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Detection of lactate in the striatum without
contamination of macromolecules
by J-difference editing MRS at 7T

J. P. Wijnen®*, J. Haarsma®®, V. O. Boer?, P. R. Luijten?, S. van der Stigchel®,
S. F. W. Neggers® and D. W. J. Klomp?

Lactate levels are measurable by MRS and are related to neural activity. Therefore, it is of interest to accurately mea-
sure lactate levels in the basal ganglia networks. If sufficiently stable, lactate measurements may be used to inves-
tigate alterations in dopaminergic signalling in the striatum, facilitating the detection and diagnosis of metabolic
deficits. The aim of this study is to provide a J-difference editing MRS technique for the selective editing of lactate
only, thus allowing the detection of lactate without contamination of overlapping macromolecules. As a validation
procedure, macromolecule nulling was combined with J-difference editing, and this was compared with J-difference
editing with a new highly selective editing pulse. The use of a high-field (7T) MR scanner enables the application of
editing pulses with very narrow bandwidth, which are selective for lactate. We show that, despite the sensitivity to
B, offsets, the use of a highly selective editing pulse is more efficient for the detection of lactate than the combina-
tion of a broad-band editing pulse with macromolecule nulling. Although the signal-to-noise ratio of uncontami-
nated lactate detection in healthy subjects is relatively low, this article describes the test-retest performance of
lactate detection in the striatum when using highly selective J-difference editing MRS at 7 T. The coefficient of var-
iation, o,, and intraclass correlation coefficients for within- and between-subject differences of lactate were deter-
mined. Lactate levels in the left and right striatum were determined twice in 10 healthy volunteers. Despite the
fact that the test-retest performance of lactate detection is moderate with a coefficient of variation of about 20%
for lactate, these values can be used for the design of new studies comparing, for example, patient populations with
healthy controls. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION ganglia. If sufficiently stable, lactate measurements might be
used to detect alterations in dopaminergic signalling in the
The basal ganglia networks play an important role in the execu- striatum, aiding the detection and diagnosis of metabolic deficits.
tive control over certain human behaviour, such as decision-
making, response inhibition and selection (1,2). Failure in signal
processing in these networks leads to neurological and psychiat-
ric disorders, such as Parkinson’s disease, Huntington’s disease
and obsessive-compulsive disorders, and can also explain
various symptoms in psychotic disorders (3). These disorders
are often linked to changes in the metabolic pathways of synaptic
transmission (4,5). Therefore, the measurement of the activity of
such pathways could aid in the scientific understanding and diag-
nosis of these diseases. MRS is capable of detecting neurotrans-
mitters, such as glutamate and y-aminobutyric acid (GABA), in
the brain. The effect of these neurotransmitters is modulated by
dopamine in the basal ganglia, which is, however, not detectable
by MRS. In the early 1990s, lactate levels were found to be related
to dopaminergic activity by microdialysis (6). Despite the fact that
these findings did not prove a direct relationship between
dopamine and lactate levels as measured by MRS, lactate levels
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remained of interest in studies of neural stimulation. For example,
both Prichard et al. (7) and Sappey-Marinier et al. (8) detected an
increase in lactate levels in the visual cortex after visual stimula-
tion. These findings demonstrated the principle that lactate levels
measured by MRS were related to neural activity. Therefore, it is
important to accurately measure lactate levels in the basal
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Short-TE MRS, in combination with linear combination (LC)-
model analysis, can be used to determine lactate levels in the
brain with high sensitivity. This is not the most accurate method
to assess lactate, however, as LC-model methods rely on the
modelling of individual metabolite and macromolecular reso-
nance signals. Furthermore, LC-model methods are prone to
fitting errors, as a number of macromolecules (MMs) and lipids
produce resonances that overlap with the low-intensity reso-
nance of lactate (9-11). Moreover, contributions from MMs may
be subject dependent. Although little is known about the role
and appearance of MMs in different patient populations, the
presence of such peaks could potentially have a significant effect
on results obtained using LC-model analysis.

MRS editing techniques, such as J-difference editing, are used
to eliminate signals from lipids that overlap with lactate signals.
However, J-difference editing may still suffer from macromolecu-
lar contamination as some MMs are co-edited. This results in an
overestimation of the lactate signal. MMs with resonances at 4.23
and 4.30 parts per million (ppm) are J-coupled to their reso-
nances at 1.24 and 1.39 ppm, with J-coupling constants almost
identical to that of lactate (11,12). In addition, threonine could
be co-edited as its 4.2-ppm resonance is J-coupled to its 1.3-
ppm resonance with a J-coupling constant of 6.3 Hz. As lactate
at 4.10ppm is coupled to 1.33 ppm, the co-editing of these
MM:s is hard to avoid (13). MM nulling can be used to remove
macromolecular contributions at the expense of a subsequent
loss in signal-to-noise ratio (SNR) as a result of relaxation of the
longitudinal magnetization during the inversion recovery delay.

This article investigates whether the use of a high magnetic
field strength (7 T) can improve J-difference editing. Higher spec-
tral resolution at 7 T enables the use of highly selective refocusing
pulses, whilst retaining high SNR. Typically, the low B7 field avail-
able at high magnetic field strength results in narrow-bandwidth
refocusing pulses that cause large chemical shift displacement er-
rors, resulting in smaller volumes of effective editing. It has been
shown previously, however, that J-difference editing can be
highly efficient when using frequency offset-corrected inversion
[FOCI (14)] (13).

The aim of this study was to provide an improved J-difference
editing technique for lactate by excluding signals of co-edited
MMs. The gain in SNR of a semi-localization by adiabatic selec-
tive refocusing (semi-LASER) editing sequence with refocusing
FOCI pulses can be used to measure lactate in the striatum of
the human brain at 7T, whilst excluding the influence of co-
edited MMs. Furthermore, the sensitivity of this method for the
determination of lactate levels in the striatum was assessed by
a test-retest study. The results of the test-retest study provide
an input for power calculations in future studies involving
accurate lactate measurements.

METHODS

Hardware and subjects

All investigations were performed on a 7T whole-body MR system
(Philips, Cleveland, OH, USA). A birdcage transmit head coil (Nova
Medical, Inc., Burlington, MA, USA) with two independent trans-
mit channels was used in combination with a 32-channel receive
coil (Nova Medical, Inc.). With this coil set-up, it was possible to
achieve a Bj value of 20 uT in the striatum of the human brain.
Lactate levels in the brain were investigated in 10 healthy vol-
unteers (aged 35+ 12years). Measurements were performed

twice to determine the test-retest performance of the lactate
editing sequence. The time interval between the repeated
measurements varied between 1 week and 6 months. The partic-
ipants in this study were a subset of a larger cohort in which MRI
examinations were also performed at 3T. Therefore, a high-
resolution three-dimensional (3D) T;-weighted image of all
participants was available for segmentation. All participants gave
informed consent prior to the MRI examinations.

MRI and MRS protocol

To generate the required By field of 20 uT in the area of interest
(basal ganglia), the transmit phase difference between channels
was optimized as described previously (15). After radiofrequency
(RF) shimming, a 3D T,;-weighted background image was made
over which the MRS volume (40 x 25 x 24 mm?®) was positioned.
By shimming of the voxel with second-order shim fields was
performed automatically by the Philips pencil beam volume
algorithm, similar to FASTERMAP shimming (16,17).

A semi-LASER sequence was used for lactate editing. FOCI
pulses (foci factor 10) were used for refocusing of the signal.
FOCI pulses were generated based on a hyperbolic secant pulse
using a Bimax value of 20 uT as described previously (13). The
large bandwidth of the FOCI pulses (16.8 kHz) enabled efficient
editing as a result of minimal chemical shift displacement errors
(4.7%) of the CH (4.10 ppm) and CHj3 (1.33 ppm) resonances of
lactate. TE=144ms and TR=5200ms (shortest TR possible
within specific absorption rate limits). The resulting acquisition
time, including 150 signal averages, was 13 min.

Two approaches to eliminate the co-editing of MMs were com-
pared. In the first, MM contributions were suppressed by nulling
their signal using an RF inversion pulse before J-difference
editing. In the second, a highly selective editing pulse, which re-
focuses the 4.1-ppm resonance of lactate without perturbing
the 4.23- and 4.30-ppm coupling partners of MM2 and MM3,
was used to avoid co-editing of MMs.

MM nulling

A broad-band refocusing pulse was created for simultaneous
water suppression and J-difference editing. The editing pulse had
one broad refocusing band [frequency width at half-maximum
(FWHM), 1000Hz] centred at 4.7 ppm for water suppression
and refocusing of the 4.10-ppm resonance of lactate. To investi-
gate the contribution of MM2 and MM3 to the edited signal, an
inversion recovery experiment was performed. The inversion re-
covery was combined with J-difference editing (TE= 144 ms)
using the broad-band refocusing pulse. A non-localized adiabatic
inversion pulse with a duration of 7.8 ms was applied. This adia-
batic full-passage pulse consisted of a linear ramp with an ampli-
tude of 1.2ms, followed by a plateau for 54ms and a linear
downward ramp lasting for 1.2ms; the frequency sweep was
1878 Hz and Bjmax Was 20 uT. According to literature values,
the T; value of MMs in the human brain is approximately
400 ms at 7T (18). To assess T; more precisely for the co-edited
MMs in the striatum in the human brain, three points at the in-
version recovery curve close to the expected point of nulling
were sampled using T; values of 270, 358 and 435 ms. The rela-
tive phase between the lactate and MM signals at 1.2-1.4 ppm
was used to tune the optimal inversion time (TI) for nulling of
the MM signals: Tl was too short if the relative phase was 0°
and too long if the relative phase was 180°.
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Highly selective editing To calculate the grey matter volume of the globus pallidus,
caudate nucleus and putamen in the voxels, we used 3D T;-
weighted images acquired from the same subjects at 3T. These
images were normalized in MNI (Montreal Neurological Institute)
space using MRIcron. A manual segmentation was performed on
the averaged (over subjects) 3-T 3D T;-weighted images (Fig. 2).
The 3-T 3D T,-weighted MR images were used for this process, as
the image quality for segmentation in the basal ganglia was bet-
ter for the 3-T images because of the more homogeneous B; RF
field compared with the 7-T images. The population average T,
was used because individual subcortical areas were too noisy
for fully automated segmentation. Normalization and averaging
over the population led to averaging out of noise and resulted
in an image that could be more accurately segmented based
on the contrast between grey and white matter.

Voxels of 24 cm® (24 x 25 x 40 mm?®) were positioned in the basal SPM8 was used for image normalization and registration
ganglia of the right and left hemisphere, covering most of the (Functional Imaging Laboratory, University College London,
striatum (caudate nucleus and putamen), smaller parts of the London, UK). The manually segmented mean ROIs (globus
globus pallidus and the substantia nigra pars compacta, without  pallidus, caudate nucleus and putamen) were inverse normal-
including cerebrospinal fluid in the voxels (Fig. 2). ized to the individual participant’s brain [using ‘unified

A new editing pulse was designed to enable editing of lactate
only. Therefore, a single-band Shinnar Le-Roux pulse was de-
signed for J-difference editing of lactate. This pulse had a dura-
tion of 38 ms and FWHM of the inversion frequency profile was
30Hz (Fig. 1B). In the ‘edit on’ condition, the editing pulse was
centred at the 4.10-ppm resonance of lactate; in this way, co-
editing of MM2 at 4.23 ppm was avoided. In the ‘edit off’ condi-
tion, the editing pulse was applied 1000 Hz off-resonance (at
8.0 ppm). The narrow-band editing sequence was preceded by
a variable pulse power and optimized relaxation delay (VAPOR)
sequence for water suppression.

Regions of interest (ROIs) and segmentation
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Figure 1. (A) Pulse sequence of semi-localization by adiabatic selective refocusing (semi-LASER) J-difference editing sequence with frequency offset-
corrected inversion (FOCI) refocusing pulses and crusher gradients. This sequence is preceded by a variable pulse power and optimized relaxation delay
(VAPOR) water suppression sequence. (B) Radiofrequency (RF) waveform and slice inversion profile of the editing pulse. The pulse has a duration of
38 ms and the frequency width at half-maximum (FWHM) of the inversion profile is 30 Hz. (C) Series of phantom experiments to determine the editing
efficiency and By offset effects of the narrow-bandwidth editing pulse shown in (B). Red are odd spectra, and blue are even spectra. These have oppo-
site phase, but are displayed in the same phase for comparison. The subtraction of the two generates the edited spectrum. The offset of the editing
pulse was varied in steps of 3 Hz between each pair of blue and red spectra.

]
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Figure 2. (A) Position of the MRS voxel in the striatum of the right and
left hemisphere. The chemical shift displacement error between the two
coupled spin systems of lactate of 4.7% in the two refocusing directions
is schematically drawn (not to scale). As a result of this chemical shift dis-
placement error, the volume on which the editing is effective is reduced
by approximately 9%. (B) The different basal ganglia nuclei were seg-
mented on an averaged T, scan. Putamen is in red, caudate is in blue
and globus pallidus is in green.

segmentation’-derived inverse normalization parameters (19)],
and then co-registered to the 7T T;-weighted individual images.
This segmentation could then be used to calculate the amount
of grey matter, white matter and cerebrospinal fluid in the MRS
voxels for every individual (in-house-developed Matlab pro-
gram). These amounts were used to correct the metabolite
levels for differences in the relaxation of water in grey and white
matter, as well as different partial volumes of grey and white
matter.

MRS data analysis

The signals of the 32 receiver coils were combined after ampli-
tude weighting and phasing based on the water reference
signal. The water reference signal was also used for eddy current
correction and as an internal standard for quantification. Each
acquisition was frequency aligned with the singlet resonance
of N-acetylaspartate (NAA). The acquisitions were averaged after
correction. The sum of all averaged odd and even scans resulted
in an MR spectrum displaying all metabolites, except lactate
(metabolite spectrum). The subtraction of all averaged odd and
even scans resulted in an MR spectrum displaying the lactate
signal (edited spectrum) (Fig. 3). Residual water filtering, phasing
and fitting of the metabolite and edited spectra were imple-
mented using Matlab. The NAA peak in the metabolite spectrum
was fitted with a Lorentzian singlet, and the frequency, linewidth
and phase of the NAA singlet were used as prior knowledge to fit
the lactate peak in the edited spectrum. Lactate was fitted with a
Lorentzian doublet ("H-'H scalar coupling constant, 7Hz).
Creatine and choline were also fitted with Lorentzian lines.

M’V‘/\A-N‘M A narrow band editing
"SMM3 + Lac no inversion recovery
i MM2
broad band editing
i no inversion recovery
[\
£ broad band editing
TI270 ms

I\

“, W\, [\ 2 o -
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Figure 3. Inversion recovery series of the edited spectrum in the stria-
tum. The top two MR spectra (A, B) were acquired without inversion re-
covery with the narrow-band and broad-band editing pulses,
respectively. The bottom three MR spectra (C-E) were acquired with a
broad-band inversion at inversion times (Tl) of 270, 358 and 435 ms, re-
spectively. All MR spectra were obtained from a 24 x 25 x 40-mm? voxel
in the striatum with 128 averages; spectra are normalized to noise. The
MR spectra shown in (A) and (D) are from the same volunteer, those in
(B) and (C) from another volunteer and that in (E) from yet another volun-
teer. It should be noted that the peaks labelled MM2 and MM3 probably
also contain alanine and threonine residues in proteins, as these large
molecules cause signal with a broad linewidth.

Cramer-Rao lower bounds (CRLBs) of the fits were calculated
as a lower boundary of fitting accuracy (20).

In addition to correction for different water content and
relaxation in grey matter and white matter, the metabolite
levels were also corrected for metabolite T; and T, relaxation.
The T, value of water in the voxel of interest was determined
with a semi-LASER TE series (TE=33-313ms, steps of 20m:s),
and literature values were used for the T, values of water and
the T, and T, values of metabolites (21-24). The T, values of
NAA, creatine and choline in grey matter/white matter were
1900/1800, 1780/1800, and 1500/1320, respectively. The T,
values of NAA, creatine and choline in grey matter/white matter
were 130/158, 90/109 and 121/109ms, respectively. The T,
value of lactate was assumed to be similar to the T, value of
choline. The T, value of lactate was assumed to be similar to
the T, value of singlets in the basal ganglia, as reported by
Marjanska et al. (24) Therefore, we used a T; value of 1500 ms
and T, value of 100 ms for lactate.

Statistical analysis

Means and standard deviations, as well as the coefficient of var-
iation (CoV), of the metabolite levels (corrected for grey and
white matter fraction) were determined. The CoV was defined
as the standard deviation of differences between the first and
second measurement (D,) divided by the mean value of all mea-
surements (M) in each voxel, for each metabolite level (25), or:

n =2
(n1—1) E (Dk - D)

M

g
CoV = 100andD=- 5 D, [1]
N k=1

where k delineates the specific volunteer and n refers to the total
number of volunteers.
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A repeated-measures multivariate analysis of variance
(MANOVA) was used to examine systematic changes in metabo-
lite levels across measurements. The within-subject variation in
metabolite levels was analysed using the within-subject stan-
dard deviation. The within-subject standard deviation and its
standard error can be estimated by:

n0_2

Oy = i=1"1 [2]
n

with

w/2n(nv:—1)

where o7 is the variance in the value of interest on repeated test-
ing for subject i, n denotes the total number of subjects in the
sample and m represents the total number of repeated measure-
ments. The within-subject standard deviation represents the av-
erage variability of an individual’s values on repeated testing. It is
expressed in the same units as the measured value, which is mm
in this study (26).

To assess the reproducibility for each metabolite, a reliability
analysis was performed (SPSS 20.0.0). The reliability analysis used
a two-way random model analysis of variance (ANOVA), with the
subjects and repeated measurements as factors of variance. The
analysis also included a random noise term. Using this method,
the within-subject variance &2 within (repeated measurements),
between-subject variance 02 between (subject to subject) and
intraclass correlation coefficient (ICC) were calculated. The over-
all measurement variance can be expressed as:

SEUW = [3]

2 2 2 2
0° = 0 between T 0 within + 0" random; (41

where 6Zndom reflects the variance caused by randomness. We
defined ICCpetween to reflect the part of the total variance that
is caused by subject to subject effects, and ICC,yiihin tO represent
the part of the total variance that is caused by differences in the
repeated measurement by the following equations:

ICCbetween - Msbetween/(MSbetween + I\/Iswithin + Msrandom) X 100%
(5]

ICCwithin = Mswithin/(MSbetween + Mswithin + Msrandom) x1 00%
(6]

MS is the mean square, which represents the sum of squares
(6?) divided by the number of degrees of freedom. For the sake
of completeness, ICC,angom Can be calculated from Equations [5]
and [6], being 100% minus ICChetween and 1CCithin-

RESULTS

J-difference editing of lactate
Phantom measurements

The narrow-band editing pulse was tested on a phantom filled with
water and a high concentration of lactate (~100 mm). Figure 1C
shows the off-resonance performance of the pulse. Odd spectra
(editing pulse centred at 4.1 ppm) are shown in red and even spectra
(editing pulse centred at 8 ppm) are shown in blue. The frequency
offset between each pair of MR spectra is 3 Hz. The editing efficiency
(signal at 1.3 ppm of the odd spectrum subtracted from the even

spectrum versus twice the even spectrum) was 85%. A By offset of
3 Hz results in 75% editing efficiency; an offset of 9Hz results in
60% editing efficiency. As a result of the chemical shift displacement
error of 4.7% between the two coupled spin systems of lactate in
two refocusing directions, the volume on which the editing is ef-
fective is reduced by ~9% [1 - (0.953)%]. In two of the remaining
compartments of the chemical shift displacement error, the sig-
nal of lactate will be reversed, causing another 8% further reduc-
tion in the edited lactate signal.

In vivo measurements

Figure 3A clearly shows the NMR resonance of lactate without
any contamination from macromolecular signals at 1.3 ppm as
obtained with the sequence using highly selective editing
pulses. In the MR spectrum of the broad-band refocusing pulses,
in addition to the resonances of lactate, the co-edited reso-
nances of MMs at 1.24 ppm (MM2) and 1.39 ppm (MM3) are vis-
ible (Fig. 3B). Furthermore, the peak around 1.33ppm in the
broad-band refocused MR spectrum (Fig. 3B) seems to be shifted
towards 1.4 ppm, which indicates that the broad resonance of
MM3 most likely overlaps with the lactate resonance. When
nulling the resonances of MMs with a single inversion at
TI=270ms, MM2 and MM3 are still visible and have the same
phase as the lactate signal (Fig. 3C). This means that a Tl of
270ms is too short to null the macromolecular peaks. In the
MR spectra obtained with TI=358 and 435 ms, the resonances
of MMs have an opposite phase to the lactate peak; however,
it is unclear how much of the lactate signal is still overlapped
by MMs. Of all the inversion recovery-based scans with broad-
band refocusing pulses (Fig. 3B-E), the MR spectrum in Figure 3D
comes closest to full MM nulling. This indicates that the optimal
Tl is between 270 and 358 ms. An AMARES (27) fit of the signal at
1.3 ppm resulted in the following values (a.u.): 2.6, 10.7, 1.46, 1.42
and 0.7 for the MR spectra in Figure 3A-E, respectively.

The edited and non-edited MR spectra of the striatum ob-
tained with the narrow-band editing pulse are shown in Figure 4.
The signals from NAA, creatine and choline have high SNR
despite the long TE and are not affected by the editing pulse.

Lac

Chemical shift [ppm]

-

—non edited
5.0 45 4.0 3.5 3.0 25 20 15 1.0 05
Chemical shift [ppm]

Figure 4. Example of added and subtracted spectra in one volunteer.
The metabolite spectrum is shown in grey and the edited spectrum is
shown in black and enlarged in the inset. A clear and sharp signal for lac-
tate can be observed at 1.3 ppm. Cho, choline; Cr, creatine; Lac, lactate;
NAA, N-acetylaspartate.
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Table 1. Descriptive statistics of MRS measurements in the left and right hemispheres of 10 subjects
Lactate N-Acetylaspartate Creatine Choline
Hemisphere Parameter Session 1 Session 2 Session 1 Session 2 Session 1  Session 2 Session 1 Session 2
Right Mean (mM) 0.46 0.45 9.99 10.65 7.49 8.04 2.16 2.27
SD (mM) 0.08 0.05 0.87 1.28 0.75 1.25 0.17 0.27
CoV (%) 18 12 9 12 10 16 8 12
ow (MM) 0.03 0.53 0.55 0.15
SEgw 0.01 0.12 0.12 0.03
Gy (%) 6.36 5.13 7.07 6.76
Left Mean (mM) 047 0.46 11.32 11.63 8.99 9.05 2.60 2.64
SD (mM) 0.11 0.06 1.77 2.06 1.20 1.31 0.30 0.45
CoV (%) 24 13 16 18 13 15 11 17
ow (MM) 0.06 0.77 0.63 0.21
SEgw 0.01 0.17 0.14 0.05
Gy (%) 13.07 6.70 7.04 7.89
CoV, coefficient of variation; SD, standard deviation; SE, standard error.

These metabolites were also quantified and the results are
presented in Table 1.

Descriptive statistics

The grey matter fractions in the voxel of the right hemisphere in
sessions 1 and 2 were 0.29+0.02 and 0.32+0.03, respectively
(Student's t-test, p=0.02). The grey matter fractions in the voxel
of the left hemisphere in sessions 1 and 2 were 0.32+0.04 and
0.30+0.09, respectively (Student’s t-test, p=0.63).

Reproducibility was assessed using the editing sequence
based on selective refocusing of exclusively the coupled spins
at 4.1 ppm. The averages and standard deviations of the metab-
olite levels for the first and second sessions in the voxels of the
left and right hemispheres are listed in Table 1. The average
CRLBs of the fit of the metabolites were 2.3, 1.8, 2.1 and 3.7 for
NAA, creatine, choline and lactate, respectively.

CoV, o,, and its standard error, ICChetween anNd ICCyithin are
summarized in Tables 1 and 2. It should be noted that CoV and
o, of lactate are in the same range as the corresponding values
for the other metabolites. ICCperween for lactate is a factor of 3
higher than ICC,,hin, Whereas this is not the case for the other
metabolites. The residual variation (ICCangom) Can be assigned
to measurement inaccuracies. 1CC angom is largest for lactate,
the signal with lowest SNR, and lowest for NAA, the signal with
highest SNR.

A correlation plot between measurements 1 and 2 of lactate
and NAA in the left and right hemisphere voxels is shown in

Figure 5. A large ICCpetween is reflected in the large data spread
along the broken diagonal line (Table 2). A large ICCyithin is
reflected in the large data spread perpendicular to the broken
diagonal line (Table 2).

DISCUSSION

The detection of metabolites, such as lactate, in the normal brain
is challenging. This is not only because of its low concentration
(and therefore low SNR), but also because of the fact that the lac-
tate MR signal overlaps with signals from other, more highly con-
centrated compounds. These include lipids and MMs. Several
methods to measure lactate are available, such as short- and
long-TE MRS (28), J-difference editing (29,30) and multiple quan-
tum coherence editing (31-33). The direct detection methods
need to be combined with LC-model analysis. This is not
straightforward as the signal of lactate is small compared with
the signals of overlapping MMs. As the lactate level is strongly in-
fluenced by the fitting of MMs, the accuracy in detecting the
static pool of lactate with these direct detection techniques is
questionable (32). In addition, when using a long TE, the SNR
of lactate is further reduced because of T, relaxation (signal loss
of ~68% when comparing TE=30ms and TE=144ms and as-
suming T, =100 ms). This also complicates the LC-model analy-
sis. As shown by Near et al. (34) in a comparison of J-difference
editing and direct detection of GABA in the brain, the metabolite
level of GABA obtained with direct detection shows substantial
bias in the results. The results depend on SNR and linewidth,

model analysis of variance (ANOVA)

Table 2. Results of the reliability analysis. The intraclass correlation coefficients (ICCs) are calculated from the two-way random

Hemisphere Parameter Lactate N-Acetylaspartate Creatine Choline

Right + left ICChetween 42 60 57 56
ICCuithin 14 27 25 25
ICCrandom 44 13 19 20

ICCphetween reflects the part of the total variance that is caused by subject to subject effects; ICC,yithin represents the part of the total
variance that is caused by the differences in the repeated measurements (Equations [4]-[6]).
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Figure 5. Correlation between metabolite levels in measurements 1 and 2 [in voxel in left (LH) and right (RH) hemisphere] for lactate (Lac) (A) and N-

acetylaspartate (NAA) (B).

even with constant overlapping resonances. Using J-difference
editing methods, it is possible to obtain the lactate signal with-
out overlapping resonances, allowing the use of a simple fitting
routine for quantification of the signal. However, as the lactate
spectrum results from the subtraction of two spectra, this
method is prone to subtraction artefacts. Differences between
the two spectra caused by, for example, motion may lead to an
incorrect assignment of the subtraction residue to lactate. Fur-
thermore, relatively small B, offsets diminish efficient editing as
shown in the phantom measurements of this study. In lipid-rich
environments, such as tumour tissue and breast tissue, the T,
value of lactate can be reduced (35), leading to a substantial loss
of the lactate signal. Multiple quantum coherence methods al-
low for gradient dephasing of overlapping singlet signals, and
hence can specifically detect lactate within a single shot (32).
Unfortunately, by selecting the double-quantum coherence
pathway as a means of editing, at least 50% of the initial signal
is lost (36). Furthermore, without the use of highly selective
refocusing pulses, MM2 and MM3 can still be co-edited.

In view of these considerations, we chose to unambiguously
detect lactate exclusively using J-difference editing despite the
loss of signal caused by the long TE and the sensitivity to By
offsets. As demonstrated, this can be performed by either com-
bining MM nulling with J-difference editing to remove macro-
molecular co-editing, or by using a highly selective editing
pulse that edits lactate only.

This study shows that, when using J-difference editing, MM co-
editing is substantial when the bandwidth of the editing pulse is
not sufficiently narrow. Moreover, when trying to null the co-
edited macromolecular signal with an inversion pulse, the appar-
ent T, value of MMs is longer than anticipated based on literature
data (18,30). This could be related to the fact that MM2 and MM3
resonances may be partially attributable to alanine and threonine
residues in proteins. Complete nulling of MMs remains question-
able, even when fine-tuning the nulling by choosing different Tl
values. A small variation in Tl leads to a large variation in the
‘lactate’ signal amplitude at 1.3 ppm, as shown by the fitted re-
sults of the MR spectra in Figure 3. Therefore, MM nulling may
not be the preferred method to obtain an accurate measure for
lactate. The nulling procedure can be inaccurate as the true MM
T, value is unknown. Also, depending on the Tl, 40-60% of the
metabolite signal is lost as a result of longitudinal relaxation.

The high spectral dispersion at 7T facilitates the use of
narrow-band RF editing pulses that can select lactate signals
without contamination of other overlapping signals. The highly
selective RF pulses are very sensitive to By offsets (for example,
caused by motion) and therefore require a stable field. Neverthe-
less, the efficiency when using such a narrow-band RF pulse

remains higher than with the inversion recovery sequence, even
up to a By offset of 9 Hz. Selective J-difference editing measure-
ments might be improved even further by enabling accurate
B, drift correction techniques. It should be noted that substantial
field offsets lead to efficiency loss and additional co-editing of
threonine. The threonine resonance at 1.3 ppm is coupled to
4.2 ppm with a J-coupling constant of 6.3 Hz. Therefore, threo-
nine could be (partially) co-edited if a B, offset of 30 Hz occurs.
In that case, it is not possible to distinguish threonine from
lactate, or threonine is mistakenly identified as lactate.

The sensitivity of the J-difference editing technique with
highly selective editing pulses to measure striatal lactate levels
in a group of healthy volunteers was assessed after demonstrat-
ing that lactate could be unambiguously detected. A rather large
voxel and long acquisition time were used to acquire the lactate
signal under baseline conditions. Other studies have reported
changes in lactate levels in activated brain tissue using smaller
voxels and shorter acquisition times (37-39). According to the
work of Lin et al. (39), the lactate signal changes by 15% on visual
stimulation. Considering the repeatability results of this study,
the selective J-difference editing technique, with o,, of 13%
and CoV of 12-23%, is a promising method for the detection of
such a difference on an individual basis. In contrast with func-
tional MRS studies (37-39), highly selective J-difference editing
can detect absolute levels of lactate, facilitating subject or group
comparisons. Moreover, studies that use short-TE MRS rely on
the modelling of lactate and MMs in LC-model analysis. How-
ever, the exact resonance position of MMs is sometimes unclear
as, for example, different frequencies have been reported for
MM3 (11,12). In dynamic MRS studies that used short TEs, it
was assumed that the contribution of the MMs did not change
over time and was not affected by the applied physiological
stimuli (40). Furthermore, it is known that the blood oxygen
level-dependent effect influences the spectral linewidth in
activated brain tissue (38,41). To compensate for this effect, all
MR spectra (rest and activation) can be line broadened before
subtraction (38,39). However, the effect of line broadening on
the coupled spin system of the different MMs will be difficult
to assess. It is uncertain whether the line broadening caused
by the blood oxygen level-dependent effect is equal for metab-
olites and MMs. This adds additional complexity to the above-
mentioned LC-model analysis.

The reproducibility of edited lactate in the normal brain has
not been reported previously. In a study by McLean et al. (42),
the repeatability of edited lactate in astrocytomas was examined
at 3T. The CoV was 16% for lactate versus 10% for NAA. Consid-
ering that the lactate levels in astrocytomas are about 10-fold
higher than in the normal brain, it can be expected that the
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CoV of edited lactate in the normal brain will be higher, even
when measured at a stronger magnetic field. In our study, the
CoV of lactate was between 12% and 23%, varying between ses-
sions and between left and right hemispheres. This is somewhat
larger than the CoV of the metabolites (NAA, choline, creatine),
which ranged between 8% and 18%, depending on session
and hemisphere (Table 1); this can be expected as NAA, choline
and creatine have higher SNRs. One study has reported a CoV of
approximately 13% for GABA, which has a higher SNR than lac-
tate, measured with J-difference editing in the prefrontal cortex
and anterior cingulate at 7T (43).

The o,, value of lactate, a measure of within-subject variation,
was 6% of the mean lactate value in the right hemisphere, and
12% of the mean value in the left hemisphere. For the metabo-
lites NAA, creatine and choline, there was no such large differ-
ence in o,, between the left and right hemisphere voxels. This
observation for lactate may be a random effect; the SNR is rela-
tively low, and we do not expect different lactate levels in the left
and right hemispheres.

The repeatability of NAA, creatine and choline was assessed by
the editing sequence. The CoV of these metabolites was compa-
rable with that of lactate, which might seem unexpected when
considering the much higher SNR of these signals in the MR
spectrum. Also, in a previous study, short-TE semi-LASER at 7T
proved to be highly reproducible across multiple vendors and
centres (44). However, the editing sequence had a TE of
144 ms, which was only optimal for the J-coupling pattern of lac-
tate. Also, single Lorentzian lines were fitted to the resonance
positions of 2.0, 3.0 and 3.2 ppm, whereas, at these frequencies,
multiple additional resonances and macromolecular peaks are
present that were not taken into account. The difference in grey
matter fraction in the right hemisphere voxel between the first
and second measurements could also be a cause of the rather
large CoV of NAA, creatine and choline.

The ANOVA revealed that ICCyithin is smaller than ICCpetween-
However, for lactate, it is questionable whether we were able
to detect the differences within this group of healthy volunteers
as 1CCiandom, Which reflects the noise level of the measurement,
was equal to ICCperween. The other metabolites were detected
with higher SNR, as reflected in a lower ICCiangom- Therefore,
even with this suboptimal method to detect NAA, creatine and
choline, differences between and within subjects can be
distinguished.

CONCLUSIONS

We have presented a J-difference editing MRS method for the
detection of lactate in the brain without contamination of
MMs. We assessed measures for the test-retest performance of
this method to determine lactate levels in the striatum of the
brain in a healthy population. Although the variability in a
healthy population is rather high, these values can still be used
to design new studies comparing patient populations, in which
lactate levels of the striatum are expected to deviate more than
in a healthy population, with healthy controls.
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