � 0.1–4.0 ppm range.
Fig. 1. Chronograms of A) STE-LASER used as reference, and B) SE-LASER where
selective refocusing is performed in the SE block. Two selective radiofrequency (RF)
pulses were generated with the Shinnar-Leroux algorithm: C) polychromatic RF
pulse that is selective on four bands of interest, and D) selective single-band RF
pulse on the 0.1–4.0 ppm range. Diffusion gradients are indicated in blue. The slice
selection gradients and the spoiler gradients are in dark gray and light gray,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
2. Methods

Two series of independent experiments were conducted to eval-
uate the precision on lactate signal attenuation measurement: first,
diffusion measurements using standard STE-LASER sequence
(Fig. 1A), used as a reference, were compared to a ‘‘PC-SE-LASER”
sequence, i.e. a sequence where the diffusion-weighted STE block
is replaced by a diffusion-weighted SE block where refocusing is
achieved with a polychromatic pulse (Fig. 1B and 1C); second, dif-
fusion measurements using standard STE-LASER sequence were
compared to SB-SE-LASER, i.e. a SE-LASER sequence where refocus-
ing is now achieved with a single-band (0.1–4.0 ppm range) refo-
cusing pulse (Fig. 1B and 1D).
2.1. Sequences design

The STE-LASER used as reference is as described in the original
article [11], where the STE block consists in three broad pulses and
diffusion gradients, and the LASER block contains six adiabatic full
passage (HS1) slice-selective pulses (Fig. 1A).

For the SE block in SE-LASER sequences (Fig. 1B), excitation is
achieved by an adiabatic half passage pulse, and refocusing is per-
formed by a selective pulse consisting either in the polychromatic
(Fig. 1C) or the single-band pulse (Fig. 1D). Diffusion gradients are
positioned symmetrically around the refocusing pulse. The LASER
block is the same as in the STE-LASER, with a 25-ms duration in
all cases.
2

2.2. Generation of RF pulses

The polychromatic pulse was generated by summing four ele-
mentary pulses (complex summation) modulated at four different
frequency offsets: 3.5 ppm (Ins), 2 ppm (NAA), 1.3 ppm (Lac) and
0.9 ppm (MM). The elementary pulse was generated using the
Shinnar-Leroux (SLR) algorithm [13], with Pauly’s tool imple-
mented in Matlab (The MathWorks, Natick, Massachusetts, USA).
Time � bandwidth product was set to 3.9 and pulse duration
was then set to 50 ms, resulting in an elementary pulse bandwidth
of 78 Hz. Target in-phase ripple amplitude was 0.1% and target out-
phase ripple amplitude was 0.01%.

The single-band pulse refocusing the 0.1–4.0 ppm band was
also generated with the SLR algorithm. Time-bandwidth product
was set to 8.3, and ripple amplitudes were set to 0.1% and 0.45%
for in-phase and out-phase, respectively. Pulse duration was set
to 5 ms, resulting in 1660-Hz bandwidth. A 1300-Hz offset was
applied to center the pulse at the middle of the 0.1–4.0 ppm band.
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2.3. Evaluating pulse performance with numerical simulations

Pulse performance was evaluated with a homemade Bloch sim-
ulator implemented in Matlab. Simulations were performed for
isochromats from �1.3 to 6.7 ppm, and for B1 intensities from
0.05 to 10.15 mT for the PC case, and from 0.05 to 60.55 mT for
the SB case. To facilitate visualization of results, simulations were
performed for an inversion, i.e. for magnetization originally along
B0 (+z).

Then, metabolite spectra were simulated for both SE-LASER
sequences, using home-made Matlab routines to compute the evo-
lution of the density matrix, with chemical shifts and J-coupling
constants as reported in [14]. This allows the efficiency of J-
coupling suppression on lactate to be evaluated, and to simulate
the basis-set for quantification of in vivo spectra (see below).

2.4. In vivo experiment

All experimental protocols were reviewed and approved by the
local ethics committee (CETEA N�44), and authorized by the French
Ministry of Education and Research. They were performed in an
approved facility (authorization #B92-032–02), in strict accor-
dance with recommendations of the European Union (2010–63/
EEC). All efforts were made to minimize animal suffering, and ani-
mal care was supervised by veterinarians and animal technicians.
Mice were housed under standard environmental conditions
Fig. 2. Sequence parameters in both experiments. A) Comparisons between STE-LAS
Diagram showing how acquisition blocks (32 repetitions each) are interleaved.
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(12-hour light–dark cycle, temperature: 22 ± 1 �C and humidity:
50%) with ad libitum access to food and water.

Experiments were performed on an 11.7 T BioSpec Bruker scan-
ner interfaced to PV6.0.1 (Bruker, Ettlingen, Germany). A quadra-
ture surface cryoprobe (Bruker, Ettlingen, Germany) was used for
transmission and reception. Two 3-month-old C56-BL7 mice were
anesthetized with �1.5% isoflurane and maintained on a stereo-
taxic bed with a bite and two ear bars. Throughout the experi-
ments, body temperature was monitored and maintained
at � 36 �C by warm water circulation. Breathing frequency was
monitored using PC – SAM software (Small Animal Instruments,
Inc., Stony Brook, NY).

A 31.5 mL (7 � 1.5 � 3 mm3) spectroscopic voxel was placed
around the hippocampus, and shimming was performed using Bru-
ker’s Mapshim routine, yielding a water linewidth of � 16 Hz. 8
series of 32 repetitions were acquired for two different b-values
(b = 0.02 ms/mm2, which is the minimal b-value allowing efficient
spoiling of unwanted coherences, and 8 ms/mm2) with the PC-SE-
LASER in the first experiment (Fig. 2A) and SB-SE-LASER in the sec-
ond experiment (Fig. 2B), and in both experiments with the STE-
LASER as reference. Each series of acquisitions was interleaved
according to the pattern in Fig. 2C, to mitigate potential biases aris-
ing over the course of the experiment (such as degraded shim or
variations of lactate concentration). For STE-LASER acquisitions,
water suppression was achieved using a VAPOR module plus an
additional water suppression pulse inserted in the mixing time
ER and PC-SE-LASER. B) Comparisons between STE-LASER and SB-SE-LASER. C)



Fig. 3. A) Polychromatic pulse performance evaluated with Bloch simulations as a function of chemical shift d and B1; Frequency profiles for B) B1 = 6.0 mT and for C) B1 = 5.7
mT.
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(not shown in Fig. 1A). In contrast, for both SE-LASER sequences, no
water suppression was required, as water signal is not refocused in
the SE block. Finally, MM spectrum (256 averages) was acquired
for all sequences using a double inversion recovery module
(TI1 = 2200 ms and TI2 = 770 ms), at b = 10 ms/mm2 for further
metabolite suppression.

Note that the minimal diffusion time td which can be achieved
with the STE-LASER sequence is 42.3 ms, due to the water suppres-
sion pulse during mixing time. Hence, for the SB-SE-LASER versus
STE-LASER comparison, td = 42.3 ms was used for both sequences
Fig. 4. A) Single-band pulse performance evaluated with Bloch simulations as a function
on the profile’s ‘‘foot”, showing very moderate (but not null) effect at 4.1 ppm (arrow),

Fig. 5. Simulated lactate spectrum obtained with SE-LASER sequence using A) the polych
for the SE part and 25 ms for the LASER part), and 72.4 ms for the SB case (47.4 ms for th
1.3 ppm resonance in both cases, but slightly less for the SB pulse, which may possibly
shown with the same vertical scaling. A 15-Hz line broadening was applied to mimick i
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(Fig. 2B). However, in the PC-SE-LASER, the 50-ms polychromatic
pulse imposes a minimal td of 53.2 ms, which was used for both
sequences for the PC-SE-LASER versus STE-LASER comparison
(Fig. 2A).
2.5. Spectra analysis

Individual scans were phase- and frequency-corrected by
home-made routines, before summation [15]. Then, spectra were
of chemical shift d and B1. B) Frequency profile for the optimal B1 = 43.5 mT. C) Zoom
where lactate CH resonates.

romatic pulse or B) the single-band pulse. Total TE is 83.3 ms in the PC case (58.3 ms
e SE part and 25 ms for the LASER part). J-modulation is greatly suppressed on the
be ascribed to the slightly larger residual signal refocused at 4.1 ppm. Spectra are
n vivo conditions.
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quantified using LCModel [16], with basis-sets including simulated
metabolite spectra and experimental MM spectra.
3. Results

3.1. Simulations

The simulated profile of the polychromatic pulse barely changes
when B1 varies close to the optimal value of �6.0 mT (Fig. 3). The
bandwidth of each band is 0.14 ppm ± 0.01 ppm on average on
the four bands, i.e. 70 Hz compared to the expected 78 Hz, i.e. a rel-
ative deviation of �10%, related to the spectral resolution of the
simulation.

Bloch simulations for the single-band pulse (Fig. 4) shows that
the optimal B1 is 43.5 mT. For this B1, refocusing occurs on a 0.1–
4.0 ppm band, as expected (Fig. 4B). Transition width is quite large
(�0.9 ppm), so that the 4.1 ppm region (where the lactate CH
group resonates) is not fully outside the transition band (Fig. 4C).

Lactate spectra simulated for the SE-LASER sequences using
either the polychromatic or the single-band pulse are shown in
Fig. 5, demonstrating the suppression of J-modulation. Due to the
fact that the lactate peak at 4.1 ppm is slightly refocused (�7% of
Fig. 6. In vivo acquisitions for A) the PC-SE-LASER at b = 0.02 ms/mm2; B) the PC-SE-LAS
b = 8 ms/mm2. In order to illustrate spectral stability throughout the experiment, in eac
spectrum is plotted in black. Deviation of each of the eight spectrum from mean spectr
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the signal at 4.1 ppm actually remains), suppression of J-
modulation with the SB pulse is less perfect than with the PC pulse,
but still largely efficient. Note that J-modulation during the LASER
block is negligible, because that block behaves like a CPMG
sequence with short echo spacing compared to J-modulation [17].
3.2. PC-SE-LASER vs. STE-LASER in vivo

In Fig. 6A-B, the selectivity of the polychromatic pulse on the 3
metabolites (Ins, tNAA = NAA + N-Acetylaspartylglutamate
(NAAG), and Lac) and MM, as well as overall spectral quality, can
be assessed at both b-values. The 1.3-ppm lactate peak is clearly
more intense (by approximately a factor 2) with the PC-SE-LASER
than with the STE-LASER.

tNAA peak is also more intense (approximately + 60% when
comparing peak amplitude at 2.0 ppm) with the PC-SE-LASER than
with the STE-LASER. The inositol peak at 3.5 ppm is fairly distorted,
nevertheless its intensity is quite similar for both sequences.
Finally, the MM signal at 0.9 ppm is slightly lower with the selec-
tive SE than with the STE, which is not surprising considering MM’s
short T2.
ER at b = 8 ms/mm2; C) the STE-LASER at b = 0.02 ms/mm2; and D) the STE-LASER at
h panel, the eight spectra (32 averages each) are plotted in gray, while the average
um is plotted in the bottom graph.
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LCModel analysis is of reasonable quality (Fig. 7), although
some residual signal around Ins peaks seems not accounted for
when using the PC-SE-LASER. This could be due to a poor estima-
tion of the Ins signal with the PC-SE-LASER, due to imperfect Ins
spectrum in LCModel’s basis-set. Nevertheless, Lactate signal
appears to be doubled with PC-SE-LASER. Quantification reliability
as estimated by LCModel is given by Cramer-Rào lower bounds
(CRLBs), as reported in Fig. 8: lactate quantification appears more
reliable when using PC-SE-LASER, especially at high b where CRLB
is �4% with the PC-SE-LASER versus �10% for the STE-LASER; for
tNAA there is only a moderate benefit, at high b; and for Ins and
MM quantification seems slightly degraded but CRLBs remain
within acceptable limits (<5%).

Assessing the benefits of using PC-SE-LASER for diffusion mea-
surements might also be done by comparing the coefficient of vari-
ation (COV) of signal attenuation S(b = 8 ms/mm2)/S(b = 0.02 ms/
mm2), calculated over the eight series (Fig. 9B). It appears that
COV of signal attenuation is indeed significantly lower for lactate
with the PC-SE-LASER (COV �2% vs �6% for the STE-LASER, with
a 95% confidence level as assessed by one-way Fisher test). No
Fig. 7. Example of LCModel analysis for acquisitions performed at b = 0.02 ms/mm2 with A

Fig. 8. LCModel’s Cramer-Rào lower bounds (mean and s.d. computed over the ei
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statistically significant difference is found for other metabolites.
Moreover, the mean value of the attenuation remains almost the
same with both methods, for all metabolites (Fig. 9A).
3.3. SB-SE-LASER vs. STE-LASER in vivo

With the single-band pulse, all metabolites in the 0.1–4.0 ppm
range are visible (Fig. 10). Lactate signal is again approximately
twice larger than with STE-LASER. Total NAA (tNAA = NAA + NAA
G), total creatine (tCr = Creatine Cr + Phosphocreatine PCr) and
choline compounds (tCho = Choline + Phosphocholine PCho + Gly
cerophosphorylcholine GPC) are also clearly increased (approxi-
mately 80%). In contrast, Ins overall amplitude seems rather
unchanged, which might be due to the combined effect of J-
coupling, T2 relaxation and the fact that Ins falls on the edge of
the SB pulse frequency profile all counterbalancing the potential
benefit of doubling observable magnetization thanks to SE
compared to STE. MM signal at 0.9 ppm is much weaker with
SB-SE-LASER than with STE-LASER.
) PC-SE-LASER and B) STE-LASER. Spectra are displayed with the same vertical scale.

ght series) for metabolites measured with A) PC-SE-LASER and B) STE-LASER.



Fig. 9. A) Mean and standard deviation of signal attenuation S/S0 = S(b = 8 ms/mm2)/S(b = 0.02 ms/mm2) and B) coefficient of variation (COV) of signal attenuation on the eight
series of acquisition, with PC-SE-LASER (in red) and STE-LASER (in gray). For lactate, COV is indeed lower (with a 95% significance, one-way Fisher test) with PC-SE-LASER than
with STE-LASER. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. In vivo acquisitions for A) the SB-SE-LASER at b = 0.02 ms/mm2; B) the SB-SE-LASER at b = 8 ms/mm2; C) the STE-LASER at b = 0.02 ms/mm2; and D) the STE-LASER at
b = 8 ms/mm2. In order to illustrate spectral stability throughout the experiment, in each panel, the eight spectra (32 averages each) are plotted in gray, while the average
spectrum is plotted in black. Deviation of each of the eight spectrum from mean spectrum is plotted in the bottom graph.
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Fig. 11. LCModel’s Cramer-Rào lower bounds (mean and s.d. computed over the eight series) for metabolites measured with A) SB-SE-LASER and B) STE-LASER.

Fig. 12. A) Mean and standard deviation of signal attenuation S/S0 = S(b = 8 ms/mm2)/S(b = 0.02 ms/mm2) and B) coefficient of variation (COV) of signal attenuation on the eight
series of acquisition, with SB-SE-LASER (in blue) and the STE-LASER (in gray). COV is lower with SB-SE-LASER for lactate (95% significance, one-way Fisher test) and for tCho
and tCr (99% significance). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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When looking at LCModel’s CRLBs (Fig. 11), estimated preci-
sions on metabolite signal is similar with both sequences for tNAA,
tCr and tCho, at low b-value. At higher b-value, CRLBs are lower
with the SB-SE-LASER for tNAA and tCr, but identical for tCho.
Ins and MM estimations seems to be slightly less precise with
the SB-SE-LASER. Here again, CLRB on lactate appears smaller with
the SB-SE-LASER (�3% at b = 0.02 ms/mm2 and 6% at b = 8 ms/mm2,
versus �4% at b = 0.02 ms/mm2 and 10% at b = 8 ms/mm2 with STE-
LASER).

Finally, COV of signal attenuation is significantly lower with SB-
SE-LASER for tCho, tCr and Lac (Fig. 12B), but tends to be larger
(although not significantly) for Ins and MM, which is overall in line
with peak heights and CRLB as reported above. No significant vari-
ation of mean attenuation is observed (except for MM). This con-
firms higher precision of lactate measurement with SB-SE-LASER.
4. Discussion

4.1. Going from STE to SE: Expected signal gains for singlets

For a singlet such as the CH3 group of NAA, going from STE to SE
is expected to result in a maximal 2-fold signal gain. However, for a
given diffusion time, signal gain will be lower than that because of
relaxation. For the SE-LASER, we will make the approximation td =-
TE (the echo time in the SE block, without the LASER block), so that
signal is given by SSE � S0 � exp(-td/T2); for the STE-LASER we will
8

use the approximation td = TM, and we will neglect T2 relaxation
during the short TE of the STE block (8.4 ms), i.e. SSTE = S0/2-
� exp(-td/T1). T2 relaxation during the LASER module is not consid-
ered, as it is the same in both sequences. Considering T2 � 280 ms
and T1 � 1710 ms [10] for NAA at 11.7 T, we hence expect between
70 and 80% signal gain for td as used in this study, which is actually
in rather good agreement with the 60% and 75% signal gains
observed for tNAA at both td used in this study. The slightly lower
gain as compared to theory might be due to imperfect refocusing in
the SE block, due to B1 inhomogeneities.

Using the simplified expressions for SSE and SSTE as given above,
one can also predict that SE-LASER is expected to outperform STE-
LASER for singlet detection as long as td is shorter than 200–
250 ms. For longer td, STE-LASER should be preferred even for
peaks unaffected by J-coupling.
4.2. Simply going from STE to SE does not improve lactate signal, but J-
modulation suppression does

When refocusing in the SE block is achieved with a spectrally-
selective pulse excluding lactate CH group at 4.1 ppm, increased
lactate signal at 1.3 ppm is obtained as compared to STE-LASER
sequence. Importantly, this signal increase is not simply due to lar-
ger magnetization available in SE as compared to STE, as would be
the case for a singlet (see section 4.1 above). This can be demon-
strated by replacing the spectrally-selective refocusing pulse by a



Fig. 13. Illustration of the benefit of using a spectrally-selective refocusing pulse. A) A spectrum acquired with a STE-LASER sequence (gray) is overlaid with a spectrum
acquired with a PC-SE-LASER sequence (red). Increased lactate signal at 1.3 ppm can be clearly appreciated, despite the much increased TE in the PC-SE-LASER (83.3 ms vs
33.4 ms for the STE-LASER). Such signal increase cannot be simply attributed to larger magnetization available with SE, as can be easily assessed by replacing the PC pulse by a
broad pulse in the SE-LASER sequence (purple). B)-C) On spectral decompositions extracted from LCModel analysis, lactate signal (green) is clearly more intense with the PC-
SE-LASER (B) than with the SE-LASER (C), and the MM signal (light blue) is lower with the SE-LASER (the scales are identical on B and C). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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broad pulse in the SE block, e.g. as illustrated in Fig. 13A for PC
pulse versus broad pulse. LCModel decompositions provide a closer
look at the actual gain for lactate, once MM contribution has been
removed (Fig. 13B and C), confirming a much larger lactate signal
in the PC case. Intriguingly, in this comparison MM signal at 0.9
and 1.3 ppm appears more prominent with the polychromatic than
with the broad pulse. This might be due to some J-coupling
between these MM peaks and some other MM resonances, which
would be at least partially cancelled with the PC-SE-LASER.

In the end, we estimate that lactate signal is increased by a fac-
tor �2 for the PC-SE-LASER versus STE-LASER, and �1.9 for the SB-
SE-LASER versus STE-LASER, as estimated by measuring the peak
height after removing MM signal (while peak height can be
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affected by linewidth, here the linewidth does not change, due to
the interlaced acquisitions). The small difference in gain observed
between the two pulses is certainly due to the fact that SB pulse
is not as selective as the PC and refocuses slightly more the 4.1-
ppm resonance.

4.3. Some caveats of PC- and SB-SE-LASER

Because of the very narrow bandwidth of the elementary
pulses, PC-SE-LASER might possibly be less robust than SB-SE-
LASER to small frequency fluctuations or shim degradations during
the experiment. We think this is likely to explain the fact that,
despite larger signal, COV on NAA signal attenuation is almost
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identical between PC-SE-LASER acquisition and STE-LASER acquisi-
tion, despite larger signal with the PC-SE-LASER, whereas COV on
NAA is much lower for SB-SE-LASER. Another advantage of the
SB-SE-LASER is that it potentially enables measurements at shorter
diffusion time than with PC-SE-LASER. However, SB-SE-LASER
might be slightly less efficient than PC-SB-LASER to suppress the
effect of J-coupling on the CH3 lactate resonance, due to slightly
larger residual refocusing of the coupling partner at 4.1 ppm.
Myo-inositol appears to be quite distorted when using SE-LASER
with selective refocusing. This is certainly due to the fact that res-
onances of Ins do not all experience perfect refocusing. Indeed, the
elementary bandwidth of the PC pulse is too low to perform perfect
refocusing across the whole chemical shift range of Ins resonances
(�3.25–4.05 ppm). In the case of the SB pulse, the resonances lie
right on the transition band. Hence, with PC or SB, Ins lineshape
will not only be complex, but also very sensitive to frequency shift
and B0 inhomogeneity. Quantification of myo-inositol therefore
remains challenging on such spectra, and might be improved in
the future.

In general, the weaknesses associated with SB or PC pulses as
mentioned above are expected to be mitigated when going at fields
higher than 11.7 T, due to increased frequency dispersion between
the different resonances of interest, allowing shorter RF pulses and
larger (in Hz) transition bands.

5. Conclusion

By suppressing J-modulation, SE-LASER with a spectrally-
selective refocusing pulse appears to be efficient to measure lactate
attenuation at high b-values, while in the meantime retaining sig-
nal for other metabolites of interest (NAA and Ins). The two selec-
tive pulses investigated here, polychromatic and single-band, are
overall similarly efficient, however they have specific limits and
advantages. On one hand, the polychromatic pulse is slightly more
selective, and hence provides slightly more signal on Lac and Ins,
but is also more sensitive to frequency drifts or shim degradation.
This pulse can thus be useful for the specific study of the lactate
compartmentation in a small voxel where SNR is critically limited
but B0 very stable. On the other hand, the single-band pulse is more
robust when B0 is less stable, allows measuring more metabolites,
and due to its shorter duration may allow reaching shorter TE and
diffusion time if needed. Overall, going at field strengths even
higher than 11.7 T might increase the benefit of using spectrally-
selective pulses, as larger frequency dispersion between reso-
nances impose less constraints on pulse profile and duration.
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