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Comparison of LCModel and SAGE in Analysis of Brain
Metabolite Concentrations-A study of Patients with
Mild Cognitive Impairment

Chiu-Ming Shih', Jui-Jen Lai', Chin-Ching Chang', Cheng-Sheng Chen’, Yi-Chun Yeh’,

Twei-Shiun Jaw', Jui-Sheng Hsu', Chun-Wei Li**

Abstract-

Purpose: The purpose of this study was to compare brain metabolite concentration ratios determined by
LCModel and Spectroscopy Analysis by General Electric (SAGE) quantitative methods to elucidate
the advantages and disadvantages of each method.

Materials and Methods: A total of 10 healthy volunteers and 10 patients with mild cognitive impairment
(MCI) were recruited in this study. A point-resolved spectroscopy (PRESS) sequence was used to
obtain the brain magnetic resonance spectroscopy (MRS) spectra of the volunteers and patients, as
well as the General Electric (GE) MRS-HD-sphere phantom. The brain metabolite concentration
ratios were estimated based on the peak area obtained from both LCModel and SAGE software. Three
brain regions were sampled for each volunteer or patient, and 20 replicates were acquired at different
times for the phantom analysis.

Results: The metabolite ratios of the GE phantom were estimated to be myo-inositol (ml)/creatine (Cr):
0.70 £ 0.01, choline (Cho)/Cr: 0.37 + 0.00, N-acetylaspartate (NAA)/Cr: 1.26 + 0.02, and NAA/mI:
1.81 + 0.04 by LCModel, and mI/Cr: 0.88 + 0.15, Cho/Cr: 0.35 + 0.01, NAA/Cr: 1.33 + 0.03, and
NAA/mI: 1.55 £ 0.26 by SAGE. In the healthy volunteers and MCI patients, the ratios of ml/Cr and
Cho/Cr estimated by LCModel were higher than those estimated by SAGE. In contrast, the ratio of
NAA/Cr estimated by LCModel was lower than that estimated by SAGE.

Conclusion: Both methods were acceptable in estimating brain metabolite concentration ratios. However,
LCModel was marginally more accurate than SAGE because of its full automation, basis set, and user
independency.

Abbreviations: NAA, N-acetylaspartate; Cr, creatine; Cho, choline; ml, myo-inositol; MCI, mild
cognitive impairment; SAGE, Spectroscopy Analysis by General Electric; PRESS, point-resolved
spectroscopy; MRS, magnetic resonance spectroscopy; Alzheimer’s disease (AD); DLPL, dorsolateral
prefrontal lobe
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INTRODUCTION

Magnetic resonance spectroscopy (MRS) is a non-
invasive technique that has been used to estimate
changes in the metabolite:creatine-phosphocreatine
(Cr) concentration ratios. This can be used to study
numerous diseases, such as brain tumors, strokes, seizure,
Alzheimer's disease (AD), and other diseases affecting
the brain . MRS can be used to determine the amount
of cerebral metabolites, including N-acetylaspartate
(NAA), choline-containing compounds (Cho), creatine-
phosphocreatine (Cr), and myo-inositol (ml) in the brain.
NAA, which is synthesized from amino acids, is contained
in the mitochondria of nerve cells. Its concentration is
positively correlated to that of oxygen consumed by
the brain cells and negatively correlated to the extent of
neuronal injury or loss, serving as an indicator of neuronal
density 7. Cr is a relatively stable metabolite in the
brain and is commonly used as the internal standard to
normalize the concentration of other metabolites measured
by MRS ®**¥_ Cho is one of the main components of
brain cell membranes, wherein ml, a sugar-alcohol, is also
contained. Thus, the intensity of the Cho peak can be used
as an indicator of cellular density and membrane turnover
@479 The peak intensity of mI can be used to indicate
glial cell number because of its high concentration in
glial cells. Variations in ml levels have been reported in
patients with mild cognitive impairment (MCI), AD, or
dementia disease “'”. So, far, there are no effective ways
to cure such diseases. Thus, early diagnosis of dementia
syndromes before onset is critical.

MCI patients with memory loss but normal cognitive
function have a much higher risk of developing diseases
causing dementia compared to normal individuals of the
same age. The risk of developing AD is also high in MCI
patients “>'¥. MRS is capable of detecting changes in the
brain concentration of NAA, Cho, Cr, and ml, and these
changes can be used to predict whether MCI disease will
progress to AD or other diseases causing dementia "*'%.
However, the MRS quantification method has two major
drawbacks: highly complicated spectra that are hard to
resolve and unpredictable peak profiles and baselines. The
inhomogeneity of the magnetic field caused by incomplete
shimming increases the peak width, resulting in severe
peak overlap that affects the precision and accuracy of the
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calculation for metabolite concentrations.

The LCModel method is used to calculate metabolite
concentrations in vivo based on model spectra derived
from individual metabolites in vitro. Using the whole
standard spectra rather than the individual peaks, two
overlapping spectra belonging to different metabolites in
the same frequency region can be resolved. Furthermore,
unpredictable variations in the peak profile caused by
eddy currents, inhomogeneous magnetic fields, short echo
times, and fat or macromolecular resonances, which are
hard to control in vivo, can easily be differentiated by
comparing the patterns of the whole spectra.

SAGE 7.6 (Spectroscopy Analysis by General
Electric) is a spectroscopic processing and display
software tool made by GE . It provides a powerful
toolkit to handle a wide variety of tasks associated
with spectroscopy data management and quantitation.
It processes the MRS data in fully artificial steps that
include apodization, zero filling, Fourier Transform, phase
adjusting, baseline correction, and Fitting.

The purpose of this study was to compare the
advantages and disadvantages of LCModel and SAGE
based on the evaluated brain metabolite concentration
ratios determined by each method.

MATERIALS AND METHODS

Under the approval of the local Ethics Committee,
10 healthy volunteers (females, 5; males, 5; age range,
65-82 years; median age, 67 years) and 10 MCI patients
(female, 1; male 9; age range, 54—74 years; median age,
65 years) were recruited for this study. The assessment of
MCI patients included memory, executive function (Trail
Making Test), attention (digit span forward), language
(Naming Test, letter and category fluency) and visuospatial
(figure copying). After three-plane scout views, T2 FIAIR
images in the axial plane and T1-weighted images in the
coronal plane were obtained for localizing the proton-
MRS (1H MRS) voxel. Single-voxel point-resolved
spectroscopy (PRESS) pulse sequence (TR/TE 1500/30
ms, BW 1000 Hz, 1024 points, 128 excitations) was used
to obtain the spectra of the GE MRS-HD-sphere phantom,
healthy volunteers, and MCI patients. In the phantom
test, the experiment was repeated 20 times in different
periods of time using a 3T GE Signa VH/i MR system.
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The prescan algorithm of PROBE automatically adjusts
the transmitter and receiver gains and center frequency.
The local magnetic field homogeneity was optimized
by auto-shim procedure, and chemical-shift-water
suppression (CHESS) sequence was executed prior to
PRESS acquisition to suppress the water signal. The voxel
size was 15 x 15 x 15 mm’. Spectra were taken from the
spatial region of the basal ganglia, dorsolateral prefrontal
lobe (DLPL), and hippocampus, as shown in Figure 1.
LCModel and SAGE softwares were used to estimate
the metabolite concentrations. There are no corrections
for relaxation in both software analyses; because of the
relaxation effects partially cancel in concentration ratios.
In the SAGE analysis, the raw data were zero-filled once,
apodized with a 3-Hz Gaussian filter, Fourier transformed,
and phase and baseline corrected. Marquardt curve fitting
was performed based on a Gaussian shape to calculate

the peak area. The metabolite concentration ratios were
calculated using the concentration of Cr, which is a
physiologically stable metabolite, as the reference. Paired
t-test was used to compare the ratios calculated by the two
methods using SPSS 21 package, and p < 0.05 was used to
indicate statistically significant differences.

RESULTS

Figurel illustrates the location of the voxel of interest
(VOI) in the basal ganglia, DLPL, and hippocampus.
Figures 2-5 show the data calculated from the spectra
acquired from the phantom, basal ganglia, DLPL, and
hippocampus by LCModel and SAGE. Figure 6 shows
the scatter plot of the four metabolites ratios calculated by
LCModel and SAGE from the phantom.

The metabolite ratios (Mean = SD) and statistical

Figure 1. The location of the voxel of interest (VOI) in the basal ganglia and the dorsolateral prefrontal lobe on axial T2-
weighted imaging (a), (b), and the location of the VOI in the hippocampus on coronal T1-weighted imaging (c).
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Figure 2. Spectrum of the phantom analysis from (a) LCModel and (b) SAGE with line broadening equal to 3 Hz
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Figure 3. Spectrum of the basal ganglia analysis from (a) LCModel and (b) SAGE with line broadening equal to 3 Hz
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Figure 4. Spectrum of the dorsolateral prefrontal lobe analysis from (a) LCModel and (b) SAGE with line broadening equal
to3 Hz
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Figure 5. Spectrum of the hippocampus from (a) LCModel and (b) SAGE with line broadening equal to 3 Hz
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Figure 6. Error bar charts of the metabolite ratios by LCModel and SAGE in the phantom analysis (a) ml/Cr, (b) Cho/Cr, (c)

NAA/Cr, (d) NAA/mI

significance of the concentration ratios calculated from the
phantom and the basal ganglia, DLPL, and hippocampus
of the healthy volunteers and MCI patients are shown in
Tables 1, 3, and 4. The difference of metabolite ratio of
the true concentration and obtained by the two software
analyzes and their statistical significance are show in Table
2.

In the phantom experiment, the mI/Cr and NAA/
Cr ratios obtained by LCModel were lower than those
obtained by SAGE, and the Cho/Cr and NAA/mI ratios
obtained by LCModel were higher than those obtained by

SAGE (Table 1). In the three regions of the brain in the
healthy volunteers and the MCI patients, the mI/Cr and
Cho/Cr values estimated by LCModel were higher than
those estimated by SAGE. In contrast, the NAA/Cr ratios
estimated by LCModel were lower than those estimated
by SAGE (Table 3 and 4).

In the phantom, significant differences (p < 0.05)
between ratios determined by the two methods were found
for all metabolite ratios. In healthy volunteers, except
for mI/Cr and Cho/Cr in the basal ganglia and Cho/Cr in
the DLPL, significant differences (p < 0.05) were found

Table 1. Metabolite ratios (Mean + SD) and their statistical significance in the phantom analysis

Phantom LCModel SAGE P value
ml/Cr 0.7+0.01 0.88£0.15 <0.001
Cho/Cr 0.37 +£0.00 0.35+0.01 <0.001
NAA/Cr 1.26 £0.02 1.33+£0.03 <0.001
NAA/mI 1.81 +£0.04 1.55+0.26 <0.001
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Table 2. The difference of metabolite ratio of the real concentration and obtained by the two software analyzes and their statistical

significance
Metabolites Phantom LCModel SAGE P value
ml/Cr 0.75 0.06 £0.03 0.15+0.12 <0.057
Cho/Cr 0.3 0.03+0.01 0.05+0.01 < 0.000
NAA/Cr 1.25 0.02+0.01 0.08 £0.03 0.001
NAA/mI 1.67 0.1 +0.04 0.23+0.17 0.01

Table 3. Metabolite ratios (Mean + SD) and their statistical significance in the basal ganglia, the dorsolateral prefrontal lobe, and the

hippocampus of healthy volunteers

Basal ganglia LCModel SAGE P value
ml/Cr 0.66 +0.37 042+0.26 0.11
Cho/Cr 0.30 £0.08 024 +0.18 0.07

NAA/Cr 097 +£0.27 2.52+0.87 <0.001

NAA/mI 1.77+09 8.45+6.08 <0.001

Dorsolateral prefrontal lobe ml/Cr 1.06 £0.32 035+£0.28 <0.001
Cho/Cr 0.32+0.03 0.30+0.11 0.62

NAA/C 1.29+0.26 2.14+£0.62 <0.001

NAA/mI 1.27+£0.25 1124 +1245 <0.001
Hippocampus ml/Cr 1.13+£0.22 0.77+£0.40 0.02

Cho/Cr 0.36 £0.05 0.29+£0.07 <0.001

NAA/Cr 1.03+£0.28 278 £0.67 <0.001

NAA/mI 0.92+0.27 479 +3.18 <0.001

Table 4. Metabolite ratios (Mean + SD) and their statistical significance in the basal ganglia, the dorsolateral prefrontal lobe, and the

hippocampus of MCI patients

Basal ganglia LCModel SAGE P value
ml/Cr 0.74 £0.15 022+0.17 <0.001
Cho/Cr 0.33+0.08 0.28 +0.06 0.01
NAA/Cr 1.03+0.23 2.05+0.54 <0.001
NAA/mI 143 +£0.36 172 +20.7 <0.001
Dorsolateral prefrontal lobe ml/Cr 1.14 £0.35 048 +0.41 <0.001
Cho/Cr 0.45+0.18 0.39+0.19 0.08
NAA/Cr 1.43+0.34 2.34+0.88 0.02
NAA/ml 1.3+£0.26 7.51+6.08 <0.001
Hippocampus ml/Cr 1.34+0.14 043+0.27 <0.001
Cho/Cr 041+0.04 036+0.1 0.07
NAA/Cr 1.16 £0.23 245+0.89 <0.001
NAA/mI 0.88+0.2 744 £4.67 <0.001
for all other ratios determined by the two methods. In DISCUSSION

the MCI patients, except for Cho/Cr in the DLPL and
the hippocampus, significant differences (p < 0.05) were
found for all other ratios determined by the two methods.

This study successfully determined the brain

metabolite concentration ratios using LCModel and SAGE.

In 1H MRS, the signal of metabolites may superimpose
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with the baseline of macromolecular compounds.
However, brain metabolites, such as ml, are valuable
biomarkers for the early diagnosis of MCI diseases.
Delayed acquisition can remove the interference signals
of macromolecules; however, the ml signal may be lost
due to the short T2 relaxation time. The area of resonance
may be obtained by numerical integration. However, this
method may cause significant under- or over-estimation
of the resonance area due to resonance overlapping .
This is because individual peak areas cannot be accurately
estimated by integration. Because fewer overlapping
resonances are associated with phantom experiments,
due to less macromolecular interferences as compared to
in vivo experiments, the concentration ratios determined
by LCModel or SAGE show insignificant differences.
Furthermore, the NAA signal overlaps with the glutamate
and macromolecular signals under shorter echo times.
In addition, resonance from other N-acetyl-containing
metabolites, such as N-acetylaspartylglutamate (NAAG),
will essentially coincide with the NAA methyl signal,
thereby further complicating the NAA quantification (24).
In fact, our in vivo data showed that the NAA/Cr ratio
determined by SAGE analysis was approximately two-
folds of that calculated by LCModel.

Eddy currents, inhomogeneity of the magnetic
field, and environmental factors cause complicated line
broadening and peak overlap as well as severe peak
distortion and baseline complications, which influence
determination of the concentration ratios in vivo partly
due to user-based subjectivity and bias. LCModel uses
a nearly model-free method, attempting to choose the
best compromise between peak distortion and baseline
complications in finding the smoothest peak profile
that fits the data via a fully automatic process without
user interaction **”. As shown in Figures 4 and 5, the
spectra from an in vivo environment suffer from severe
peak overlapping and distortion. Our results showed
that the mI/Cr and NAA/Cr ratios were significantly
overestimated (p < 0.05) by SAGE analysis, even in
the phantom experiment. This may increase the chance
of artificial errors arising from the SAGE analysis. Our
data, as calculated by SAGE, showed greater differences
between the healthy controls and the MCI patient group as
compared to the differences calculated by the LCModel.
Therefore, we concluded that there were significant

differences (p < 0.05) between the two methods.

Error estimates are important in reporting the
determined concentration ratios. The Cramer—Rao lower
bounds (CRLBs) error estimate is used in LCModel *'***?
and metabolite ratios calculated with a CRLB > 15% are
discarded. Even for a calculated ratio with a CRLB < 15%,
the spectra quality still needs to be checked because poor
spectra quality may cause artifacts or errors. However, the
SAGE analysis method does not have an error estimate to
indicate the spectra quality.

Peak overlapping and macromolecular interference
are two major factors for the significant differences in the
metabolite concentration ratios determined by LCModel
and SAGE. At short echo times, Cho resonance overlapped
with that of thanolamine myo-inositol, glucose, or taurine.
NAA overlapped with that of glutamate, NAAG, and
macromolecules at shorter echo times “*. Behar et al.
@329 Kauppinen et al. “’*¥, and Hofmann et al. ®” have
extensively studied macromolecular resonance in human
and animal brains. According to their results, broad peak
M5 and M8 may affect the accuracy of the concentration
ratios. Compared to SAGE, the LCModel method is more
capable of filtering these data based on its unique error
estimate parameter.

Cho/Cr ratios estimated by LCModel and SAGE
derived from the measurements of the basal ganglia,
DLPL, the hippocampus of the healthy volunteers
exhibited no statistically significant (p > 0.05) differences.
We confirmed that the spectra quality of Cho is better than
that of the other metabolites, and this may have eliminated
artificial errors caused by the SAGE method.

The difference of metabolite ratio between true
concentration and analysis by LCModel and SAGE and
their statistical significance are show in Table.2. The
ratios of metabolite by LCModel analysis are close to true
concentration than SAGE except ml/Cr. Although, thwre
are no significant differences (p > 0.05) but the results by
LCModel are more close to true concentration than SAGE.

Finally, according to the report of Kantarci et al.
@03D 'the ml/Cr concentration was increased and the NAA/
Cr concentration was decreased in the brains of the MCI
patients as compared to healthy volunteers. However,
such trends were not observed in our results, and further
validation and experiments are required.
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CONCLUSION

The metabolite concentration ratios in brains
determined by LCModel or SAGE were found to be
acceptable and comparable. The LCModel, however,
was marginally more accurate than SAGE due to its
full automation, excellent processing capacity of peak
overlapping and macromolecular interference, basis set
and user independency.
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