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MRSI scans was assessed voxel-wise using metabolite coefficients of variation and
intraclass correlation coefficients and compared between the basis sets. Correlations
of concentration estimates were investigated for the param MM fitting model.
Results: The full MM model provided the most reproducible quantification
of total NAA, total Cho, myo-inositol, and glutamate + glutamine ratios to total
Cr (coefficients of variations < 8%, intraclass correlation coefficients > 0.76). Using
the param MM model resulted in slightly lower reproducibility (up to +3% higher
coefficients of variations, up to —0.1 decreased intraclass correlation coefficients).
The quantification of the parameterized macromolecules did not affect quantification
of the overlapping metabolites.
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spectrum included in prior knowledge provides highly reproducible quantification
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1 | INTRODUCTION

MRSI combines the anatomical and biochemical informa-
tion of an examined tissue and has been extensively used
to detect in vivo metabolite levels in various brain disor-
ders.! MRSI benefits especially from ultrahigh field strength
(i.e., >7 Tesla [T]) as the spectral resolution improves signifi-
camtly.2 However, at higher field strengths the T, relaxation
times are shorter, leading to increased T,-related SNR loss
for MRSI with long TEs. To maximize the number of detect-
able signals and overcome some challenges that arise from
the ultrahigh field (e.g., chemical shift displacement error),
FID-based MRSI with no echo time but with a negligible
acquisition delay was proposed and has received increasing
attention in the research community.3 7 While the detectabil-
ity of neurometabolites, such as myo-inositol (mlns), gluta-
mate (Glu), glutamine (Gln), or glutathione (GSH) improves,
FID-MRSI is also highly sensitive to the broad background
macromolecular (MM) signal. The presence of these strong
MM resonances poses a challenge for accurate metabolite
quantiﬁcation.g’9 To use FID-MRSI as a reliable tool in a
clinical context, it is mandatory to either decrease the MM
contribution or include it in the fitting model appropriately
while also providing sufficient flexibility for cases in which
the MM profile is altered.

One approach is to measure the MM signal separately and
subtract it from the metabolite spectrum.lo‘11 Although this
is the most direct method with which to identify a subject-
specific MM contribution, it is also motion-sensitive,
prolongs the acquisition time (particularly in case of high-
resolution MRSI), and reduces the SNR, which can eventually
decrease the quantification accuracy.

Alternatively, prior knowledge of the MM contribu-
tion can be introduced into the fitting process. In case of
LCModel, a widely used quantification software, the mac-
romolecules can be approximated by spline functions'*"?
or experimentally acquired and averaged over a group of
healthy volunteers. Studies conducted at 3T have revealed
that a measured MM spectrum is superior to a mathemati-
cal estimation in terms of MRSI reproducibility because the
spline baseline cannot adequately characterize the compli-
cated MM lineshapes.14 This is even more pronounced at
higher field strengths (> 7 T) in which the apparent linewidth
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for the most common neurometabolites in healthy volunteers. Parameterization of the
MM spectrum may be preferred as a compromise between quantification accuracy

and reproducibility when the MM content is expected to be pathologically altered.

brain, macromolecules, MR spectroscopic imaging, parameterization, reproducibility, ultrahigh field

of the individual MM resonances approaches that of the
J-coupled metabolites.'>!°

The most common strategy for measuring the MM spec-
trum in vivo is to use an inversion recovery sequence, thereby
exploiting the short T, relaxation times of macromolecules in
contrast to those of most brain metabolites.*'”"'* Another ap-
proach to capture the macromolecules is to back-extrapolate
the metabolite signal and separate it from the MRSI data.®’
Afterward, the measured MM spectrum either can be directly
included in the basis set as a single component or parame-
terized and included as several individual MM components,
which adds flexibility when the MM content and composi-
tion change, for example, when pathologic changes are pres-
ent.?!?? However, the inclusion of several MM components
increases the degrees of freedom of LCModel analysis, which
presumably could lead to inaccurate metabolite estimations
and negatively influence the reliability of the quantification.
This can be avoided by the application of soft constraints. Both
approaches, using a whole MM spectrum17 or several parame-
terized MM components,24 were evaluated for fairly high SNR
(thus, long scan times). Although the precision of metabolite
quantification was investigated, the effects on reproducibility
were not assessed. Yet, the knowledge about variation in re-
peated measurements is a critical prerequisite for future appli-
cation of FID-MRSI in (longitudinal) clinical studies.

The aim of the present study was therefore to determine
the effect of using different MM models on test—retest re-
producibility for data acquired via clinically feasible ~5 min
FID-MRSI protocols at 7T.

2 | METHODS

2.1 | Subjects

The study was approved by the local ethics board. Ten healthy
volunteers (3 females, 7 males; mean age, 28 + 4 years) were
recruited. Informed, written consent was obtained from all
subjects prior to the examination. Each subject was meas-
ured twice (i.e., test and retest measurement), preferably on
the same day. All subjects were removed from the scanner
between the sessions. In 4 subjects, the retest measurements
were performed on a different day (up to 7 days) due to re-
stricted scanner availability.
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In each subject, test and retest MRI/MRSI scans were per-
formed on a 7T Magnetom MR scanner (Siemens Healthcare,
Erlangen, Germany) using a 32-channel receive array coil com-
bined with a transmit volume coil (Nova Medical, Wilmington,
MA). In each session 3D T,-weighted MP2RAGE images were
acquired to guide the positioning of MRSI slices and to derive
the brain tissue type and structural maps. The spectroscopic
data were obtained in 2 single-slice FID-MRSI>® acquisitions
in order to test the performance of the sequence over larger
brain volume. The first slice was positioned in the transverse
plane above the corpus callosum, and the second slice was
positioned 12 mm above the first slice. Consistent positioning
between test and retest measurement sessions was achieved by
using an automatic alignment sequence,25 reloading the spec-
troscopic sequence from the test measurement, and confirmed
by visual inspection of the grid position. The parameters of the
FID-MRSI sequence were as follows: acquisition delay/TR of
1.3 ms/600 ms, FOV of 200 x 200 mmz, matrix size of 64 X
64, nominal voxel volume of 3.4 X 3.4 x 8 mm”, flip angle of
45°, 1024 complex spectral data points, acquisition bandwidth
of 6000 Hz, water suppression enhanced through T, effects
(WET), 6-fold 2D-Controlled Aliasing in Parallel Imaging
Results in Higher Acceleration (CAIPIRINHA)* parallel im-
aging acceleration, and acquisition time of 5:11 min.

Data acquisition

2.3 | Spectroscopic data processing

Brain masks were extracted from T -weighted images
using a brain extraction tool.>” MRSI data within the brain
masks were processed automatically using a script writ-
ten in MatLab (version R2013a; MathWorks, Inc., Natick,
MA) and Bash (version 4.2.25, Free Software Foundation,
Boston, MA). The processing included a multichannel spec-
troscopic data combined by matching image calibration data
(MUSICAL) coil combination of the raw data,”® parallel-
imaging reconstruction, Hamming filtering, removal of lipid
signal via Lz-regularization,29 and fitting of the individual
spectra with LCModel (version 6.3; LCModel Inc., Oakville,
ON, Canada). For this purpose, 3 different basis sets were
used, each consisting of 15 metabolite resonances simulated
in NMR Scope jMRUI 5.0), as well as the following:

1. full MM: A single in vivo MM spectrum obtained in
previous study17 by nulling of brain metabolite signals
via double inversion recovery (2 inversion 40 ms Wurst
pulses, acquisition delay/TR of 1.3 ms/879 ms, TI, of
570 ms, TI, of 21 ms, flip angle of 55°, matrix size of
32 x 32, nominal voxel volume of 5.6 X 5.6 X 12 mm3,
2048 complex spectral data points, acquisition bandwidth
of 6000 Hz, water suppression enhanced through T,
effects [WET]), removing the residual metabolite signals

using advanced method for accurate, robust, and efficient
spectral fitting (AMARES),” as described by Craveiro
et al..>! and averaging over different brain regions and
healthy volunteers.

2. param MM: Nine individual MM components extracted
from measured in vivo metabolite-nulled spectra, with ap-
plied soft constraints (via LCModel parameter CHRATO)
to avoid overparameterization of the fitting model
(detailed description of the parameterization can be found
in PovaZan et al.24).

3. no MM: With no macromolecular information included.

Spectral analysis was performed in a frequency range of 0.2 to
4.2 ppm when using the full MM and the param MM basis set.
In case of no MM basis set, the frequency range was reduced to
1.8 to 4.2 ppm to avoid the lipid region and MM peaks below.
The LCModel parameter DKNTMN, controlling the stiffness
of the spline baseline, was set to the default value of 0.15 in all
cases. The LCModel control files for the 3 quantification ap-
proaches are provided in Supporting Information Text S1.

24 | Data evaluation

The spectral and fitting quality of the data was assessed via 3
parameters: Cramér-Rao lower bounds (CRLB) of the metab-
olites reported by LCModel and SNR and FWHM of the fitted
NAA peak. Spectra with CRLBy 4 > 20% or FWHMya 4 >
20 Hz were excluded from further analysis and display
(i.e., <2% of all spectra). The excluded spectra were gener-
ally located at the periphery of the brain. Metabolite maps
were derived from the LCModel quantification results and
displayed by MINC software (version 2.0, McConnell Brain
Imaging, Montreal, QC, Canada).

For the evaluation, 5 brain regions were defined: frontal
white matter (WM), frontal gray matter (GM), parietal WM,
parietal GM, and subcortical WM. As a first step, tissue-type
segmentation (GM, WM, and CSF) and structural registration
(frontal lobe, parietal lobe, and subcortical WM) were per-
formed on T;-weighted images of both test and retest measure-
ments using automated segmentation tool (FAST) and linear
image registration tool (FLIRT) of the FSL package.32 To match
the point-spread function of MRSI and T,-weighted MRI, seg-
mented high-resolution images were Fourier-transformed to
k-space, matched to the spatial frequency characteristics of the
MRSI data, and converted back to image-space. Only voxels
with a minimum of 80% of WM or GM content were used
for analysis. The segmented images in MRSI resolution were
then combined to create binary masks of the 5 aforementioned
regions. Finally, the intersections of binary masks from the test
and retest of each subject were used as the final masks.

Statistical analysis and calculations were performed
in MatLab (MathWorks) using voxel-wise analysis.
The test-retest reproducibility of metabolite ratio levels
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was established by an intrasubject coefficient of variation
(CV) calculated for each eligible voxel as the SD of the
2 measurements divided by their mean. CVs were grouped
to 5 regions according to the predefined binary masks. As
a measure of method reliability, the intraclass correlation
coefficients (ICC) using an absolute-agreement, 2-way,
mixed-effects model were calculated between test and
retest. For the param MM basis set, a correlation diagram
was derived to investigate whether the concentrations of
metabolites and underlying individual MM components
were independent of each other. To test for differences in
CV, ICC, metabolite ratios, and quantification precision
between the 3 basis sets, a nonparametric Friedman test, tai-
lored for comparison of multiple related samples, was used.
Subsequently, post hoc analysis by Wilcoxon signed-ranks
tests was performed for pairwise comparisons. The differ-
ences between brain regions were compared using Kruskal-
Wallis tests followed by Mann-Whitney post hoc analysis.
Bonferroni correction for multiple testing was applied, and
a P < 0.05 was considered significant.
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3 | RESULTS

3.1 | Spectral quality

Altogether, 7532 pairs of test—retest spectra collected from
10 subjects were evaluated. Each spectrum was quantified in
LCModel by using 3 different basis sets. Of the first MRSI
acquisition, 630, 1085, 679, 779, or 1957 spectra were as-
signed to the frontal GM, frontal WM, parietal GM, parietal
WM, or subcortical WM region, respectively. In case of the
second MRSI acquisition, 656, 1151, 337, or 258 spectra
were assigned to the frontal GM, frontal WM, parietal GM,
or parietal WM region, respectively. The subcortical WM of
the second MRSI scan was not evaluated because of a small
number of assigned spectra. Region-specific spectral quality
parameters are displayed in Figure 1A. The overall spectral
quality was high, with the lowest median SNR > 20 in the
subcortical WM and the highest median FWHM <14 Hz in
the frontal GM. The use of different fitting models had no
impact on the metrics.

(A) (B)
D s
K] e L LR o
25t - - 1- {{;{ - { {? no MM
20p--------l Al Tl 1é $--
ABfommooocmoee e
i S T LT E e R -
T z
IRISBETN LN B |f
E 4 3 2 1 ppm
o
CRLB [%]
L e R e e L L R R
Y e AR LR R EEEEEEE R % full MM
5 ”S’E’Q”g"é’Q”’;’i’g”s’é’;”s T e -
P
FIGURE 1 (A) Spectral quality B
(SNR, linewidth) and quantification Y 3
precision (Cramér-Rao lower bounds) 5l-958-8382 555-¢¢35--32 & |-
parameters. The circles and errror bars show Obocccocoo i A A g g
the 25th percentile, median, and the 75th [T T 4 3 2 1 ppm
percentile of the total number of analyzed A0f == §
voxels. (B) Representative spectra obtained 5l-282- g36-382-gea-F5o-|°
by FID-MRSI and quantified in LCModel [ T param MM
by 3 different MM prior knowledge models: L]
no MM, with no MM information; 10 ”I@E”I T Eiiix 72’3’1 3] %
full MM, with a single measured MM ] il
spectrum; and param MM, with 9 individual [ I B
MM components included. The fitted L } { } -
baselines have been subtracted from L I X SR 11 [ @
. 338 558 8 A AP
the metabolite and MM spectra. These ] I . A > ; o
subtracted baselines and the residua are Ob=s o WM GM — WM T
displayed separately below each LCModel frontal frontal  parietal parietal subcort. —_ it —— paseline
fit. MM, macromolecular = noMM ®mfull MM = param MM =— macromolecules = residual



HECKOVA ET AL.

16 . . o o
—I—Magnetlc Resonance in Medicine

32 |

Sample spectra fitted by different basis sets are displayed
in Figure 1B. The CRLBs were consistently low among the
2 MRSI slice positions and brain regions (except for ~5%
higher CRLBg, in the subcortical WM), as well as between
test—retest measurements (median CRLB a4 < 5%, median
CRLB ¢}, < 6%, median CRLB ¢, < 7%, median CRLB;,, <
8%, median CRLBg,, < 14%). The regional differences

Quantification precision

in CRLBg), (CRLBgy < CRLByy < CRLBgheoricawm)
were associated with SNR loss (SNRgy > SNRyym >
SNR beorticarwnr)- We observed small alterations in CRLBs
among the basis sets (param MM resulted in a +1% increase
in CRLBs) (Figure 1A).

Sample metabolite maps are displayed in Figure 2.
The metabolite ratio levels are summarized in Supporting
Information Table S1. The levels of tNAA/tCr in GM
(by —13%) and in WM (by —8%), as well as mIns/tCr in WM
(by —6%) and Glx/tCr in WM (by —5%), were significantly
decreased when using full MM in comparison to no MM
scheme (all P < 0.001). The differences between full MM
and param MM were insignificant, except of ~3% difference
in GM of GIx/tCr (P = 0.01).

The correlation analysis revealed that the signal ampli-
tudes of several MM resonances were highly interdependent;
however, there were no associations or only very weak cor-
relations between individual parameterized macromolecules
and overlapping metabolites (Figure 3).

tNAA/LCr tCho/tCr mins/tCr

param MM :

33 |

Figure 4 and Supporting Information Figure S1 summarize
the measures of reproducibility for the 4 main metabolite
ratios of different fitting approaches. The obtained CVs
were relatively consistent and low between the no MM,
full MM, and param MM basis sets. The full MM analysis
was the most reproducible, with mean CVyapucr = 7.0%.
mean CV cponcr = 5.9%, mean CV j,cr = 7.0%, and mean
CVgiier = 8.1%. Using the param MM scheme yielded
up to a +3% increase in CVs compared to full MM, with
the largest differences in CVgcr (P < 0.01). The repro-
ducibility of metabolites quantified with lower precision
(i.e., higher CRLBs) was similarly reduced by maximum
3% when using the param MM basis set in comparison
to the full MM (Supporting Information Figure S2). The
mean CVs were <12% for Glu/tCr, <15% for GSH/tCr, and
<20% for GIn/tCr and Tau/tCr among all brain regions for
full MM basis set. The reproducibility of Gln/tCr was sig-
nificantly improved when using full MM basis set in com-
parison to no MM (P < 0.001). Generally, the CVs were
comparably low between the brain regions in both MRSI
acquisitions, and only CVsg,c; were slightly higher in the
subcortical WM (by ~3%, P < 0.001) and in the WM re-
gions (by ~2%, P < 0.01) than in the GM regions, likely due
to the lower signal intensity of Glx in the WM. Similarly,
CV mencr Was increased by ~2% in the subcortical WM
(P < 0.01) compared to the other 4 regions.

Reproducibility

GIx/tCr

FIGURE 2 Metabolite maps of one
volunteer obtained by FID-MRSI with

64 % 64 resolution. The quantification of
spectra was performed in LCModel using
3 basis sets with different macromolecular
prior knowledge included: with no

MM information, with a single in vivo
MM spectrum (full MM), and with 9
parameterized MM components

(param MM) with soft constraints
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FIGURE 3 Correlation coefficients

derived from quantification results of the

LCModel analysis of FID-MRSI using

the basis set that included 9 individual Glc
parameterized MM components Asp
(param MM). Each element of the Cr
matrix indicates the absolute value of the GPC
correlation coefficient between the fitting GSH
results of the 2 corresponding metabolites Gin

NAA
NAAG
PCh
PCr
Scyllo
Tau
Glu

FIGURE 4 CV values for the voxel-
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soft constraints. The box-and-whisker-plots
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number of the analyzed voxels. CV, s GIx/tCr mins/tCr
coefficient of variations
30
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< 20
3 15

10
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0

GM

GM WM WM GM WM GM WM WM

WM

frontal frontal parietal parietal subcor. frontal frontal parietal parietal subcor.

ICC values confirmed a very good agreement between the
measurements. Generally, the highest ICC values were in the
WM regions when using the full MM basis set (mean + SD in
WM regions, ICC,cpojicr = 0.85 + 0.07, mean ICCyppsicr =
0.80 + 0.09, ICC1eicy = 0.85 + 0.07, ICCqipcr = 0.83 +
0.08). Overall, the obtained ICCs indicate moderate (0.5 <

W novv W full MM [ param MM

ICC < 0.75) to good (0.75 < ICC < 0.9) reliability between
the test and retest measurements in both MRSI acquisitions.
The ICC values were comparably high between the basis
sets (mean + SD, ICC,,ym = 0.76 + 0.08, ICCiymm =

0.79 = 0.09, ICC,,yrammm = 0.74 = 0.09). The incorporation
of MM information into the fitting process either via a single
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spectrum or over 9 parameterized MM peaks had no nega-
tive effect on the reliability of MRSI; in fact, all ICCg g >
ICC,omm and only ICC,,ymvm of GIx/tCr (of both MRSI ac-
quisitions) in the frontal GM or the frontal WM were signifi-
cantly decreased (P < 0.01) compared to ICC, v (Figure 5
and Supporting Information Figure S3).

4 | DISCUSSION

This study compares the effect of using 3 different macro-
molecular models on the test-retest reproducibility of brain
metabolite quantification for 7T FID-MRSI. The comparison
was performed between basis sets with no MM information,
with a single measured MM spectrum, and with 9 individual
MM peaks included in the fitting prior knowledge.

Based on obtained CVs and ICCs, we provide evidence
that FID-MRSI can map the spatial distribution of 4 neu-
rometabolite ratios with high precision, particularly when
using the full MM model (CV < 8%, ICC > 0.76) in only ~5
min. The inclusion of individual MM components into the
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FIGURE 5 ICC of metabolite ratios obtained by FID-MRSI and

quantified by 3 different basis sets: no MM, with no macromolecular
information; full MM, with a single measured macromolecular
spectrum; and param MM, with 9 individual macromolecular
components with soft constraints. The circles and the error bars
represent the mean and 95% confidence interval of the total number of
analyzed voxels. ICC, intraclass correlation coefficients

quantification and using adequate soft constraints resulted
in almost the same reproducibility but no systematic abso-
lute error compared to the quantification using full MM,
and it also offered the added benefit of full flexibility in
case of (un-)expected local changes in the MM profile.
We found no strong correlation between individual MM
components and overlapping metabolites that would indicate
a severe bias due to unintentional overfitting. This indicates
that the full MM model may be superior for healthy volun-
teer studies or those in which no major changes in the MM
profile are expected, but the difference in reproducibility
is small enough to make the param MM fitting model the
preferred choice when the MM composition is expected
to change, for example, in pathologies. In such cases, fit-
ting MM resonances individually should help maintain the
accurate quantification of metabolites and even macromol-
ecules themselves at the expense of only slightly reduced
reproducibility. This could provide additional diagnostic
information.

We achieved very good spectral quality and quantifi-
cation precision, which further support the validity of the
FID-MRSI method. The small increase (~1%) in CRLB
when param MM basis set was used is probably caused
by increased number of degrees of freedom of the model.
Several metabolite ratio levels were fairly decreased when
incorporating MM prior knowledge into the fitting model.
These differences were in good agreement with previously
published results in which the tNAA, Glu, mlns, tCr, and
tCho signals were decreased by approximately 25%, 15%,
13%, 5%, and 8% in the GM and by 16%, 12%, 12%, 7%, and
11% in the WM when using single measured MM spectrum
in the basis set.!” Thus, the largest changes can be found
in the GM of tNAA/tCr. The strong correlations we ob-
served between some of the MM resonances can explain a
possible physiologically meaningful relation between these
resonances, or these dependencies could be partially attrib-
utable to the soft constraints applied. Moreover, MM reso-
nances at 1.22, 1.43, and 1.70 ppm can be affected by the
lipid signal removal.

The reproducibility of brain spectroscopic methods have
been investigated extensively among different field strengths
and acquisition technique:s.lo’3 34 previous short TE 7T sin-
gle-voxel MRS reproducibility studies have differed in their
approaches to handle the MM contributions by using either
the automatic MM calculation of LCModel,* the group-av-
eraged measured MM spectrum (here, full MM) as part of
the basis set,’® the inversion-based suppression of the MM
signal,'” or no MM correction at all.** These studies were
conducted with STEAM or semi-LASER using a 3 to 27 cm’
voxel volume and TEs ranging from 14 to 72 ms positioned in
the anterior cingulate, posterior cingulate, prefrontal, or oc-
cipital cortex. The CVs for the same metabolites as reported
in our work were below 5% when using the measured MM



HECKOVA ET AL.

spectrum and below 10% when using LCModel’s MM calcu-
lation or suppression of macromolecules.

To our best knowledge, studies concerning long TE
MRS(I) reproducibility were conducted at lower field
strengths only. According to Birch et al.'"* and Inglese et al.,®
the use of intermediate/long TE outperformed short TE in
terms of reproducibility, except of Glu (or GIx) and mlns,
which had better reproducibility when using short(er) TE.
The CVs obtained in their works at 3T using PRESS local-
ization (with long or intermediate TE) were comparable to or
worse than our CVs from FID-MRSI at 7T.

Birch et al. also compared in their work the influence of
experimental and simulated MM models on the MRSI repro-
ducibility at 3T"* and concluded that the use of experimen-
tal MM basis sets resulted in a slightly better performance
than the use of simulated macromolecules. The CV < 6% for
tNAA, tCr, and tCho (for TE = 80ms) and the CV < 16% for
Glx and mlns (for TE = 35ms) were comparable to or worse
than our results from 7T. In contrast, Schaller et al. showed
that using a mathematical approximation model for the MM
contribution was sufficient at 3T; however, the reproducibility
of metabolite quantification through CVs was not assessed.?

Another parameter, ICC, is a commonly used reliabil-
ity index in test-retest analysis. ICC depends not just on
the measurement errors of the method but also on the true
heterogeneity in the population. Ideally, the variability in
measurements is due to genuine differences between the sub-
jects; then, ICC = 1. However, when ICC = 0, the observed
variability is only a measurement error. The slightly lower
ICC values of tNAA/tCr compared to those of tCho/tCr or
mlIns/tCr can be caused by imperfect lipid decontamination,
which mostly affects the NAA peak. MRS reproducibility
studies performed at 7T lack information about ICC and pri-
marily concentrate on CV. Compared to the spin-echo MRSI
sequence at 3T,* we achieved better reliability in the WM
(the mean ICCyyy; > 0.8 vs. ICCyy; > 0.55) and comparable
reliability in the GM (mean ICCgy; > 0.7). Thus, our results
show that neither extracranial lipids nor MM contributions
significantly reduced reproducibility compared to other re-
ports, although both are enhanced in FID-MRSI, especially
when highly accelerated by parallel imaging. A further re-
duction of lipid artifacts via dedicated lipid removal hard-
ware*® or spatial-spectral encoding47 is expected to further
improve the reproducibility.

The limitations of our study include the absence of abso-
lute metabolite concentrations, which would allow a more di-
rect comparison of our results with previous works. Absolute
quantification requires information about water density and
relaxation times of the metabolites. Our sequence benefits
from negligible T,-weighting; however, it is sensitive to in-
correct assumptions about T relaxation times due to the rel-
atively short TR of 600 ms. Therefore, we decided to report
metabolite levels with respect to tCr, which is a commonly
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used internal reference peak. Due to the lack of ground
truth, only the precision and not the accuracy of the method
could be assessed. The LCModel’s internal MM quantifica-
tion was not included in our comparison because of the FID
acquisition and the resulting phase problems. Fitting range
was reduced for no MM analysis; otherwise, having unfitted
peaks in residuum would cause wrong CRLB estimation. The
reproducibility was evaluated in 2 axial MRSI slices at dif-
ferent levels, both avoiding the deep brain structures, which
are usually strongly affected by spatial BO inhomogeneity.
Nevertheless, we achieved very good reproducibility in the
frontal lobe, which is similarly considered challenging for B,
shimming. Due to restricted scanner availability, we could
not maintain the same interval between the measurements
for all the subjects. Some of the repeated measurements were
performed on a different day, which could have resulted in
biological differences between the datasets, but these should
be negligible for young healthy volunteers.*®

5 | CONCLUSION

FID-MRSI with in vivo measured macromolecular contribu-
tion included in the fitting prior knowledge provides highly
reproducible quantification for common neurometabolites
at 7T in only ~5 min. The use of the whole measured MM
spectrum provided the highest reproducibility in young
healthy volunteers. Parameterization of the MM spectrum
yielded only slightly lower reproducibility compared to a
single MM component; however, parameterization may be
beneficial when the MM profile is expected to be altered due
to pathological changes. This makes FID-MRSI a feasible
clinical research tool to target brain biochemistry as well as
for applications beyond investigations of the common brain
metabolites.
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