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Abstract
Accurate measurement of cerebral lactate is critical to the understanding of brain function for
psychiatric disorders such as panic disorder and bipolar disorder as well as mitochondrial
dysfunction. Proton magnetic spectroscopic imaging (MRSI) techniques can be used to study lactate
in vivo; however, accurate measurement of cerebral lactate, which is normally at low basal
abundance, can be challenging. In this study, regional lactate measurements obtained with two
different MRSI analytic approaches were evaluated using proton echo-planar spectroscopic imaging
(PEPSI) data from 18 healthy adults participating in an in vivo sodium lactate infusion study. The
results demonstrate that averaging data within a region of interest (ROI) before spectral fitting with
LCModel results in significantly improved lactate measurement as compared to averaging chemical
concentrations derived from the fitting of individual voxels in the ROI. Simulation results that
confirm this finding are also presented. This study additionally outlines an atlas-based approach for
the systematic computation of regional distributions of chemical concentrations in large MRSI data
sets.
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1. Introduction
Cerebral lactate, a metabolic product of glycolysis, plays an integral role in neuronal energy
metabolism (Schurr, 2006). Lactate exists in the healthy brain at low basal concentrations, and
elevations can indicate transient changes in physiological state (van Rijen et al., 1989; Dager
et al., 1999b; Friedman et al., 2007) or neural activation (Prichard et al., 1991; Sappey-Marinier
et al., 1992; Frahm et al., 1996), as well as altered metabolic regulation such as in bipolar
disorder (Dager et al., 2004) and panic disorder (Dager et al., 1994; Maddock, 2001). Other
brain pathological states also exhibit characteristic brain lactate elevations, including tumors
(Sijens et al., 1996), ischemia (Behar et al., 1983; Mathews et al., 1995), traumatic brain injury
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(Makoroff et al., 2005), and metabolic compromise from severe mitochondrial dysfunction,
such as in MELAS (Kaufmann et al., 2004) or Leigh syndrome (Sijens et al., 2008). There is
also increasing interest in brain lactate as a biomarker for less severe mitochondrial dysfunction
(Lin et al., 2003)
http://www.ninds.nih.gov/news_and_events/proceedings/20090629_mitochondrial.htm).
Although proton magnetic resonance spectroscopy (MRS) provides a non-invasive means for
lactate measurement in vivo, reliable quantification can be difficult, particularly at normal
resting state. One known problem with measuring lactate and other chemicals at low natural
abundance is systematic over-estimation when using linear combination fitting algorithms to
estimate concentrations (Tkac et al., 2002; Kreis, 2004). A number of investigators have
demonstrated that chemical estimation reliability can be increased when data signal-to-noise
ratio (SNR) is improved by increasing the number of signal acquisitions or the static magnetic
field strength (Tkac et al., 2002; Otazo et al., 2006; Posse et al., 2007).

At the same time, advances in magnetic resonance spectroscopic imaging (MRSI) have
substantially increased the number of spectra that can be acquired in a given time. Two-
dimensional proton MRSI techniques that can produce hundreds of usable spectra within a
relatively short scan duration of 5–10 minutes are readily available on most clinical and
research scanners, and three-dimensional MRSI techniques that can generate thousands of
individual spectra in a single scanning session are rapidly coming into more common usage
(Dager et al., 2008). Advances in MRSI data processing and analytic procedures have provided
major improvements in the processing of large arrays of spectra (e.g. MIDAS (Maudsley et
al., 2006), DSX (http://godzilla.kennedykrieger.org), and 3DiMRSI
(http://mrs.cpmc.columbia.edu/3dicsi.html)); however, there is a persistent need for
anatomically-specific results generated with minimal operator bias.

One strategy for summarizing the information in MRSI data sets that has been applied by
investigators is to average chemical information across voxels within specific regions of
interest (ROIs). This strategy preserves regionally specific information while also reducing the
number of final calculated chemical concentrations to a manageable number. The
predominantly used practice in carrying out this strategy is to first calculate individual voxel
chemical concentration estimates and to then average these values across all voxels within an
ROI. An alternative approach is to average data across voxels within the ROI prior to spectral
fitting and chemical concentration estimation.

In this work we investigate whether averaging free induction decays (FIDs) prior to spectral
fitting (referred to here as the spectral enhanced averaging method, or SEAM), instead of
averaging chemical concentrations after fitting individual voxel data (referred to here as the
individual voxel averaging method, or IVAM), can capitalize upon the benefits of improved
spectral SNR to yield improved estimates of cerebral lactate when used in conjunction with
fitting with LCModel (Provencher, 1993), a widely used linear combination fitting program
for spectroscopic data. We analyze in vivo brain lactate data in healthy subjects at baseline
levels, then longitudinally in response to intravenous sodium lactate infusion, utilizing ROIs
defined through automated coregistration of proton echo-planar spectroscopic imaging
(PEPSI) volumes to an anatomical atlas. As a point of reference, we also present findings for
the measurement of NAA, which has a robust 1H MRSI signal. We integrate this technique of
averaging across ROIs into a systematic method that can be applied to 2D and 3D MRSI data
acquired at any field strength.
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2. Methods
2.1 Subjects

MR data from 18 healthy control adults (8 males and 10 females ranging from 18 to 53 years
of age) acquired as part of an intravenous sodium lactate infusion study of panic disorder, as
previously described (Dager et al., 1994; Dager et al., 1999a), were included in this analysis.
All subjects were medication free and fasting at the time of MRS evaluation, had no history of
Axis I DSM-IV defined psychiatric disorders, and were not taking psychotropic medications.
All subjects provided written consent for participation in the original study, which was
approved by the University of Washington Human Subjects Review Committee.

2.2 Study procedures
All imaging data were acquired on a 1.5 Tesla GE Signa Horizon whole body MR scanner with
version 5.8 Genesis operating software (Milwaukee, WI). A custom receive-only linear bird-
cage radiofrequency head coil with a built-in head holder to immobilize the head, developed
at the University of Washington, was used for all data collection.

High-resolution axial proton density and T2-weighted MR images were acquired using a fast
spin echo pulse sequence with: TE=30/80 ms, TR= 3000 ms, FOV=220×220 mm, acquisition
matrix=192×256 (reconstructed to 256×256), slice thickness=3 mm, gap=0 mm, number of
slices=50. MRSI data were acquired using two-dimensional proton echo-planar spectroscopic
imaging (PEPSI) (Posse et al., 1997) for an axial section of 20 mm in thickness at the level of
the lateral ventricles. All PEPSI scans were acquired with a spatial matrix size of 32x32 voxels,
512 echo-planar echoes (sorted to 256 odd echoes and 256 even echoes) and a 22 cm FOV. An
initial baseline water-suppressed (“metabolite”) scan with a TE of 20 ms was acquired,
followed by a baseline non-water-suppressed (“water”) scan with a TE of 20 ms. Ten metabolite
scans [TR=2000 ms, TE=144 ms] were then serially acquired. The TE of 144 ms was chosen
to invert the lactate peak to minimize effects of overlapping lipid signal on lactate fitting during
spectral processing. Three metabolite scans, acquired over 15 minutes at baseline, were
followed by four scans during intravenous infusion of 0.5 mol/L sodium lactate (10 ml/kg total)
over 20 minutes, and three post-infusion scans during a 15 minute recovery period. Two of the
subjects were able to complete only 9 out of 10 MRSI scans, and one subject completed only
8 of the scans. Data from the initial metabolite scan with a TE of 20 ms are not described in
the current analysis.

2.3 Structural image segmentation
Proton density (PD)-weighted and T2-weighted images were segmented to produce a cerebral
spinal fluid (CSF) image for each subject. To do this, each PD and T2 weighted image at a
level corresponding to the location of the PEPSI slab was first corrected for RF inhomogeneity
using homomorphic filtering (Guillemaud, 1998). Corrected images were then classified using
a k-means algorithm to produce binary CSF images and averaged together. The resulting image
was filtered with a 3 pixel wide Gaussian kernel to produce a final CSF image with a point
spread function approximating that of the spectroscopic images (Friedman et al., 2003). The
CSF images were used in partial volume correction during chemical quantification.

2.4 Spectroscopic data analysis
A schematic representation of the systematic approach for analysis of MRSI data is shown in
Figure 1. Data pre-processing steps are shown in the top row. The bottom two rows outline the
steps used for the IVAM and SEAM approaches, which are detailed below.
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2.4.1 Raw data reconstruction and co-registration with atlas—Spectroscopic data
were reconstructed using custom software developed in our laboratory. A Gaussian filter was
applied in both spatial dimensions to the raw PEPSI data to minimize the Gibbs artifact. The
data were then Fourier transformed to produce a three-dimensional matrix with two spatial
dimensions and a chemical shift dimension. PEPSI slabs were coregistered to the T2 images
for each subject using spatial information from the image file headers. The T2 images were
then coregistered to the Anatomic Labeling Map (AAL) anatomical atlas
(http://www.sph.sc.edu/comd/rorden/mricro.html) using the FLIRT toolbox of the FSL
software (http://www.fmrib.ox.ac.uk/fsl/index.html, 12 affine transform). This whole brain
atlas divides the brain into 116 brain regions based on anatomic gyral structure. Twenty-two
ROIs of varying size were defined using this atlas. The T2 images and coregistered atlas were
used to assign anatomical locations to each PEPSI voxel. After this coregistration was
complete, the PEPSI spectra were inverse Fourier transformed and saved to a file for input into
the LCModel software package (v.6.2) (Provencher, 1993).

2.4.2 Individual voxel correction and spectral fitting—LCModel was first used to
perform peak alignment and zero-order phase correction on all data from both the water and
metabolite scans. For the IVAM method, spectral fitting was additionally performed at this
stage, and the resulting concentration estimates, as well as associated Cramer-Rao lower
bounds (CRLBs) for each echo, were output to a file. All fitting with LCModel was performed
using a simulated spin-echo basis set. LCModel “.coraw” output files containing the inverse
Fourier transform (or FIDs) of both chemical and water spectra after LCModel peak alignment
and phase correction were generated for use with the SEAM averaging method.

2.4.3 Identification and exclusion of low-quality spectra—A custom in-house
interactive program with a graphical user interface was developed using MATLAB (v. 7.5,
The Mathworks, Inc) to aid in overall quality analysis of the spectra for each subject, and
determination of appropriate thresholds for exclusion of poor quality spectra. These evaluations
were performed based on output generated by the initial LCModel processing. For each subject,
the visualization tool displayed overlays of spectra that would be included and excluded from
analysis, according to editable criteria, along with a display of the location of included voxels
on the PEPSI slab. The tool also allowed for sequential viewing of individual spectra, along
with associated LCModel output values, including full width at half maximum (FWHM) and
chemical CRLBs, which are widely used in MR spectroscopy as a measure of the relative
uncertainty, or precision, of calculated concentration estimates (Cavassila et al., 2001; Jiru et
al., 2006). For this study, an individual voxel spectrum was excluded if the initial LCModel
fit calculated a CRLB greater than or equal to a value of 20% for NAA, if the LCModel FWHM
value exceeded 0.1 ppm, or if the water concentration in a voxel was less than five standard
deviations of the mean of the water concentration in a 10×10 voxel region centered in the
middle of the PEPSI slab.

2.4.4 Averaging of voxel data using IVAM—LCModel values for each individual voxel
in the ROI were converted to chemical concentrations according to the quantification method
detailed below. For the water correction, each voxel chemical concentration estimate was
corrected by the water concentration estimate for the same voxel. After quantification, chemical
concentrations were averaged across voxels in each of the twenty-two brain regions.

2.4.5 Averaging of voxel data using SEAM—For both the water and chemical data, time
domain phased and peak-aligned FIDs generated by the LCModel program were averaged for
all voxels in each region to produce a single FID for the region. This averaged FID was fit
using LCModel with the same settings used for the individual voxel fitting. LCModel values
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were converted to chemical concentrations according to the quantification method detailed
below.

2.4.6 Chemical quantification—Chemical concentrations were computed using methods
detailed in the LCModel User's Manual (available at
http://s-provencher.com/pages/lcm-manual.shtml), and following procedures used in our past
work (Friedman et al., 2003; Friedman et al., 2006). After line-fitting, corrections were made
to the LCModel output using software developed in-house with Matlab. Chemical and water
amplitudes were corrected for acquisition parameters (receiver settings, transmitter gain) and
voxel size. Water amplitudes were adjusted for water molarity (using an estimated value of
35900 mM, which is intermediate between the molarity of water in gray and white matter) and
attenuation of the water signal due to relaxation effects and other effects that affect only the
unsuppressed water reference signal (estimated as 0.7) (LCModel User's Manual). These
adjusted amplitudes were then multiplied by the tissue fraction within the voxel as determined
from the segmented CSF maps. The water amplitudes were corrected for relaxation, with values
derived from the literature [T1=515 ms; T2=85 ms (Barker et al., 1993)]. Following these
corrections, the chemical amplitude for each voxel was referenced to the water amplitude based
on internal water referencing techniques (Barker et al., 1993). The concentrations of NAA and
lactate were then corrected for T1 and T2 relaxation using literature values [NAA: T1=1450
ms, T2=450 ms; lactate: T1=1550 ms, T2=1200 ms (Frahm et al., 1989)].

2.5 Statistical methods
Statistical analyses of in vivo findings for selected ROIs were performed with SPSS (v.14.0)
(Chicago, IL) and Matlab. The three ROIs chosen to illustrate differences in the analytic
approaches were: a right frontal lobe region, which is an area where MRS data is usually
difficult to measure due to susceptibility artifacts; a left insular region, which is of particular
interest in panic disorder; and the PEPSI volume as a whole. Repeated measures analysis of
variance (ANOVA), with Bonferroni correction, was used to test for the main effects of spectral
analytic approach on estimated chemical concentrations, collapsed over all time points of the
infusion experiment. For ANOVAs reaching significance (P<0.05), post-hoc two-tailed paired
t-tests, assuming equal variances between groups, were performed to test for differences
between the mean concentration values produced by the two methods at individual time points.

2.6 Simulation
Comparisons of the effect of additive noise on the lactate concentration estimates produced
with the SEAM and IVAM approaches were evaluated in two simulation experiments as
detailed below. For both simulation experiments, SNR values were calculated in the Fourier
domain by dividing the amplitude of the NAA peak by twice the standard deviation of a segment
of the spectrum with no signal.

2.6.1 Effect of noise on lactate detection - no originally detected lactate signal
—Simulated random noise at a range of amplitudes was added to an FID derived from a single
subject’s data. The FID was calculated by averaging all of the FIDs from all valid voxels of
the PEPSI slab from the subject at one time point during the baseline period prior to lactate
infusion. The LCModel estimated lactate concentration for this averaged FID, before the
addition of noise, was equal to zero. Noise was added to both the real and imaginary parts of
the FID.

2.6.2 Effect of noise on lactate detection - lactate signal originally present—Fifty
simulated voxel FIDs were generated by adding normally distributed random noise to the real
and imaginary components of an FID that was created by averaging the FIDs for all valid voxels
at the last time point in the infusion period for all study subjects. SEAM and IVAM were used
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to calculate lactate concentrations for simulated ROIs consisting from one to fifty of these
simulated voxels. This experiment was performed for ten different random noise sets, with the
same noise amplitude across sets, and the means and standard deviations of the concentration
values computed by the two methods across all experiments were calculated. For the SEAM
method, mean CRLBs across all experiments were additionally computed for each ROI size.

3. Results
In the identification of usable spectra from the in vivo sodium lactate infusion experiment, the
NAA CRLB threshold alone resulted in the inclusion of 96% of voxels in the left insular region,
60% of the voxels in the right frontal lobe region, and 61% of the voxels in the whole slab ROI.
Addition of the FWHM and water signal quality threshold resulted in a much more conservative
number of included voxels, with 63% of the spectra included for the left insular region, 27%
of the spectra included in the right frontal region, and 27% of spectra included in the whole
slab ROI. Across subjects, the average numbers of voxels included in each ROI at baseline
were 36 voxels for the left insular region, 52 voxels for the right frontal region, and 229 voxels
for the whole slab ROI. The additional conservative criterion that each voxel is valid at all time
points due to the longitudinal nature of this study reduced the average number of voxels in the
ROIs to 21 for the left insular region, 30 for the right frontal region, and 131 for the whole slab
ROI. The results presented below correspond to these latter, more conservative, ROI voxel
numbers.

In vivo concentration estimates for lactate calculated with IVAM and SEAM for the right
frontal lobe region, the left insular region, and the PEPSI slab as a whole, averaged across all
subjects, are shown in Figures 2. Error bars indicate the standard deviation across subjects and,
if significant differences were found across all time points, additional markers at each time
point indicate the level of significance. All three regions showed the expected general
progressive rise of lactate concentration during the infusion period. The lactate concentration
estimates for all three regions were found to be significantly reduced for SEAM as compared
to IVAM (all F > 4.6; P< 0.041).

In vivo concentration estimates for NAA calculated by the two analytic approaches for the
three ROIs are shown in Figure 3. NAA concentration estimates remained relatively consistent
across time points for all regions, as expected, for both IVAM and SEAM, and the repeated
measures ANOVA analyses found no significant differences in concentration estimates
produced by the two analytic approaches in any of the three regions (all F <0.799; P> 0.380).

The effect of the size of the ROI on the CRLBs with SEAM for the in vivo data is shown in
Figure 4. These plots represent the results from analyzing all 22 ROIs across subjects and show
the average CRLB for each ROI size. Trend lines have been added to illustrate approximate
functional relationships between the number of voxels in the ROI and the CRLBs. These plots
indicate that the average CRLBs produced by SEAM decreased for both chemicals as the size
of the ROI increased.

An example of the potential effects of additive simulated random noise on lactate quantification
with LCModel for a spectrum with no lactate signal is shown in Figure 5. The left panel of this
figure shows the spectrum with no added simulated noise (gray waveform), with the LCModel
fit superimposed (red waveform). The fit of this spectrum yielded an estimated lactate
concentration of zero. The middle and right panels show the effects of two cases of adding
simulated noise to this spectrum where the LCModel algorithm interpreted random fluctuations
as lactate peaks. Although the original spectrum contained no lactate signal, addition of noise
created an apparent lactate signal detected by LCModel. Further, as the SNR decreased due to
increased noise, the concentration of lactate detected by LCModel increased.
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Simulation results from adding random noise to a spectrum computed by averaging all valid
voxel data at the last time point during infusion across all subjects are shown in Figure 6–
Figure 8. The SNR values in Figure 6 for SEAM were calculated from the average spectrum
in the simulated ROI. The SNR values for IVAM were calculated as the average SNR across
all individual voxels in the ROI. This figure demonstrates that while increasing the size of the
ROI resulted in improved SNR of the fitted spectrum for SEAM (as expected, the SNR for the
SEAM approach was proportional to the square root of the number of voxels averaged (r=
0.999)), the size of the ROI had no effect on the SNR of the fitted spectra with the IVAM
approach. The effect of increasing the number of voxels in the simulated ROI on lactate
concentration estimates is shown in Figure 7. The blue line indicates the values for the original
spectrum with no added noise. As the number of voxels increased, the SEAM concentration
estimates converged to a stable value that closely approximated the original spectrum lactate
concentration. Conversely, IVAM yielded lactate concentration values that were consistently
elevated for all ROI sizes compared to both the SEAM and the original spectrum lactate
estimates. The variance in SEAM and IVAM values indicated by the standard deviation error
bars demonstrate that the results generated by both methods were dependent upon background
noise characteristics. Figure 8 shows that the SEAM CRLBs decreased progressively with
increased ROI size and approached the lactate CRLB for the fitting of the original spectrum.

4. Discussion
Systematic handling of the large volumes on data contained in MRSI data sets can be achieved
through automated coregistration to an anatomic atlas, and averaging of data within ROIs.
Results from this study demonstrate that the approach used for combining data in ROIs can
have a substantial effect on cerebral lactate concentration estimates. The sodium lactate
infusion data set provided a valuable opportunity to investigate the effect of two different data
averaging techniques on lactate measurement in the healthy adult brain, where robust detection
was possible due to elevated lactate levels that would otherwise only occur under pathological
conditions. With both the SEAM and IVAM analyses, lactate estimates demonstrated a distinct
and progressive rise during the infusion. However, the SEAM estimates for lactate
concentration were significantly decreased as compared to the IVAM estimates. Simulation
showed that SEAM resulted in more accurate concentration values than IVAM, especially for
large ROIs. The observed systematic over-estimation of lactate when fitting individual voxel
data with IVAM is consistent with previous reports (Tkac et al., 2002; Kreis, 2004). As
demonstrated through simulation, this over-estimation of concentration is likely the result of
spurious detection of lactate by the LCModel fitting algorithm. Systematic over-estimation of
concentration was not observed for NAA, likely because this chemical is not at low
concentrations in the healthy human brain. It is important to note that the differences between
the lactate concentration estimates produced by the IVAM and SEAM approaches are due to
a bias introduced by the LCModel algorithm when fitting signals with low SNR, and are not
attributable to the analytic techniques themselves. Indeed, if LCModel never identified noise
as lactate signal, for large ROIs, the IVAM and SEAM techniques would produce more similar
values. The results from this study additionally demonstrate that increasing the size of the ROI,
and hence the number of measurements, does not eliminate lactate concentration estimate
differences between the two approaches.

Previous studies have investigated the effect of SNR on LCModel quantification accuracy for
single voxel MRS data acquired at short echo times using simulated (Kanowski et al., 2004;
Macri et al., 2004), and in vivo data (Tkac et al., 2002). Reproducibility of LCModel
quantification of MRSI data has also been assessed in a number of studies (Jackson et al.,
1994; Tedeschi et al., 1995; Tedeschi et al., 1996; Li et al., 2002; Gu et al., 2008). To our
knowledge, the accuracy of LCModel quantification of cerebral lactate and the benefits and
pitfalls of different methods for signal averaging have not been previously addressed. Given
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that lactate exists at low basal concentrations and is of interest in a variety of neuroscience and
psychiatric applications, the ability to utilize the large volume of MRSI data to increase the
accuracy in the measurement of this chemical is extremely valuable.

In addition to the improved accuracy in the measurement of lactate with SEAM, the results
from this study demonstrate that for this analytic approach, the CRLBs, and thus the estimate
reliability for both lactate and NAA, improve as the number of voxels in the ROI (and hence
SNR of the averaged spectrum) increases. For IVAM, the reliability of the chemical estimate
is also expected to improve as the number of voxels in the ROI increases, due to the increased
number of measurements, but this is not reflected in the CRLBs for the individual voxel fits.

One important corollary of the findings for SEAM is that with this analytic approach,
concentration differences observed between ROIs in the same brain, and across individuals,
may reflect differences in SNR (caused, for example, by number of constituent voxels) rather
than differences in actual chemical content. As noted by other investigators (Kreis, 2003), this
may be best controlled for by ensuring that the SNR of spectra are similar when making
comparisons of chemical concentration estimates within or across subjects. It is also important
to keep in mind that the benefits demonstrated here with SEAM assume a simplified view that
a brain region has a homogeneous distribution of the chemical of interest, with SNR as the
primary measurement limitation. SEAM does result in a loss of intra-regional information, and
a hybrid IVAM/SEAM approach for measurement of high SNR chemicals may be useful to
maintain measures of variability within ROIs. Issues of differential gray and white matter
relaxation properties and partial volume effect for lactate quantification are important
considerations (Friedman et al., 2006) but beyond the scope of this report. Additionally, the
simulation findings presented in this study are meant as a proof of principle to demonstrate the
effects of two analytic methods on spectra with added random noise. More extensive simulation
would be necessary for a more thorough characterization of the behavior of LCModel fitting
for data with different noise characteristics in order to quantify the benefits of SEAM over
IVAM under varied conditions.

The systematic analysis approach presented here facilitates the processing of MRSI data across
brain regions. Steps that ease processing include the use of uniform thresholds for spectral
quality across all study subjects, and coregistration of an anatomic atlas to individual subject
anatomy in order to automate ROI determination. It is important to note, however, that even
with this level of automation, careful attention to the results of every step taken during MRSI
data analysis is critical, as signal characteristics and artifacts can differ greatly across studies
due to the many factors involved in the acquisition process. In particular, we found that during
preprocessing, careful inspection of individual subject data using our graphical user interface
visualization tool was essential to ensure that the criteria used to detect and remove low quality
spectra were appropriate for all study data. The visualization tool described here provided a
relatively fast and simple way to view the data for every subject and evaluate spectral quality
in a comprehensive and efficient manner.

The approach outlined here that can be applied to a wide range of applications. ROI selection
can be custom tailored to address specific research or clinical questions and the procedure used
can have a large effect on the quantification. Future work can address in more detail optimal
approaches for spatial localization within ROIs, which will particularly require additional
refinement for application to three-dimensional MRSI data sets.

In our analyses, we did not exclude spectra with lactate CRLBs above a specific threshold, as
is a relatively common practice in the literature since CRLBs are linked to chemical estimation
reliability. However, due to the difficulty in discriminating lactate signal from background
noise, the meaning of the CRLBs produced by LCModel for this chemical is less clear. In
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analysis of these data, we observed that large spurious lactate concentrations are often
associated with low CRLBs. Consistent with our observations, others have noted that CRLBs
produced by LCModel can be artificially low for estimation of chemicals at low abundance
(Kreis, 2004). Further, a high CRLB can result from the absence of lactate signal in a voxel,
which can lead to inappropriate spectral rejection. Discarding spectra for which no lactate is
detectable biases concentration estimates towards higher values. In the absence of clear
standards for deciding whether a lactate concentration estimate should be included in reported
results based on lactate CRLBs, deriving criteria from other measures of overall spectral quality
may avoid this complication. Analytic approaches, such as SEAM, that improve the SNR of
fitted spectra, can provide a more realistic assessment of brain lactate levels than evaluating
lactate concentrations based on measures derived from the fitting of individual spectra.

This study has demonstrated the benefits of SEAM in improving lactate measurement for data
acquired at 1.5T. Higher field strength scanners, most typically 3T, are now coming into more
common usage in clinical and research settings, and can significantly increase the SNR of the
lactate signal. Increased SNR can make the lactate signal easier to discriminate from
background noise by the LCModel fitting algorithm, which could potentially reduce the
benefits of SEAM as compared to IVAM in estimating lactate concentrations. However, current
progress in MRSI is highly focused on capitalizing upon the higher SNR provided by high
field strengths to increase brain coverage, while at the same time reducing voxel sizes and
acquisition times. As there is a tradeoff between SNR, spatial resolution, and scan time, these
adjustments are likely to cause individual voxel lactate signal SNR to remain relatively low
for many studies, resulting in similar overestimation issues when fitting with LCModel, as
demonstrated in this report. For this reason, the SEAM analytic approach will likely continue
to be valuable in the analysis of MRSI data acquired at higher fields.

In summary, we present a systematic approach for the analysis of MRSI data sets based on
coregistration of spectroscopy data with an anatomical atlas and the use of SEAM, a method
that capitalizes on the large quantity of information contained in MRSI data sets to improve
lactate concentration estimation accuracy for regions of interest. These improvements are
achieved in the data processing stage, and can augment the benefits of improving data quality
at the level of acquisition, such as by increasing the static magnetic field strength. This
systematic approach will be increasingly valuable as MRSI acquisition techniques, and the
amount of spectral data they generate, continue to progress.
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Figure 1.
Schematic representation of the systematic analysis of MRSI data used in this study. Top row:
Data pre-processing steps. Middle row: Steps for computing chemical concentration estimates
with IVAM. Bottom row: Steps for computing chemical concentration estimate with SEAM.
In this figure, lactate is used as an example chemical of interest, the right insula is used as an
example region of interest, and all spectroscopic data shown are from the sodium lactate
infusion study.
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Figure 2.
Concentration estimates for lactate for the IVAM and SEAM methods over the duration of the
dynamic infusion experiment for the right frontal lobe region (left), left insular region (middle)
and whole slab (right). Mean concentrations over all 18 subjects are shown with error bars
indicating the standard deviation. Additional markers denote the level of significance of
differences in the means at each time point.
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Figure 3.
Concentration estimates for NAA for the IVAM and SEAM methods over the duration of the
dynamic infusion experiment for the right frontal lobe region (left), left insular region (middle)
and whole slab (right). Mean concentrations over all 18 subjects are shown with error bars
indicating the standard deviation across subjects.
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Figure 4.
Average CRLBs across all subjects and all twenty-two brain regions plotted as a function of
the number of voxels in the ROI for cerebral lactate (left) and NAA (right) for the SEAM
approach. The data corresponds to the last time point of the lactate infusion period. The
equations for the SEAM lactate and NAA trend lines are y=101.32*x−0.26 and
y=6.00*x−0.15, respectively.
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Figure 5.
Effect of adding simulated noise to in vivo spectroscopy data on quantification of brain lactate
by LCModel. The in vivo spectrum is represented in gray, and red lines indicate the LCModel
fit. Left: The original spectrum, calculated as the average across all voxels in the PEPSI slab
for a single subject, demonstrates no lactate signal detected by LCModel (a meaningless CRLB
of 999% is produced when LCModel can not fit the chemical of interest). Middle and right:
The same spectrum with two different amplitudes of noise added. The LCModel fits detected
noise as lactate signal for both of these spectra.
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Figure 6.
SNR as a function of the number of voxels in simulated ROIs for the SEAM and IVAM
approaches. Individual voxel data were calculated by adding simulated noise to a single FID
created by averaging all valid FIDs at the last time point during the infusion period across all
subjects. The mean SNR across ten experiments, each with a different random noise
introduction, is shown. The SNR for the SEAM method is proportional to the square root of
the number of voxels (r=0.999).

Corrigan et al. Page 17

Psychiatry Res. Author manuscript; available in PMC 2011 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Lactate concentration estimates as a function of number of voxels in the simulated ROIs for
the SEAM and IVAM methods, corresponding to the data presented in Figure 6. The plots
show the means and standard deviations across ten experiments, each with a different random
noise introduction. A blue line on each plot indicates the value for the original spectrum.
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Figure 8.
LCModel CRLBs for the fitting of lactate as a function of number of voxels in the simulated
ROIs for the SEAM analytic approach. The plots show the means and standard deviations
across ten experiments, each with a different random noise introduction. The blue line indicates
the value for the original spectrum.
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