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Purpose: Reliable detection and fitting of macromolecules (MM) are crucial for accu-
rate quantification of brain short-echo time (TE) 1H-MR spectra. An experimentally ac-
quired single MM spectrum is commonly used. Higher spectral resolution at ultra-high 
field (UHF) led to increased interest in using a parametrized MM spectrum together 
with flexible spline baselines to address unpredicted spectroscopic components. Herein, 
we aimed to: (1) implement an advanced methodological approach for post-processing, 
fitting, and parametrization of 9.4T rat brain MM spectra; (2) assess the concomitant 
impact of the LCModel baseline and MM model (ie, single vs parametrized); and (3) 
estimate the apparent T2 relaxation times for seven MM components.
Methods: A single inversion recovery sequence combined with advanced AMARES 
prior knowledge was used to eliminate the metabolite residuals, fit, and parametrize 
10 MM components directly from 9.4T rat brain in vivo 1H-MR spectra at different 
TEs. Monte Carlo simulations were also used to assess the concomitant influence of 
parametrized MM and DKNTMN parameter in LCModel.
Results: A very stiff baseline (DKNTMN ≥ 1 ppm) in combination with a single 
MM spectrum led to deviations in metabolite concentrations. For some metabolites 
the parametrized MM showed deviations from the ground truth for all DKNTMN 
values. Adding prior knowledge on parametrized MM improved MM and metabolite 
quantification. The apparent T2 ranged between 12 and 24 ms for seven MM peaks.

Correction added after online publication 10 August 2021. The authors have corrected the images for Figures 3 and 4 which were swapped in the prior version.  
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1  |   INTRODUCTION

Short echo time (TE) 1H-MR spectra contain contributions 
from mobile macromolecules (MM). These are broader res-
onances characterized by shorter T1 and T2, underlying the 
narrower peaks of metabolites.1-3 In healthy brain, the ma-
jority of MM signals arise from protons of amino acids that 
make up the cytosolic proteins.4-8

The MM spectra can be measured in vivo using single 
and double inversion recovery (IR) techniques, both of which 
provide adequate suppression of metabolite signals.3 The 
availability of ultra-high magnetic fields (UHF ≥ 7T) leads 
to better resolved MM, thus more sophisticated approaches 
need to be used for post-processing9,10(eg, elimination of re-
sidual metabolites) or for further parametrization of the ac-
quired MM spectrum into individual components.11 Reliable 
MM detection and fitting is crucial for quantifying short TE 
1H-MR brain spectra, a topic that has received increased 
attention in the research community in the recent years. In 
addition, for accurate assessment, identification and fitting 
of MM, knowledge of their individual T1 and T2 values is 
necessary.12,13

Generally, an in vivo acquired and post-processed 
single MM spectrum is included in the basis-set for 
spectral fitting.2,3,14 Given the potential regional or dis-
ease10,15,16,17,18,19,20,21 -dependent variability in MM spec-
tra, the incorporation of a subject/region-specific MM 
spectrum into the fitting analysis may be preferable to 
avoid bias in metabolite quantification. However, this ap-
proach has been of limited use due to the increased scan 
time needed to acquire a separate spectrum. Recent meth-
odological advances combined with UHF ensure an in-
creased spectral resolution facilitating the separation of the 
MM spectrum into individual components/peaks.1,11 This 
parametrization of MM spectra into components and their 
inclusion in the metabolite basis-set has already been done 
for different B0 field strengths. Usually, separately fitted 
MM peaks were grouped before inclusion in the metabolite 
basis-set to reduce the number of independent components 
and, thus, the risk of over-fitting by the quantification 
algorithm.1,13,21,22,23,24

Recently, 7T clinical studies showed that the parame-
trization of MM signals with appropriate prior knowledge 

(PK) (ie, soft constraints on amplitudes, etc.) is feasible and 
may facilitate the detection of individual MM components.11 
Considering that an in vivo acquired MM spectrum is pref-
erable to its purely mathematical estimate, typically pre-
acquired representative metabolite-nulled spectra are used for 
MM parametrization,3 bringing an improved MM model for 
metabolite quantification, simultaneously providing informa-
tion about the content of individual MM.11 Parametrization is 
an accepted method for estimating individual MM peaks, but 
the increased number of fitted parameters without constraints 
may lead to overfitting.3 Therefore, this method needs further 
evaluation.

In addition, a relatively unconstrained spline baseline is 
often used during the fitting process to address unpredicted 
spectroscopic components25,26 (smoothly varying compo-
nents and spurious signals arising through imperfections 
during data acquisition). Finding the optimal degree of base-
line flexibility is mandatory for reliable metabolite concen-
tration estimates, yet few studies have investigated this topic 
in detail.27-31 In LCModel, the stiffness of the spline baseline 
is controlled by the parameter DKNTMN (minimum allowed 
spacing between spline knots).25,31 The default value is set 
to 0.15 ppm (low stiffness), and all values equal to or higher 
than 1 ppm result in a high baseline stiffness.31 A study per-
formed at 9.4T in humans has reported several changes in 
metabolite concentrations when quantifying with different 
DKNTMN values, but no conclusion on the best value was 
drawn31,32 due to lack of ground truth. To draw such a con-
clusion, an extensive Monte Carlo (MC) simulation study is 
necessary.

There are few studies assessing the T2 values of 
MMs,13,27,33 with only two recent studies reporting T2 for in-
dividual MM peaks in the full ppm range at 9.4T and 3T in 
human brain.9,34,35 Otherwise, T2 values have only been re-
ported for the entire MM spectrum,27 grouped MM signals13 
or for the peaks up to 1.7 ppm. Estimating T2 for individual 
MM signals is not straightforward due to the overlapping me-
tabolites and requires advanced approaches.

In this study, we aimed to: (1) implement an advanced 
methodological approach for post-processing, fitting, and 
parametrization of rat brain MM spectra acquired at 9.4T; (2) 
assess the concomitant impact of the LCModel baseline stiff-
ness and MM model (ie, single vs parametrized MM in the 

Conclusion: Moderate flexibility in the spline baseline was required for reliable 
quantification of real/experimental spectra based on in vivo and Monte Carlo data. 
Prior knowledge on parametrized MM improved MM and metabolite quantification.
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basis-set) on metabolite and MM quantification using in vivo 
and MC simulated spectra; and (3) estimate the apparent T2 
relaxation times (J evolution not considered, Tapp

2
) for 7 MM 

components.

2  |   METHODS

Wistar male adult rats (n = 13 Charles River Laboratories, 
L’Arbresle, France) under 1.5-2.5% isoflurane anesthesia 
were used for the 1H-MRS experiments. The body tempera-
ture of the animals was kept at 37.5 ± 1.0 °C by circulat-
ing warm water. All experiments were approved by The 
Committee on Animal Experimentation for the Canton de 
Vaud, Switzerland.

In vivo 1H-MRS measurements were performed using a 
horizontal actively shielded 9.4T magnet (Magnex Scientific, 
Yarnton, UK) interfaced to an Agilent/Varian Direct Drive 
console (Palo Alto, CA, USA). A home built 1H-quadrature 
surface coil was used as the transceiver. First- and second-
order shims were adjusted using FASTMAP36 (water line-
widths of 11-12 Hz in the 3 × 3 × 3 mm3 volume of interest 
(VOI) for MM spectra; 9-11 Hz in the 2.0 × 2.8 × 2.0 mm3 
VOI for metabolite spectra).

2.1  |  Acquisition methods

2.1.1  |  Acquisition of MM spectra

To measure the in vivo MM spectra, the SPECIAL37 se-
quence was extended with a 2 ms nonselective hyperbolic 
secant inversion pulse,38 applied at TI of 750 ms before 
the first radiofrequency (RF) pulse of the SPECIAL se-
quence (ie, the slice selective adiabatic inversion pulse).39 
The MM spectra were acquired with a short repetition time 
(TR) (TR = 2.5 s), and TE = 2.8 ms, if not stated other-
wise. This TI was chosen to minimize the metabolites sig-
nals using a series of IR spectra acquired with several TIs 
(ie, 420, 600, 700, 725, 750, 800, and 1000 ms) and an IR 
spectrum (TI = 750 ms) acquired with a longer TE (TE = 
40 ms). All MM spectra were acquired from the VOI = 3 
× 3 × 3 mm3 centered on the rat hippocampus. This VOI 
was selected to increase the signal-to-noise ratio (SNR), 
as it is well accepted that MM do not substantially change 
between brain regions in rodents.3,40,41 The MM spectra 
were acquired from n = 6 rats at 13 TEs (TE = 2.8, 4, 6, 
8, 10, 12, 16, 20, 40, 60, 100, 120, and 150 ms, TI = 750 
ms). To minimize the anesthesia effects due to very long 
acquisition time (1024 averages per TE) two acquisitions 
(ie, two rats) for each TE were performed. An additional 
data set (three rats) was used for MM parametrization at 
TE = 2.8 ms.

2.1.2  |  Acquisition of metabolite spectra

Metabolite 1H-MR spectra were acquired using the SPECIAL 
sequence (TE = 2.8 ms, TR = 4 s) from a VOI located in the 
rat hippocampus (2.0 × 2.8 × 2.0 mm3, n = 7, 160 averages). 
The water signal was suppressed by VAPOR42 interleaved 
with outer volume suppression.

2.1.3  |  MC simulation

To assess the reliability of the estimated concentrations, 
artificial rat brain 1H-MR spectra were created (Matlab, 
MathWorks, Natick, MA, USA) to mimic optimal experi-
mental conditions (metabolites with MM only = “Optimal 
MC”) and real experimental conditions (metabolites with 
MM including a baseline = “Real MC”). More details on the 
MC study can be found in the Supporting Information, which 
is available online.

2.2  |  Data processing

2.2.1  |  Post-processing: 
elimination of metabolite residuals from MM 
spectra at different TEs

The MM spectra were phased individually in jMRUI (http://
www.mrui.uab.es/mrui/) and 2 Hz Lorentzian line broaden-
ing was applied for visualization. Metabolite residuals pre-
sent in the acquired MM spectra at all TEs were identified 
using the procedure highlighted in Figure 1A.3

Using the AMARES algorithm43 a user-built set of PK 
with the constraints on peak frequency, phase, linewidth (full 
width half maximum [FWHM]), and amplitude was used to 
fit the metabolite residuals (inositol-Ins, total creatine-tCr, 
taurine-Tau, N-acetylaspartate-NAA) and the sum of gluta-
mine and glutamate (Gln + Glu - Glx) and their contribution 
was removed from the MM spectra (Figure 1B). To con-
struct such PK, each residual metabolite peak was individ-
ually analyzed at a given TI and TE (Table 1) and fitted as 
a singlet (Lorentzian lineshape). J-coupled metabolites (eg, 
Glx and Tau) were fitted with larger linewidths to account 
for the J-splitting appearance. This approach is an accepted 
approximation for the removal of the residual metabolites at 
short TE and UHF,10,11,44 with the main improvement that 
in this manuscript more metabolite residuals were reliably 
identified11,23,45 (ie, NAA - 2.49 ppm, Tau - 3.42 ppm, Glx - 
3.75 ppm, Ins - 4.05 ppm; see Table 1). The identified metab-
olite residuals were removed from all MM spectra acquired 
with TE = 2.8 - 40 ms. For the MM spectra acquired with TE 
≥ 60 ms (section 2.2.5.) only M0.94, M1.22, and M1.43 compo-
nents were adequately distinguished and fitted. In addition, 

http://www.mrui.uab.es/mrui/
http://www.mrui.uab.es/mrui/
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M3.21 was still detectable and fitted at TE = 60 ms, having 
minimal overlap with the Tau resonance. The subsequent it-
erations were followed to build up the PK for the removal of 
metabolite residuals: (1) every metabolite was individually 
removed from the MM spectrum using a flexible, metabolite 
specific PK; (2) in the second step, the results obtained from 
the fitting of the individual metabolite residual peaks were 
combined to form a rigorous PK (leaving some freedom on 
amplitude for the peaks to adjust to different spectra (no more 
than 10%)). Finally, the metabolite-free MM (ie, the residual 
after AMARES post-processing) was saved separately.

2.2.2  |  Fitting of the individual 
MM components

We chose to divide the metabolite-free MM spectra into 10 
components (Table 2). Each MM component was quanti-
fied by AMARES using several Lorentzian lines (Table 2) 

to obtain the best possible match with the original spectra 
(the number of lines was chosen based on the spectral ap-
pearance), without accounting for J-evolution of these MM 
peaks. After each fit, the spectra were manually inspected. 
For longer TE values, soft constraints on the amplitudes of 
the peaks were additionally imposed to avoid over or under-
estimation (ie, negative or positive residuals, respectively). 
To assess the goodness of fit (possible over or under fitting) 
a “fit quality number” (FQN) was calculated (as a ratio of 
the variance in the fit residual divided by pure spectral noise) 
using a Matlab code written in-house.14,46

2.2.3  |  Parametrization of individual 
MM components

The 10 individual MM components fitted by AMARES from 
the spectrum at TE = 2.8 ms and TI = 750 ms were used to 
create the parametrized MM model (Figure 2). To implement 

F I G U R E  1   A, (upper panel) In vivo rat brain series of IR spectra with TI ranging from 420 to 1000 ms revealing the evolution of metabolite 
intensities over a series of different TIs to identify the optimal TI and metabolite residuals (acquisition parameters TE/TR = 2.8/2500 ms); (lower 
panel) Spectra acquired with a selected TI = 750 ms and TE = 2.8 ms as well as with TE = 40 ms (5× magnified) to confirm the presence of 
residual metabolite signals. B, (upper panel) Original spectra acquired at TI = 750 ms and TE = 2.8 ms (shown in black), estimated fits of the 
residual metabolites using AMARES (shown in red) and the residue obtained after subtraction of the estimated metabolites signals remaining from 
the original spectrum (shown in blue); (lower panel) original spectra acquired at TI = 750 ms and TE = 12 ms (shown in black), estimated fits 
(shown in red) and obtained residue (shown in blue) with two inserts: (1) an expansion on the fit of tCr at TE = 12 ms with two peaks with 0.017 
ppm shift (on the left); (2) an expansion on the fit of two Tau peaks with same amplitude, linwidth, and a chemical shift of 0.175 (on the right)
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the PK and soft constraints, each MM component was first 
quantified from three spectra (TE = 2.8 ms) measured from 
three different rats. Signal intensity ratios of Mxx/M0.94 were 
then calculated for every spectrum and averaged over the 
three acquisitions to obtain a mean value and SD for each 
ratio (Table 2). These values were included in the LCModel 
control files using the parameter CHRATO as previously 
described.11

2.2.4  |  Quantification of brain metabolites 
using single vs parametrized MM spectra with 
varying DKNTMN values

The MC spectra and each in vivo rat brain spectrum (TE = 
2.8 ms, n = 7) were quantified with LCModel using the single 
MM spectrum (standard) and parametrized MM components 
included in the basis-set. In addition, different DKNTMN val-
ues (0.1, 0.25, 0.4, 0.5, 1, and 5 ppm) were used for fitting. 
The quantification sets and terminology used are explained 
in Table 3.

2.2.5  |  Measurement and fitting of MM T2

To measure MM T2, TE was varied from 2.8 to 150 ms (TE = 
2.8, 4, 6, 8, 10, 12, 16, 20, 40, 60, 100, 120, and 150 ms, TI = 
750 ms). These spectra were individually post-processed: 

metabolite residuals were eliminated and individual com-
ponents were fitted as described in sections 2.2.1 and 2.2.2, 
respectively. To allow pooling data from all six animals in a 
joint T2 fitting, inter-animal scaling of peak amplitudes was 
done. The amplitude of the M0.94 component was used as a 
reference because this MM component does not overlap with 
metabolite resonances and, therefore, is easy to quantify. A 
scaling factor was calculated for each animal using the ra-
tios between M0.94 components (TE = 2.8 ms). For each MM 
peak, normalized amplitudes from all rats were fitted to a sin-
gle exponential decay across the TE series to estimate its T2.

2.2.6  |  Statistics

Data are presented as mean ± SD. Metabolite concentrations 
were compared for all the DKNTMN values within groups 
(single MM and parametrized-MM groups) using one-way 
analysis of variance (ANOVA) with respect to each metabo-
lite in the neurochemical profile followed by Bonferroni’s 
multi-comparisons post-test (DKNTMN value). The signifi-
cance level in one-way ANOVA was attributed as follows: 
*P < .05, **P < .01, ***P < .001, and ****P < .0001. 
Comparison between groups (single and parametrized MM) 
was done using two-way ANOVA with respect to each metab-
olite in the neurochemical profile followed by Bonferroni’s 
multi-comparisons post-test (with MM type and DKNTMN as 
factors) (#P < .05, ##P < .01, ###P < .001, ####P < .0001). All 

T A B L E  1   Information on the individual residual metabolite peaks used to build the AMARES PK: This table was created based on previously 
published data56,57

Metabolites
Chemical shift 
(ppm)-fixed Multiplicity

Phase 
-fixed

No. of 
peaks

Linewidth-soft 
constraints Notes

tCr 3.91 s 0 1 15-20 Starting from the TE = 12 ms it is fitted 
with two peaks with a shift between them 
of 0.017 ppm (because of different T2 of 
Cr and PCr)

Cr & PCr 0 & 0 2 7-10

tCr 3.027 s 0 1 12-15 T1 is longer than for the peak at 3.91 ppm, 
thus this peak is smaller

Glx 3.75 dd & t 0 1 22-25

Ins 3.61 & 3.52 dd & t 0 & 0 1 20 & 20 Similar peaks, both disappear at TE = 20 ms

Ins 4.05 t 0 1 20

Tau 3.42 & 3.246 t & t 180 & 180 1 20 & 20 Both peaks must have the same amplitude 
and lw with a shift between them ≈ 0.175 
ppm

NAA 2.67 & 2.49 dd & dd 0 & 0 1 18-22 & 18-22 Both peaks have similar amplitude and lw, 
they disappear at TE = 20 ms

NAA 2.01 s 180 1 10-18 Very well visible even at longer TE

Glu 2.34 m 0 1 20-21

Note: s, singlet; dd, doublet of doublets; t, triplet; m, multiplet. Soft constraint on the chemical shift of 0.01 ppm was added if necessary. PK and starting values 
example files are provided in the supporting information.
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tests were two-tailed. To improve the readability of the text, 
percentage changes in metabolite concentrations were calcu-
lated comparing results for DKNTMN value of 5 vs 0.25 ppm 
within the same MM model and at DKNTMN of 0.25 ppm 
when comparing single vs parametrized MM model (values 
shown in both figures and text).

3  |   RESULTS

3.1  |  Post-processing, fitting, and 
parametrization into 10 individual MM 
components

The quality of the experimentally acquired MM spectra is 
shown in Figure 1. At TE = 2.8 ms, the SNR was 19.1 ± 0.5, 
calculated using the ratio between the highest peak (M0.94) 
and the SD of the spectral noise (jMRUI). The proposed post-
processing method using AMARES and advanced PK based 
on different TI values and TE = 40 ms was efficient and 
robust in removing all residual metabolites providing clean 
MM spectra for MM fitting, metabolite and MM quantifica-
tion (Figure 1). It was also successfully applied to spectra 
with longer TE values (up to TE = 40 ms). Our approach 
allowed to reliably identify 12 residuals originating from Ins, 
tCr, Glx, Tau, and NAA (Table 1).

MM spectra were fitted and parametrized as described in 
sections 2.2.2. and 2.2.3 (Table 2). The mean FQN value of 
all fitted spectra was 1.2 ± 0.2 indicating that the fit agrees 
with the data within the precision allowed by the noise. The 
final residual spectrum (Figure 2, in gray) was flat and clean 
of any major MM residual contribution, providing an excel-
lent approximation and parametrization of the in vivo mea-
sured MM spectrum. Reliable ratios for each MM component 
(mean ± SD, Table 2) were obtained and used as PK for the 
LCModel analysis.

3.2  |  Quantification of brain metabolites

3.2.1  |  In vivo and Real MC data 
quantified using single MM: impact of the 
DKNTMN parameter

When using the single MM spectrum for the in vivo data 
quantifications, increasing the stiffness in the spline baseline 
led to a significant decrease of Gln (−16%,*), Glu (−7%,**), 
and gamma-aminobutyric acid (GABA, −30%,***) con-
centrations. Additional changes were observed for total-
choline (tCho, +23%), aspartate (Asp, −18%), ascorbate 
(Asc, +37%), alanine (Ala, +18%), lactate (Lac, +15%), 
and glutathione (GSH, −7%) without reaching significance 
(Figure 3, black plots).T
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To validate the changes observed in vivo when using the 
single MM spectrum with different DKNTMN values, two 
different MC studies were used. As expected, the Optimal 
MC study showed a negligible impact of DKNTMN on me-
tabolite concentrations (Supporting Information Figure S2). 
The Real MC study revealed similar changes in metabolite 
concentrations to those in vivo for Asp (−52%), GABA 
(−42%), glucose (Glc, −41%), Gln (−20%), Glu (−10%), and 
GSH (−9%) when increasing DKNTMN. Additional metabo-
lites, such as Ala, Lac, phosphatidylethanolamine (PE), Tau, 
tCr, and tCho displayed an increase of 45%, 59%, 16%, 15%, 
6%, and 10%, respectively (Figure 4, black plots).

The Real MC combined with the single MM spectrum 
and DKNMTN of 5 ppm showed stronger deviations from the 
ground truth for most metabolites, suggesting that a too flat 
baseline should not be used (Supporting Information Table 
S1). These changes were also supported by the difference 
between the original baseline used for the simulation of the 
Real MC spectra and the one resulting from the LCModel 
analysis (Supporting Information Figures S3, S4). In addi-
tion, there was an SNR decrease (Supporting Information 
Quality of in vivo 1H-MR spectra) and a mismatch between 
the raw data and the LCModel fit when increasing DKNTMN 
(Figure 5A), supporting our quantitative results. Due to the 
high number of MC realizations and consistent changes in 

metabolite concentrations, all the variations for the MC stud-
ies were statistically significant. In this context, we choose to 
report only those that were higher than 5% and, thus, could 
be biologically relevant.

3.2.2  |  In vivo and Real MC data quantified 
using parametrized MM+PK: impact of the 
DKNTMN parameter

When using the parametrized MM with PK, the overall in 
vivo metabolite changes over the DKNTMN values became 
smaller than for the single MM, except for Ala (+32%, 
P = .0003(***)), Ins (−4%, P = .0364(*)), and Lac (+34%, 
P = .0118 (*)) (Figure 3, red plots). Additionally, some 
overlapping and low concentration metabolites showed no-
ticeable but non-significant changes (eg, Asc (+15%), Asp 
(−14%), Gln (−13%), and tCho (+7%)). The smaller impact 
of DKNTMN when using a parametrized MM spectrum can 
be explained by the additional flexibility of the fitting model 
to account for a small mismatch between the experimental 
spectrum and the spectra in the basis-set. These findings were 
also supported by the results obtained using the Real MC 
with parametrized MM+PK (Figure 4, red plots, Supporting 
Information Table S1) where metabolite changes followed 

F I G U R E  2   MM spectrum 
parametrized into 10 individual components 
using AMARES. The original spectrum 
was fitted using AMARES and the fits 
of individual components were saved 
separately to form a parametrized basis-
set (in color). The insert image shows the 
VOI = 3 × 3 × 3 mm3 centered on the rat 
hippocampus (all MM spectra were acquired 
from VOI positioned in this location)
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F I G U R E  3   In vivo metabolite changes using two different quantification approaches in LCModel: single MM spectra (black) and 
parametrized MM spectra (red) over different DKNTMN values (one-way ANOVA, Bonferroni correction *P < .05, **P < .01, ***P < .001, 
****P < .0001). The percentage change between metabolite concentrations when quantified with DKNTMN = 0.25 ppm and DKNTM = 5 ppm 
are shown in the insert (always in red for the parameterized MM with PK and black for the single MM). The comparison between groups single vs 
parametrized MM was calculated using two-way ANOVA (#P < .05, ##P < .01, ###P < .001, ####P < .0001) and is shown on the right in each plot if 
significant
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F I G U R E  4   Metabolite concentrations obtained when quantifying MC spectra mimicking real experimental conditions (with baseline) with 
different DKNTMN values. The quantifications were done using two approaches single MM (black) and parametrized MM with PK (red) in 
LCModel. The true concentration of each metabolite is represented with a triangle symbol at DKNTMN = 0
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the same trend as observed for the in vivo MR spectra (rang-
ing from −7% to +16%).

3.2.3  |  Impact of the MM model (parametrized 
vs single MM) on the metabolite quantification

When comparing the parametrized MM+PK vs the single 
MM model, the in vivo spectra revealed an overall increase in 
metabolite concentrations for parametrized MM+PK, which 
was significant for Asp (+14%,####), GABA (+37%,####), 
Gln (+10%,###), Glu (+2%,#), GSH (+15%,####), Ins (+5%,#), 
PE (+45%,####), and tCr (+7%,####) (Figure 3, of note the 
changes for Glu and Ins are small in %). When using MC 
studies, these changes were better assigned due to the known 
ground truth and were overall in agreement with the in vivo 
changes with some minor exceptions for low concentrated 
and/or overlapping metabolites (ie, GABA, GSH, Glu, PE, 

tCr, Tau, and tCho). For parametrized MM+PK, some me-
tabolites displayed an over-/under-estimation compared to 
single MM and the ground truth for both Optimal and Real 
MC studies, which was independent of DKNTMN, that is, 
Gln (+10 to +15%), Glu (−5 to −6%), Ins (+4 to +6%), 
Tau (−6%), PE (−14 to −20%), and tCho (−7 to −19%) 
(Supporting Information Table S2).

3.2.4  |  Impact of PK on MM and metabolite 
quantification

We have also performed quantifications without using PK 
on the MM components to evaluate the impact of the added 
PK. For the in vivo spectra, the lack of PK led to an over-
all increase in the MM content ranging from 19% to ~250% 
(Supporting Information Figure S5) and to an overall decrease 
in metabolite concentrations ranging from −7% to −28% 

F I G U R E  5   A, Spectra obtained with MC simulation of real experimental conditions (with baseline) showing a mismatch between the raw data 
and the LCModel fit (arrow) when quantifying with DKNTMN = 5 ppm. B, In vivo acquired spectra from the same rat using DKNTMN = 0.25 
ppm (left) and DKNTMN = 5 ppm (right)
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(with significant changes for Ala, Asp, GABA, Glu, GSH, 
PE, Tau, tCr, and tCho; Supporting Information Figure S6) 
when compared to parametrized MM+PK. For the Real MC 
study, no changes were observed when comparing PK with 
no PK, which can be justified by the fact that the MC study 
contained the same MM like those included in the basis-set 
(Supporting Information Figures S7, S8).

To assess further the impact of PK on metabolite con-
centrations, the in vivo results obtained with parametrized 
MM, parametrized MM+PK and single MM were compared 
at DKNTMN = 0.25 and 5 ppm (Supporting Information 
Figure S9). For most metabolites, PK led to a better agree-
ment with concentrations obtained when using the single 
MM spectrum, except for GABA, GSH, and PE where the 
resulting concentrations for parametrized MM+PK were 
significantly higher (37%, 15%, and 45%, at DKNTMN = 
0.25 ppm, respectively).

3.3  |  Apparent T2

To determine the MM Tapp

2
, all the 10 components were fit-

ted (at different TEs). Acceptable fits of exponentially decay-
ing MM signal intensities were found for 7 MM components 
(SD of the fitted Tapp

2
 value was lower than 20%), leading to 

reliable estimations of Tapp

2
 (Figure 6). The Tapp

2
 values were 

within a narrow range 22-24 ms for the MM components at 
0.94, 1.22, 1.43, and 3.00 ppm and within 12-15 ms for the 
MM components at 1.70, 2.05, and 3.21 ppm.

4  |   DISCUSSION

This study reports, for the first time, the Tapp

2
 of seven indi-

vidual MM components and the concomitant impact of the 
LCModel baseline stiffness and MM model (ie, single vs 

F I G U R E  6   A, Exponential fits which provide T2 relaxation estimates. B, The MM spectra with marked components for which the relaxation 
times were estimated
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parametrized MM with and without PK) on metabolite and 
MM quantification using MC simulated spectra and in vivo 
rat brain spectra acquired at 9.4T. In addition, an advanced 
methodological approach for post-processing, fitting, and 
parametrization of rat brain MM spectra at several TEs using 
multiple Lorentzian lines per MM component is proposed. 
Our results showed that a degree of flexibility in the spline 
baseline is required, while adding PK on the parametrized 
MM spectrum improved MM and metabolite quantification.

4.1  |  Post-processing of individual MM 
spectra: removal of metabolite residuals

In the present work, AMARES was used with advanced PK 
for removal of metabolite residuals from MM spectra at TE = 
2.8 ms and extended to MM spectra acquired at different TEs 
(up to 40 ms). Detailed steps for constructing reliable PK are 
also provided. Furthermore, additional metabolite residuals 
were identified and reliably removed from MM spectra com-
pared with previous preclinical10,45 (Ins-4.05 ppm) and clini-
cal (tCr-3.0 ppm, Ins-3.6 ppm, and Tau-3.25 ppm)9,11,23,34 
studies (Table 1).

4.2  |  Quantification of brain metabolites: 
impact of varying DKNTMN value

Accurate and reliable quantification of metabolites depends 
strongly on the MM and baseline estimation. Few studies 
have assessed the impact of parameters affecting baseline 
properties (stiffness vs flexibility) on metabolite quan-
tification. These studies have been conducted in humans 
at B0  ≥ 7T using LCModel and changing the DKNTMN 
parameter31,32 and have reported an overall tendency of in-
crease in metabolite concentrations with increasing base-
line stiffness.31 These previous studies have suggested that 
the default LCModel baseline flexibility may not be opti-
mal in some cases but a conclusion on “good” values could 
not be drawn due to the lack of ground truth when using 
only in vivo spectra.

In this study, we analyzed a total of six DKNTMN val-
ues ranging from 0.1 ppm (high flexibility) to 5 ppm (high 
stiffness), which were applied to nine quantification sets. 
Metabolite concentrations from our in vivo data (single MM) 
mainly displayed a decrease with increasing the DKNTMN 
value (eg, Gln, Glu, GABA, Figure 3) also confirmed by the 
Real MC study. When analyzing the Real MC study (single 
MM) at DKNTMN of 1 or 5 ppm most metabolite concen-
trations (Ala, Asp, GABA, Glc, Gln, Glu, Lac, PE, Tau, tCr, 
and tCho) displayed a change that deviated from their ground 
truth, suggesting that a moderate DKNTMN value might be 

preferable, that is, below 1 ppm (Figure 4). This result was 
further supported by the qualitative LCModel output baseline 
analysis (Supporting Information Figure S3). A recent study 
presenting a newly developed algorithm for baseline smooth-
ness has reported that the main sources of baseline-fitting 
errors are bias from an inflexible baseline (underfitting) and 
an increased variance from an overly flexible baseline (over-
fitting),47 suggesting that a reasonable compromise in base-
line flexibility needs to be found.47 This recommendation 
agrees well with our results, which suggested that a moderate 
DKNTMN value might be a better solution than a high one. 
In our study, metabolite concentrations were more stable over 
DKNTMN values when using the parametrized MM for all 
quantification sets, which is due to the additional flexibility 
of the individual MM components. However, when using 
the parametrized MM along with a low DKNTMN value the 
baseline displayed stronger features and distortions with a 
drop at 0.9 ppm. This is explainable since the MM component 
at 0.9 ppm was used as a reference for the other components. 
The drop and other residual features became smaller already 
at a DKNTMN of 0.25 ppm being comparable to those with 
single MM (Figure 7).

4.3  |  Quantification of brain metabolites: 
single vs parametrized MM

The standard approach for handling the MM signals during 
metabolite quantification consists of including a single MM 
spectrum in the basis-set or subtracting this MM spectrum 
from the in vivo acquired spectrum before quantification. 
Since the MM individual components might change due to 
disease (eg, brain tumors, multiple sclerosis, and stroke3,21), 
this approach can lead to substantial errors in the quantifica-
tion when assessing metabolite or MM changes in patholo-
gies. The use of a parametrized MM has been proven helpful 
for quantification of spectra in pathologically altered cases 
in humans at 1.5T.21 Parametrization of MM into individual 
components is difficult since the signal is a result of many 
chemical entities whose number and nature are predomi-
nantly unknown. To date, the MM spectrum has been para-
metrized into numerous Lorentzian, Gaussian, or Voigt lines 
to interpret distinguishable signal entities that were then 
grouped together to avoid over parametrization and included 
in the basis-set for quantification.3,11,13,21,22,23,24,35,48,49 At 
UHF, 9 to 24 MM peaks can be distinguished based on 
the nomenclature used,3,9,11 with some peaks needing fur-
ther investigations. These peaks have been previously fit-
ted using mainly singlets,9,11,34,45 while some studies used 
several peaks to fit individual MM components without 
specific PK, which were then grouped in a limited number 
of components to avoid over-parametrization.13,48,49 Even 
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though MM signals can be modeled using singlets, they 
have complex spectral patterns. There are few studies evalu-
ating the impact of parametrized MM with PK on metabolite 

concentrations, together with the assessment of the best soft 
constraints while still keeping enough flexibility to estimate 
MM changes.11,45,50

F I G U R E  7   A, LCModel quantification of in vivo acquired spectra with parametrized MM + PK showing a baseline drop at around 0.9 ppm 
(arrow) when varying the DKNTMN. B, LCModel quantification of in vivo acquired spectra with single MM
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In this study, we fitted and parametrized the experi-
mentally acquired MM spectra into 10 components using 
AMARES, previously recommended11 for MM parametriza-
tion. We aimed to fit the maximum number of individual MM 
components by choosing 10 components with 2 of them con-
taining several MM peaks (M3.71-3.97, M2.27). The MM peaks 
at 2.56 and 2.70 ppm, previously reported in humans at 9.4T,9 
were not fitted in this study. These two peaks had a relatively 
small contribution in our rat brain spectra and based on the 
IR curve they were well modeled by the residual NAA reso-
nances, in agreement with a study at 3T.34 However, a small 
MM contribution cannot be excluded. In contrast to previous 
studies,11,45,50 each of the 10 MM components was parame-
trized by fitting with several Lorentzian functions to consider 
various unknown constituents that might be contained in one 
broad resonance. This approach reduced the overlap between 
MM resonances that might arise when broad functions are 
used. This parametrization was the result of an iterative pro-
cess, which led to an efficient fitting procedure giving artifact-
free residuals. Moreover, we used three MM acquisitions that 
were individually parametrized. The results of signal inten-
sity ratios of Mxx/M0.94 were averaged to obtain mean values 
and SDs that were then used as PK and soft constraints in 
the LCModel control files. The PK and soft constraints used 
herein were in agreement with a previous study in the human 
brain at 7T,50 while another study in the rat brain at 7T45 has 
reported higher overall MM amplitudes/ratios.

The comparison between the single and parametrized 
MM model (in vivo) revealed a significant increase in the 
concentration of several metabolites (Asp, GABA, Gln, Glu, 
GSH, Ins, PE, and tCr) when the parametrized MM model 
was used. These findings were confirmed by our MC studies 
and agreed with previous studies.11 Importantly, our study 
evaluated the changes in MM content in addition to metabo-
lite concentrations. We observed an important impact on MM 
content when no PK was used, emphasizing the need for PK 
as previously suggested in humans at 7T.11 Herein, we pro-
vided reliable soft constraints for individual estimation of 10 
MM components in healthy rat brain. These soft constraints 
can be extended to pathological conditions by measuring the 
MM in one to two patients and then parametrizing the in vivo 
MM spectrum as performed in this study, or using the soft 
constraints provided. Soft constraints can then be adapted 
based on visual appearance of the spectra (eg, fits, residuals, 
and baseline). For instance, if it is known or visible in the 1H-
MR spectrum that a specific MM moiety is changing, then 
more freedom can be provided for this MM moiety through 
soft constraints on the PK or a separately simulated MM or 
lipid component can be added to the basis-set.20 Furthermore, 
the described approach fully characterized the MM spectra 
at different TIs and TEs; thus, it can provide a comprehen-
sive set of information necessary in a MM dictionary for MR 
fingerprinting.35

4.4  |  Apparent T2

In this study, the Tapp

2
 of seven individual MM peaks has also 

been reported. High-quality spectra and fits were obtained at 
all TEs. The choice of TEs is important for achieving reliable 
estimates of T2, but the optimal choice remains an open ques-
tion and is sometimes dictated by the achievable SNR. Nine 
to 13 TEs were used in this study to calculate Tapp

2
 of MM, the 

longest being 150 ms for M0.94, M1.22, and M1.43. The chosen 
approach was adequate for modeling the T2 of MM peaks 
as evidenced by appropriate modeling of the observed sig-
nal decay and the low T2 SD. Despite the smaller number of 
acquisitions per TE, more than nine TEs were used for each 
fit, resulting in a good confidence curve fit for the seven T2 
values. Although previous studies assessing the T2-s of MM 
in the rat brain mainly reported results for grouped or full 
MM rather than individual components, the present results 
agree well with these published values.13,27,33 Our results 
predominantly fall in the range of Tapp

2
 recently reported for 

the human brain at 9.4T for 14 individual MM peaks9 and at 
3T for 10 individual MM peaks assessed in different brain 
regions.34

4.5  |  Limitations and perspectives

This study has a few limitations. The first limitation con-
cerns the usage of only high-quality data (in vivo and MC 
studies without and with a small baseline contribution) to 
evaluate how the inclusion of a single or parametrized MM 
spectrum together with changes in spline baseline stiffness 
affect the metabolite quantification. Overall, only high-
quality data should be used for metabolite quantification. 
Moreover, our aim was to assess the “real impact” of MM 
in the spectral fitting and quantification process; thus, we 
did not use lower quality data (eg, low SNR, B0 shimming 
effects on linewidths, and outer volume contamination). In 
this context, note that the baseline influence on metabolite 
concentrations can be slightly different when low-quality 
data are used (eg, baseline can become almost flat when 
processing noisy data or can become critical for spec-
tra with low spectral resolution due to bad quality shim-
ming). An additional limitation of the study concerns the 
lack of data with outer volume contamination or spectra 
with important changes in MM content due to different 
pathological conditions. For spectra with lipid contamina-
tion that typically appears at around 1.5 ppm, it would be 
beneficial to include in the basis-set one additional broad 
peak at 1.5 ppm with full flexibility in phase and moderate 
flexibility in chemical shift and linewidth. Finally, in this 
study, the purely mathematical estimation of MM was not 
considered since the smooth approximation of mathemati-
cal fitting for MM does not completely reproduce the in 
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vivo spectral pattern at UHF, and as such, experimentally 
measured MM are recommended for all B0.51-55

5  |   CONCLUSIONS

This study proposed an advanced methodological approach 
allowing reliable post-processing, fitting, and parametrization 
of MM spectra in the rat brain at 9.4T. Moreover, we per-
formed an extensive assessment on how the inclusion of either 
a single or parametrized MM spectrum with or without PK in 
the basis-set concomitant with changes in the spline baseline 
stiffness affect the metabolite quantification. The described 
method also provided an efficient tool for the parametrization 
of individual MM and estimation of the Tapp

2
 of seven indi-

vidual MM components. Using rat brain in vivo MRS data 
and MC studies, we showed that a degree of flexibility in 
the spline baseline is required for reliable quantification. A 
highly stiff baseline led to considerable metabolite changes 
when using the single MM spectrum for in vivo rat brain spec-
tra, while for the parametrized MM model this effect was less 
pronounced for stiff baselines, but an overall deviation from 
the ground truth was measured using MC studies. As such, a 
generally valid value for DKNTMN cannot be predicted, and 
it needs to be adapted to the experimental and fitting condi-
tions by keeping a balance between flexibility and stiffness. 
Finally, our results showed some metabolite changes when 
including a parametrized MM in the basis-set vs a single MM. 
Adding PK on the parametrized MM spectrum improved MM 
and metabolite quantification, supporting the need of PK 
when using a parametrized MM spectrum.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in 
the Supporting Information section.

FIGURE S1 Spectra simulated to mimic optimal experimen-
tal conditions—metabolites with MM only (shown in black); 
baseline mimicking minor outer volume contamination and 
insufficient water suppression (shown in red)—contains three 
resonances at 1.4, 3.2, and 4.7 ppm (simulated in jMRUI); 
spectra simulated to mimic real experimental conditions - 
metabolites with MM and baseline (shown in blue)
FIGURE S2 Baseline extracted from the LCModel quantifi-
cation of one in vivo acquired spectra quantified using differ-
ent DKNTMN values and single (top panel) or parametrized 
(bottom panel) MM in the basis-set
FIGURE S3 Baseline extracted from the LCModel quantifica-
tion of one real MC simulated spectra quantified using different 
DKNTMN values and single (top panel) or parametrized (bot-
tom panel) MM in the basis-set. The original baseline used in 
MC simulation to create the real MC spectra is shown in bold red
FIGURE S4 Metabolite concentrations obtained when quan-
tifying Monte Carlo spectra mimicking optimal experimen-
tal conditions (without baseline) with different DKNTMN 
values. Quantifications were done using two approaches 
single MM (black) and parametrized MM with PK (red) in 
LCModel. True concentration of each metabolite is repre-
sented with a triangle symbol at DKNTMN = 0
FIGURE S5 In vivo metabolite changes obtained by the 
quantification in LCModel using parametrized MM with 
constraints (with prior knowledge—PK) in form of signal in-
tensity ratios and their standard deviations (included in the 
control file)—shown in red, and without constraints (no prior 
knowledge—NoPK)—shown in purple. The comparison be-
tween groups NoPK vs PK was calculated using two-way 

ANOVA (#P < .05, ##P < .01, ###P < .001, ####P < .0001) and 
is shown on the right in each plot if significant
FIGURE S6 In vivo macromolecule changes obtained by 
the quantification in LCModel using parametrized MM with 
constraints (with prior knowledge—PK) in form of signal in-
tensity ratios and their standard deviations (included in the 
control file)—shown in red, and without constraints (no prior 
knowledge—NoPK)—shown in purple. The comparison be-
tween groups NoPK vs PK was calculated using two-way 
ANOVA (#P < .05, ##P < .01, ###P < .001, ####P < .0001) and 
is shown on the right in each plot if significant
FIGURE S7 Metabolite concentrations obtained when quan-
tifying (in LCModel) Monte Carlo spectra mimicking real 
experimental conditions using parametrized MM with con-
straints (with prior knowledge—PK) in form of signal in-
tensity ratios and their standard deviations (included in the 
control file)—shown in red, and without constraints (no prior 
knowledge—NoPK)—shown in purple
FIGURE S8 Macromolecule concentrations obtained when 
quantifying (in LCModel) Monte Carlo spectra mimicking 
real experimental conditions using parametrized MM with 
constraints (with prior knowledge—PK) in form of signal in-
tensity ratios and their standard deviations (included in the 
control file)—shown in red, and without constraints (no prior 
knowledge—NoPK)—shown in purple
FIGURE S9 In vivo metabolite changes obtained from LCModel 
quantifications using single MM spectra-shown in black, 
parametrized MM without constraints (no prior knowledge—
NoPK)—shown in purple and with constraints (with prior 
knowledge—PK) in form of signal intensity ratios and their stan-
dard deviations (included in the control file)—shown in red at 
DKNTMN = 0.25 and 5 ppm. One-way ANOVA, Bonferroni 
correction *P < .05, **P < .01, ***P < .001, ****P < .0001
TABLE S1 The exact values of metabolite concentrations ob-
tained when quantifying Monte Carlo spectra mimicking real 
experimental conditions (with baseline) with DKNTMN  = 
0.25, 1, and 5 ppm. The corresponding percentage change 
compared to DKNTMN = 0.25 ppm is also reported
TABLE S2 The exact values of metabolite concentrations ob-
tained when quantifying Monte Carlo spectra mimicking real 
experimental conditions (with baseline) with DKNTMN  = 
0.25 ppm compared with their true value. The metabolites, 
which have a bigger deviation from the true value when using 
parametrized MM, are shown in red
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