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Purpose: While diffusion and T2 relaxation are intertwined, little or no correla-
tion exists between diffusion and T2 relaxation of intracellular metabolites in the
rodent brain, as measured by diffusion-weighted MRS at different TEs. However,
situation might be different for lactate, since it is present in both extracellular
and intracellular spaces, which exhibit different diffusion properties and may
also exhibit different T2. Such a TE dependence would be crucial to account for
when interpreting or modeling lactate diffusion. Here we propose to take advan-
tage of a new diffusion sequence, where J-modulation of lactate is canceled even
at long TE, thus retaining excellent signal, to assess potential T2 dependence on
diffusion of lactate in the mouse brain.
Methods: Using a frequency-selective diffusion-weighted spin-echo sequence
that removes J-modulation at 1.3 ppm, thus preserving lactate signal even at long
TE, we investigate the effect of TE between 50.9 and 110.9 ms (while keeping
diffusion time constant) on apparent diffusivity and kurtosis in the mouse brain.
Results: Regardless of the metabolites, no difference appears for the
diffusion-weighted signal attenuation with increasing TE. For lactate, apparent
diffusivity and kurtosis remain unchanged as TE increases.
Conclusion: No significant TE dependence of diffusivity and kurtosis is mea-
sured for lactate in the 50–110 ms TE range, confirming that potential T2 effects
can be ignored when interpreting or modeling lactate diffusion.
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1 INTRODUCTION

Diffusion-weighted MRS (DW-MRS) is sensitive to the
microstructure of the environment where metabolites are
diffusing.1 In parallel, microstructure and diffusion also
influence the relaxation time T2, so that T2 and diffusion

might be correlated, i.e., diffusion properties as measured
with DW-MRS may depend on the TE. In white mat-
ter, biophysical models2 used to estimate water diffusivity
require taking into account both compartment-specific
diffusion properties and compartment-specific T2. Such
a TE-dependency of water apparent diffusivity has been

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Magnetic Resonance in Medicine published by Wiley Periodicals LLC on behalf of International Society for Magnetic Resonance in Medicine.

Magn Reson Med. 2022;88:2277–2284. wileyonlinelibrary.com/journal/mrm 2277

https://orcid.org/0000-0002-2067-5051
http://creativecommons.org/licenses/by-nc-nd/4.0/


2278 MOUGEL et al.

observed previously in gray matter at 1.5T in human brain
over a 54–130 ms TE range,3 and in ex-vivo rat brain at
14.0T over a 24.2–100 ms TE range.4 In other words, due
to differences in compartmental T2 values,2 with in par-
ticular extracellular T2 ∼ 1.5-fold longer than intracellular
T2, the ADC of extracellular water over-contributes to total
water ADC when increasing TE.

Things seems to be simpler for intracellular metabo-
lites in the mouse brain (mostly gray matter), where it was
shown by Ligneul et al.5 that signal attenuation is funda-
mentally unchanged when increasing TE from 33.4 ms to
73.4 ms (although N-acetylaspartate attenuation seemed
to exhibit slight TE-dependency at the highest diffusion
weighting [b-values], i.e., for b = 20 and 30 ms/μm2).
Nevertheless, the situation might be different for lactate,
which is present in both intracellular and extracellular
space,6 two compartments which appear to have quite dis-
tinct diffusion properties,7 and where T2 could also be
different, like for water. This TE dependence could be an
important point to investigate in the perspective of model-
ing DW-MRS data to determine lactate fraction in the dif-
ferent compartments in gray matter.8 However, this issue
has been eluded so far, due to the difficulty of measuring
lactate diffusion, even more so when TE is increased.

Here, we use our recent frequency-selective DW-spin-
echo (DW-SE) sequence,9 where TE can be changed while
canceling J-modulation on the CH3 lactate peak, thus pre-
serving signal even at long TE. With this approach, we are
able to measure apparent diffusivity and kurtosis of lactate
for TE ranging from 50 to 110 ms in the mouse brain.

2 METHODS

All experimental protocols were reviewed and approved
by the local ethics committee (CETEA N◦44), and autho-
rized by the French Ministry of Education and Research.
They were performed in an approved facility (authoriza-
tion #B92-032-02), in strict accordance with recommen-
dations of the European Union (2010-63/EEC). All efforts
were made to minimize animal suffering, and animal
care was supervised by veterinarians and animal techni-
cians. Mice were housed under standard environmental
conditions (12-h 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 scanner interfaced to PV6.0.1 (Bruker, Ettlingen,
Germany). A quadrature surface cryoprobe (Bruker, Ettlin-
gen, Germany) was used for transmission and reception.
Six C57BL/6 mice were anesthetized with ∼1.5% isoflu-
rane and maintained on a stereotaxic bed with a bite
and two ear bars. Throughout the experiments, body

temperature was monitored and maintained at ∼36◦C by
warm water circulation. Breathing frequency was moni-
tored using PC–SAM software (Small Animal Instruments,
Inc., Stony Brook, NY).

A 13.2-μL (3.3× 2× 2 mm3) spectroscopic voxel
was placed in the striatum in such a way that CSF
contamination was minimal (<1%, as evaluated on
anatomical images acquired with a RARE sequence
with TE/TR = 30/2500 ms, 78.1-μm isotropic resolution
and 0.5-mm slice thickness, using manual segmenta-
tion with the Fiji distribution of the ImageJ software).
Shimming was performed using Bruker’s Mapshim rou-
tine, yielding a water linewidth of ∼17 Hz. DW-MRS
acquisitions were performed using a spectrally-selective
DW-SE-LASER sequence, where the SE part incorpo-
rates a 5-ms single-band spectrally selective refocusing
pulse,9 followed by LASER localization. The duration of
the diffusion gradients was set to δ = 3.6 ms. Diffusion
gradients were positioned around the spectrally-selective
refocusing pulse, and separated by a delay Δ = 21.2 ms,
resulting in diffusion time td = 20 ms. Signal attenuation
of N-acetylaspartate (NAA), choline compounds (tCho),
creatine + phosphocreatine (tCr), taurine (Tau), and lac-
tate (Lac) was measured for b= [0.02, 1.2, 3.02, 6] ms/μm2,
at different TE = [50.9, 66.9, 86.9, 110.9] ms which were
obtained by varying the delays before and after the dif-
fusion gradients, i.e., keeping td constant (as well as the
TE of the LASER part, and TR = 2 s). Due to their low
signal especially at long TE, signal attenuation of other
metabolites was not measured. Two sets of 32 repetitions
were acquired for TE = 50.9, 66.9 and 86.9 ms; and three
sets of 32 repetitions were acquired for TE = 110.9 ms
to improve signal-to-noise ratio. The spectrally-selective
pulse is generated to refocus the 0.1–4.0 ppm range, thus
avoiding refocusing the 4.1-ppm CH lactate group cou-
pled to the 1.3-ppm CH3, resulting in suppression of
J-modulation. Because of such frequency selectivity, no
water suppression is required with this sequence. In addi-
tion, the diffusion gradient direction was changed at each
repetition to perform powder-averaging corresponding to
32 different gradient directions, and the phase cycling was
implemented to have a new phase at each new direction.

Individual scans were frequency- and phased-
corrected before averaging, and spectra were analyzed
with LCModel.10 Experimental MM spectra, acquired
for each TE using a double inversion recovery module
(TI1 = 2200 ms and TI2 = 770 ms) at b = 10 ms/μm2 to
remove potential residual metabolite signal, were included
in LCModel basis-sets.

Signal attenuations were fitted over the whole b-range
(corresponding to a low b-regime, within the conver-
gence radius of the cumulant expansion11) to estimate the
mean diffusivity and mean kurtosis, using the following
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F I G U R E 1 Example of spectra at different diffusion-weightings, acquired in a 13.2-μL voxel (bottom image) in the striatum of a single
mouse at different TEs (while keeping constant td = 20 ms). The contribution of CSF and white matter is <1% and <4% in the voxel of
interest, respectively. The spectra at TE = 110.9 ms were acquired with 3× 32 repetitions versus 2× 32 repetitions for other TE (hence, the
apparent larger signal and noise at TE = 110.9 ms). Lactate is still visible at the highest b-value

equation12:

S(b) = S(b = 0) × exp
(
−b Dapp +

1
6

Kapp
(

b Dapp
)2
)

(1)

with Dapp the apparent diffusivity (that we will use inter-
changeably with “ADC”) and Kapp the apparent kurtosis.

Finally, statistical analysis was performed, with
open-source software JASP (Version 0.16.0), using a
one-way repeated-measures analysis of variance (ANOVA)
to compare the Dapp and Kapp values across the six mice
between TE. We checked for each repeated-measures
ANOVA the sphericity assumption with a Maulchy’s
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F I G U R E 2 Example of LCModel analysis at different diffusion-weightings and different TE, for data acquired in one mouse. For
lactate, the Cramér-Rao lower bound (CRLB) is ∼7% in the worst condition (largest b-value for TE = 110.9 ms), and the average CRLB over all
b-value and TE for this mouse is ∼4%. Average CRLB is ∼2% for NAA, ∼1% for tCr, ∼2% for tCho, ∼4% for Tau. The signal at TE = 110.9 ms
appears just as high as at TE = 50.9 ms, due to the number of repetitions, which is 3 × 32 for TE = 110.9 ms and 2 × 32 for TE = 50.9 ms.

test. A post hoc test with Bonferroni correction was then
performed to assess the inter TE significance.

3 RESULTS

The frequency-selective DW-SE sequence allows measur-
ing lactate peak without J-modulation, regardless of TE.
We observe (Figure 1) that the lactate peak is clearly visi-
ble on spectra even at long TE and for the largest b-value,
despite the small voxel size. Such signal allows acceptable
LCModel estimation (Figure 2) with CRLBs <10% in the
worst condition (b = 6 ms/μm2 and TE = 110.9 ms). This

highlights the interest of using the frequency-selective
DW-SE sequence in the context of this study. Neverthe-
less, as already noted previously,9 the myo-inositol peak
(∼3.5 ppm) is quite low due to its location on the transi-
tion band of the spectrally-selective pulse (width∼ 0.9 ppm
giving an inversion of only ∼80%), resulting in relatively
large quantification errors. Here myo-inositol signal is
much smaller and could not be quantified properly at high
b-value. We thus ignore it in the rest of this paper.

Visually, lactate signal attenuation over six mice
appears to be quite similar for the different TE. Overall,
this seems to be also the case for the other metabo-
lites (Figure 3). Despite the efficiency of the sequence to
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F I G U R E 3 Average
measured signal attenuation
and standard error of the
mean (dot) for each
metabolite over six mice for
different diffusion times;
average fit using Equation (1)
(dashed line); and standard
error of the mean of the fit
(dotted line) over six mice
overlaid on the same graph.
Signal attenuations are
similar regardless of TE. In
this example, for all
metabolites the model given
by Equation (1) fits the data
well

measure lactate, the standard error of the mean remains
larger for lactate than for NAA or other more concentrated
metabolites.

In the range of b-values chosen for this study,
Equation (1) seems to correctly fit signal attenuation, as
represented for example with the dashed lines in Figure 3.
Corresponding Dapp and Kapp values (Figure 4) exhibit no
significant change (calculated with a repeated-measures
ANOVA) when increasing TE in the 50–110 ms range for
all metabolites, except for tCr, which exhibits a slightly
decreasing Dapp. For intracellular metabolites, Dapp is
in the range [0.11; 0.16] μm2/ms at all TE, while Kapp
remains in the range [1.1; 1.9]. For lactate, the kurtosis
(∼1.4) is constant and in the same range as for the other
metabolites. Lactate diffusion (∼0.25 μm2/ms) is higher
than for other metabolites, suggesting some impact of

extracellular lactate with faster diffusivity, but no signifi-
cant TE-effect is observed on these diffusion parameters.

4 DISCUSSION

4.1 ADC estimates in line with the
literature

Despite difference in methodologies to estimate ADCs,
our measurements (∼0.15 μm2/ms) are of the same order
of magnitude as those previously reported in the litera-
ture (∼0.1 μm2/ms using a DW-stimulated echo sequence
+ monoexponential fitting in a [0; 5] ms/μm2 b-value
range)5 in the mouse brain for NAA, tCr, tCho, and Tau.
Actually, considering the ∼2-fold shorter diffusion time
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F I G U R E 4 Average apparent diffusivity Dapp and kurtosis Kapp extracted from metabolite signal attenuation as a function of TE. Left:
Dapp is plotted as a function of TE. Repeated-measures ANOVA (reported by the F-test result below each graph) shows no significant
variation except for tCr (*: p< 0.05 pairwise post hoc test with Bonferroni correction). Right: Kapp is plotted as a function of TE. No significant
variation is noted

used here (td = 20 ms versus td = 63 ms), our estimate
of intracellular ADC is consistent with the increase in
ADC as td decreases for relatively short td.

13 Lactate ADC
being ∼70% larger than intracellular metabolite ADC pre-
sumably mostly reflects some extracellular contribution,7
although lactate is also a smaller molecule with ∼30%
larger intrinsic diffusivity.

4.2 Lactate kurtosis measurements

To our knowledge, this study reports for the first time the
measurement of kurtosis for lactate. Kurtosis appears quite
similar between metabolites and is in line with our previ-
ous measurements for intracellular metabolites.14 Hence
lactate Kapp appears to be less influenced by extracellular
contribution than Dapp.

4.3 No TE-dependence of lactate
diffusion

In gray matter, for TEs ranging from 50 to 110 ms, no
dependence of diffusion on TE is observed for lactate, as

for almost all intracellular metabolites. To assess over-
all dependence on TE, a repeated-measures ANOVA is
more relevant than a paired-samples t-test, nevertheless,
a paired-samples t-test is sensitive to a 2-fold smaller dif-
ference than such ANOVA and could detect a difference
of at least 15% (assessed a posteriori by Monte Carlo sim-
ulation for p< 0.05). As shown in Table 1, even with
the t-test sensitive to a smaller difference, no TE depen-
dence is noted for lactate apparent diffusivity, and only one
small difference (p-value = 0.04) is observed for apparent
kurtosis between 50 ms and 67 ms, with the other com-
parisons clearly not significantly different (p-value >0.1).
This therefore suggests the lack of a highly significant
TE-dependence of diffusion for lactate, with a thresh-
old of 15% difference on the diffusion parameters. These
observations corroborate, over a wider TE range, previ-
ous measurements reported by Ligneul et al.5 for intra-
cellular metabolites. Considering that lactate is present
in both intracellular and extracellular spaces, and that
intra- and extracellular diffusion properties are expected
to be quite different based on the latest works,7 lack of
TE-dependence for diffusion suggests that T2s are not
sufficiently different in both compartments for diffusion
measurements to exhibit TE-dependency. Another way to
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T A B L E 1 p-value obtained with two different analyses (repeated-measures ANOVA [RMANOVA] and paired-samples t-test) for Dapp

and Kapp for lactate (†: p < 0.05 paired-samples t-test)

p-Value

Param Test TE(50)-TE(67) TE(50)-TE(87) TE(50)-TE(111) TE(67)-TE(87) TE(67)-TE(111) TE(87)-TE(111)

Dapp RMANOVA 0.528

paired-samples t-test 0.41 0.266 0.308 0.702 0.631 0.971

Kapp RMANOVA 0.074

paired-samples t-test 0.044 (†) 0.304 0.112 0.333 0.533 0.127

Note : The repeated-measures ANOVA is the most appropriate test to assess whether a significant dependence of TE exists on diffusion parameters, nevertheless
the paired-samples t-test is sensitive to a 2-fold smaller difference, (i.e., 15% Dapp or Kapp for lactate) (a posteriori estimation with Monte Carlo simulation for a
paired-samples t-test and 95% confidence interval of the mean for RMANOVA). Although the paired-samples t-test would pick up lower difference, the results
still do not exhibit significant difference for diffusion properties, except for the pairwise comparison between 50 ms and 67 ms for Kapp (with a p-value ∼ 0.044).

look at it is that, despite lactate diffusion being quite dif-
ferent between compartments (as evidenced by the ADC
higher than for purely intracellular metabolites, or sug-
gested by other works7,8), microstructural differences do
not influence T2

15,16 to a large enough extent to produce
detectable differences at the time scale of our experiment.
Therefore, DW-MRS measurements are robust over such
a wide range of TE, and diffusion models only consider-
ing diffusion properties in the different compartments (as
well as potential inter-compartment exchange17,18), with-
out considering differences in T2, should be valid to model
lactate diffusion.

4.4 tCr: specific behavior or artifact?

The small decrease in tCr apparent diffusivity remains of
uncertain origin. Due to the different sizes for Cr and PCr,
their Dapp and T2 could be different enough to induce vari-
ability in tCr diffusivity. Nevertheless, since their spectra
are very close at 11.7T except for the peaks at ∼3.9 ppm, it
is difficult to discriminate the contributions of Cr and PCr
using the spectrally selective SE sequence, because these
3.9-ppm peaks fall on the edge the transition band of the
pulse (∼18% inversion at 3.9 ppm), thus yielding almost no
signal. The slight decrease of tCr Dapp with increasing TE
thus remains an open question. Interestingly, such behav-
ior was reported in the human white matter, but at much
longer diffusion time; at diffusion time closer to the one
of the present study, the opposite behavior (ADC of tCr
increasing with TE) was reported.19

5 CONCLUSIONS

Using a frequency-selective DW-SE sequence, which
allows measuring lactate diffusion without J-modulation,

we measured signal attenuation of lactate and other
metabolites for different TE in the 50–110 ms range (while
keeping diffusion delays constant), in a small voxel in the
mouse brain. These measurements revealed no effect of
TE on diffusion, neither for most intracellular metabo-
lites, nor for lactate, which is in both intra and extra-
cellular compartments. This suggests that lactate T2 in
the intra and extracellular compartments is not suffi-
ciently different to induce TE-dependency of measured
diffusion properties. This in turn suggests that lactate
diffusion can be modeled by considering only diffusion
properties in the different compartments (as well as poten-
tial exchange), without taking into account relaxation
effects.
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