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Abstract

Purpose—To investigate human brain metabolite discriminability and general measurement
reproducibility of two-dimensional (2D) J-resolved IH MRS and Prior Knowledge Fitting
(ProFit).

Materials and Methods—2D J-resolved H MRS spectra were acquired from the anterior
cingulate cortex (ACC) and the parietal-occipital cortex (POC) of 10 healthy subjects at a
magnetic field strength of 2.9 Tesla. Amplitude correlation matrices were constructed for each
subject and brain region to assess metabolite discriminability. ProFit-estimated metabolite peak
areas were normalized to a water reference signal, and intra- and inter-subject reproducibility was
evaluated.

Results—Favorable between-metabolite correlation coefficients (<20%) were observed for a
range of metabolites. Lower correlation coefficients between a given pair of metabolite estimates
were consistently observed for POC metabolites. The group mean correlation coefficient existing
between glutamate and glutamine was calculated as —18% and —13% for ACC and POC,
respectively. Most ACC and POC metabolites showed intra- and inter-subject CV values of <15%
and <20%, respectively.

Conclusion—The observed Glu and GIn signal discrimination makes these techniques suitable
for investigating a variety of psychiatric disorders. Intra- and inter-subject metabolite level
reproducibility was comparable to the existing literature findings. These data serve as a valuable
benchmark for assessing future modifications to 2D IH MRS data acquisition and ProFit analysis.
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Low spectral resolution and severe metabolite peak overlap are associated with proton (1H)
MR spectroscopy (MRS) data acquired from human brain using clinical MR imaging
systems. Spatially localized variants of two-dimensional (2D) IH MRS methods circumvent
these issues by encoding a second frequency dimension and separating all uncoupled and
scalar spin-spin (J)-coupled metabolite resonances across a 2D spectral surface. Localized
2D 1H MRS measurement sequences are analogous to high-resolution methods used
extensively for elucidating the molecular connectivity of organic molecules in vitro, with
localized 2D J-resolved spectroscopy (1-3) and 2D correlated spectroscopy (COSY) (4)
being examples of two techniques adapted for human investigations. Applications for
localized 2D J-resolved *H MRS in human brain have included the resolution of y-amino
butyric acid (GABA) from creatine (Cre) resonances in substance abuse disorders (5,6), the
investigation of amino acid neurotransmitter metabolism in bipolar disorder (7) and pain (8),
and the separation of lactic acid (Lac) from lipids in brain tumors (9). Localized 2D

COSY H MRS has been shown to enhance the available neurochemical information in
healthy human brain tissue (4) and glioblastomas (10).

The implementation of localized 2D H MRS acquisition schemes onto clinical MRI/MRS
systems is relatively straightforward, as is the reconstruction and visualization of the
recorded 2D spectral data. However, quantification of 2D IH MRS data remains particularly
challenging, and several approaches having been adopted at different institutions. Earlier
attempts for quantifying 2D J-resolved 1H MRS data were based on the extraction of a one-
dimensional (1D) row where, for GABA, the extraction of a row positioned at 3.01 ppm /
7.45 Hz enables sufficient resolution from dominating Cre methyl resonance (3,11). The row
extraction approach recently was improved to enable the automated 1D spectral fitting of all
individual rows for multiple metabolites in a 2D J-resolved dataset (12). A popular method
for quantifying 2D COSY 1H MRS data recorded in vivo involves the calculation of
metabolite peak volume integrals and the reproducibility of that technique has been
demonstrated at 1.5 Tesla (T) (13). A statistical peak-separation and object segmentation
algorithm also has been proposed for the analysis of 2D COSY datasets (14).

Schulte and Boesiger recently introduced a novel algorithm termed Prior Knowledge Fitting
(ProFit), which represents a notable advance in the automated analysis of 2D 1H MRS data
(15). The ProFit algorithm iteratively fits in vivo 2D MRS data using a linear combination
of suitable 2D model spectra, and can be adapted for fitting any given type of 2D spectral
acquisition. The original report demonstrated the robust fitting of twenty individual
metabolites to 2D J-resolved 1H MRS spectra acquired from healthy human volunteers
including GABA, glutamate (Glu), glutamine (GlIn), glutathione (GSH), and glycine (Gly).
Data recorded from a single subject and from multiple subjects was used to calculate intra-
and inter-subject metabolite fit standard deviations, respectively, which demonstrated a high
degree of reproducibility (15). Spectral fit reliability also was evaluated using the Cramer-
Rao lower bound (CRLB) values determined for each metabolite concentration. CRLB
values are evaluated following inversion of the noise-normalized Fisher information matrix
(16), and typically are outputted as the estimated standard deviation expressed as a
percentage of the estimated metabolite concentration. Therefore, CRLB values represent the
theoretical lower level of variability attainable for a metabolite at a given signal-to-noise
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(SNR). Compared to the fitting of conventional 1D H MRS data, 2D J-resolved 'H MRS
data analyzed using ProFit resulted in significantly reduced CRLB values for the vast
majority of metabolite species, including GABA, GIn, and Glu. The reproducibility of
metabolite concentration, coupled with the low CRLB values detected for the amino
neurotransmitter species, makes these approaches especially suitable for neuropsychiatric
applications.

The off-diagonal elements of the inverted Fisher matrix also can be used to calculate the
amplitude correlation coefficient for a pair of metabolite estimates, thus providing additional
data reflecting the inter-dependence of the ProFit signal estimates (16). Note that as with
CRLB values, the amplitude correlation coefficients are an estimate of the lowest amount of
covariance between two fit parameters, thus providing a lower bound for the actual amount
of observed covariance that cannot be readily extracted from in vivo data. Such measures
could provide unique information regarding the relative discriminability of specific
metabolite resonances such as Glu from GlIn, or GABA from Cre, which are typical outcome
measures in neuropsychiatric MRS studies. MRS discrimination of metabolite resonances is
also expected to be region-specific, due to the differential static magnetic field homogeneity
and signal linewidth that is realistically achievable across the human brain. The primary
objective of this study was to interrogate the magnitude and variability of the between-
metabolite correlation coefficients as calculated in human brain using 2D J-resolved 1H
MRS and ProFit analysis. MRS data acquired from two distinct brain regions in healthy
volunteers using a multi-scan protocol commonly used in serial studies focusing on
metabolic changes underlying disease progression and/or the effects of exogenous agents. A
second aim of this study was to use a ProFit-independent metabolite normalization scheme
based on a CSF-corrected water reference signal to further assess the reproducibility of

2D 1H MRS and ProFit analysis, and those findings are briefly put into context with the
precedent literature.

MATERIALS AND METHODS

Subject Selection

The local Institutional Review Board approved this investigation, which met the criteria for
investigations in human subjects (see http://ohsr.od.nih.gov/guidelines/helsinki.html, last
accessed on 01/26/2012). A total of 10 healthy volunteers (mean age * standard deviation
(SD) = 26 * 3 years; 6 females, 4 males) were recruited from the general public for the
study. One subject had undergone a single previous MRI scan unrelated to this study.
MRI/MRS measurements were performed on 2 different days for each subject, with the
second scan (S2) performed within 1 week of the baseline scan (S1).

Data Acquisition

All subjects were scanned using a 2.9 Tesla (T) Siemens (Erlangen, Germany) TIM Trio™
whole-body MRI system running the “VB17” Siemens-supplied software. A circularly
polarized body coil and a manufacturer-supplied 12-channel phased-array receive-only head
coil were used for radiofrequency (RF) transmission and signal reception, respectively.
Subjects were positioned supine and foam pads were used to fixate the subject’s head within
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the RF coil housing. Three orthogonal low-resolution proton-weighted gradient echo
(repetition time/echo time [TR/TE] = 20/5 ms; field of view [FOV] = 280 x 280 mm; matrix
size = 192 x 144; 8 mm slice thickness) localizer images initially were obtained to confirm
optimal head positioning at the receive-only coil center. Subsequently, static magnetic field
(Bp) shimming was performed over the whole head FOV using a standard manufacturer-
supplied phase map method. Three-dimensional (3D) high-contrast and high-resolution T-
weighted, magnetization-prepared, rapid gradient echo (MP-RAGE; TR/TE/TI =
2000/3.53/1100 ms; FOV = 256 x 256 x 224 mm; isotropic 1 mm in-plane resolution) MR
images then were acquired and used to facilitate accurate MRS voxel positioning and for
post hoc within-MRS voxel tissue-type segmentation.

For the S1 and S2 scan sessions, single-voxel MRS data were acquired from two distinct
brain regions in all subjects: the anterior cingulate cortex (ACC) and the parietal occipital
cortex (POC). The MRS voxel measured 25 x 25 x 30 mm? for both regions, and was
obliqued along the sagittal plane and positioned to cover predominantly gray matter within
the ACC or POC. Voxel repositioning at S2 was performed manually, by visually inspecting
the corresponding voxel placement at S1 on axial and sagittal image slices reconstructed
from the S1 MP-RAGE dataset. Within-voxel By shimming was achieved using a
manufacturer-supplied automated phase map procedure in combination with interactive
manual shimming until a full-width at half-maximum (FHWM) of <11 Hz was observed for
the real component of the ACC or POC unsuppressed water signal. A standard PRESS
sequence was modified to enable 2D J-resolved *H MRS measurements, where the first
PRESS TE period (TEL1) was fixed at 12 ms and the second TE period (TE2) was
progressively incremented to sample the second (J) dimension. Spatial localization was
achieved using a Hanning-filtered sinc RF pulse of 2.6 ms duration (bandwidth (BW) =5
kHz) followed by two identical optimized sinc RF pulses of 7.0 ms duration (BW = 1 kHz)
for slice-selective refocusing. Identical parameters were used to acquire 2D J-resolved 1H
MRS data from both brain regions (TR/TE = 2400/31-229 ms; ATE = 2 ms; 4 signal
averages per TE step with online averaging; 2D spectral width = 2000 x 500 Hz; 2D matrix
size = 2048 x 100). The spectral data were obtained using a maximum-echo sampling
scheme whereby the analogue-to-digital converter (ADC) ontime was fixed for all 100 TE
steps (17). Outer-volume suppression (OVS) was achieved using six saturation bands
positioned at least 1.5-cm away from the MRS voxel faces and band saturation was achieved
using hyperbolic secant adiabatic full passage RF pulses. A three-pulse water elimination
through Tq-effects (WET; 18) scheme was interleaved with the OVS module for global
water suppression. In addition, water unsuppressed 2D 1H MRS data were acquired from
each voxel with 2 signal averages recorded for each TE step. The RF transmitter carrier
frequency was set to 3.0 and 4.7 ppm for water suppressed and unsuppressed data,
respectively.

Tissue Segmentation

Skull stripping and whole brain tissue-type segmentation was performed on MP-RAGE
images using BET (19) and FAST (20), respectively, which are tools provided with the
freely-available FMRIB software library (FSL; 21). Home-written MATLAB (version
R2010b, The MathWorks, Natick, MA) functions then were used to extract the 3D volume
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corresponding to the positioned MRS voxel to obtain within-voxel gray matter (GM), white
matter (WM) and cerebrospinal fluid (CSF) tissue content for each subject. The GM
percentage was calculated as the ratio to total brain matter, i.e., 100 x GM/(WM+GM).

Spectral Processing and Quantification

All 1H MRS data were stored as Siemens TWIX files and transferred to personal computer
systems to be preprocessed by home-written functions written in MATLAB. The 12-channel
receive-only head coil was operated in the 4-cluster mode with each cluster comprised of 3
coil elements. Before channel recombination, eddy current distortions initially were
accounted for using a previously reported time-domain method (22), where each TE step
from a given 2D 1H MRS dataset was corrected using the corresponding cluster-specific
water unsuppressed recorded at the same TE. Coil cluster-specific signal weighting
coefficients were determined on an individual subject basis using the real component of the
phased unsuppressed water signal data. In brief, a weighting coefficient for a given cluster
was calculated as the maximum amplitude of the corresponding water spectrum divided by
the sum of the maximum amplitudes for all four coil clusters. The weighting coefficients
determined for a given subject and voxel location subsequently were applied to all water
suppressed and unsuppressed FID data before signal recombination. The eddy current
corrected and signal weighted time-domain data from all four clusters were recombined on a
TE-by-TE basis to afford a 2D matrix, characterized by 100 TE steps and 2048 complex
points. The residual water signal was removed from each row of water suppressed 2D
matrices using a Hankel singular value decomposition (HSVD) routine (23) written in
MATLAB. Finally, the 2D matrix was reformatted to produce the individual file types
required for ProFit read-in.

The ProFit algorithm was applied identically to all ACC and POC 2D H MRS data as
detailed in (15) using the supplied 2D basis set generated without considering the effects of
spatial localization. Before the 2D fast Fourier transformation (FFT), the raw 2D matrix was
zero-filled to 200 points along the indirectly detected (J)-dimension. The basis set comprised
of nineteen metabolites including Cre, N-acetyl aspartate (NAA), glycerophosphorylcholine
(GPC), phosphorylcholine (PCh), alanine (Ala), aspartate (Asp), GABA, glucose (Glc), Gln,
Glu, Gly, GSH, Lac, myo-inositol (Ins), N-acetyl aspartylglutamate (NAAG),
phosphoethanolamine (PE), taurine (Tau), scyllo-inositol (sl), and ascorbic acid (Asc). The
Cre methylene (CH,) and methyl (CH3) protons were fitted separately whereas the separate
GPC and PCh peaks ultimately were considered as a composite resonance. For considering
CRLB on the individual metabolite concentrations, the ProFit software first constructs the
Fisher information matrix, F, as follows

]‘ ota T ota
F=—Re{B""}" Re{B""}, 1]

where o corresponds to the standard deviation of the real part of the noise, Re{B®@}
denotes the real part of the final basis matrix containing 2D spectral information for the
included metabolites, and the superscript T is the transpose of the matrix (15). The CRLB on
the concentration for a given metabolite mis then calculated following inversion of the
Fisher matrix using
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CRLB,=\/(F7 1), 12

All metabolite Cramer-Rao Lower Bound (CRLB) values presented were calculated by the
ProFit software with CRLB values <20% included in the final analysis. The Fisher matrix
also can be used to construct the amplitude correlation matrix to describe the correlation p m
that exists between metabolite species | and m. Accordingly, the ProFit software was
adapted to output a covariance matrix for each subject and brain region examined as follows

Plm= (Fﬁl)l,m
T JEDLED,,

)

where p; m is a square matrix with diagonal elements of unity and off-diagonal elements
corresponding to the amplitude correlation existing between metabolites | and m (16). Group
averaged covariance matrices ultimately were constructed for both brain regions (using all
S1 and S2 data) and were calculated after ensuring that equivalent signs existed for each
matrix element across all subjects.

The software was further modified to calculate signal-to-noise (SNR) ratios based on the
NAA CHgs resonance at 2.0 ppm. Briefly, 2D spectral regions-of-interest (ROI) were defined
between 9.0 and 10.0 ppm and 1.75 and 2.25 ppm, which corresponded to noise and NAA
ROls, respectively. All points along the J-dimension were used for reconstructing the 2D
ROIls. The SNR was defined as the maximum absolute peak height calculated for the NAA
ROI divided by the standard deviation of the real part of the noise ROI. The estimated
metabolite 2D peak areas were normalized to the short TE = 31 ms unsuppressed water
signal, which was calculated after fitting a VVoigt line-shape to the real component of the
phased frequency-domain unsuppressed water data (24). The nonlinear least-squares
“Isgnonlin” function provided with the MATLAB Optimization Toolbox™ was used to fit
the water data, with the initial estimate for signal amplitude being subject-specific and based
on the maximum peak amplitude. An initial estimate of 8 Hz was used for signal linewidth
(LW) with the lower and upper bounds set to 1 and 20 Hz, respectively. The resulting
metabolite/water ratios were corrected for within-voxel CSF-fraction determined using the
relevant segmented MRI data.

Statistical Analysis

Statistical analysis was performed using OriginPro 8 (OriginLab Corporation, Northampton,
MA) with the coefficient of variation defined as the standard deviation divided by the mean.
Both intra- and inter-subject CVs were calculated for all metabolites, subjects and brain
regions. The inter-subject metabolite CV values were calculated using two methods as
follows: the first approach used the averaged S1 and S2 values before calculating inter-
subject CVs, whereas the second method considered only the S1 data.

Finally, to test for significant differences in covariance between the ACC and POC matrices,
two-sample t-tests (equal variance assumed, two-tailed) were performed on an element-wise
basis with the significance level (a) set to 0.05.
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Figure 1a presents tissue-segmented axial and sagittal T1-weighted MR images, which also
display the typical ACC and POC voxel locations used for the present study. The mean
within-MRS voxel GM and CSF content together with their corresponding intra- and inter-
subject CV values are presented in Table 1.

Figure 1b displays an expanded region of the raw 2D J-resolved 1H MRS data recorded
from the ACC voxel in Figure 1, together with the 2D spectral fit achieved using the ProFit
algorithm. Tentative signal assignments for major proton resonances also are provided with
the 2D spectral fit. Figure 1c displays a series of individual 1D spectral rows extracted from
the raw 2D 1H MRS data presented in Figure 1b, shown together with the corresponding fits
(overlaid in red) and fit residuals (i.e., fit subtracted from the corresponding raw data). To
provide some insight into the overall consistency of spectral acquisitions, the group
averaged SNR and solvent water-based LW measures are presented in Table 2 along with
the calculated intra- and inter-subject measures.

Figure 2 displays the ACC and POC metabolite covariance matrices calculated for the
current study, which allow for a post hoc assessment of the metabolite discriminability
achievable using 2D J-resolved IH MRS and ProFit. Correlation coefficients (group mean +
SD) for pairwise interactions between ACC metabolites of interest were: Glu and Gln =
-17.5 + 4.1%, Glu and GABA = -22.3 + 6.9%, Glu and NAA = 5.0 £ 0.9%, GIn and GABA
=1.45 £ 1.0%, Gln and NAA = -6.5 + 2.9%, GABA and Cre = -36.4 + 1.0%, Gly and ml =
-42.2 £ 1.2%, GPC and PCh = -98.8 + 0.4%, and NAA and NAAG = -78 + 5.0%.
Similarly, for the POC metabolites these values were: Glu and GIln = -12.7 + 0.6%, Glu and
GABA =-9.3 + 3.9%, Glu and NAA = 4.1 + 0.11%, GIn and GABA = 0.2 £ 0.1%, GIn and
NAA =-1.2 £ 1.2%, GABA and Cre = -35.7 £ 0.4%, Gly and ml = -40.7 = 0.9%, GPC and
PCh =-98.1 + 0.4%, and NAA and NAAG = -64.6 £ 5.3%. When considering one half of
the symmetrical group-averaged ACC and POC covariance matrices, statistical analysis
showed that a total of 168 of the 190 off-diagonal elements were significantly different
between the two ROIs. For example, between-ROI differences were significant (P < 0.01)
for the Glu <+ GIn, Glu <+ GABA and GABA < Cre interactions, but not for sl <> Gly (P =
0.4) or Ala <+ Tau (P =0.4).

Table 3 provides the group mean ACC and POC water-normalized peak areas for all
metabolites together with the corresponding CV values and CRLB estimates. The “Inc”
column defines the number of spectra used in the final analysis that showed CRLB <20% for
a given metabolite. Table 4 shows precedent literature values and results from the present
study, which enables the direct comparison of intra- and inter-subject CV values obtained
for selected metabolites in several brain regions of healthy volunteers. Also provided in
Table 4 are the specific Bg field strength, voxel size, and total measurement time for each
specific study.
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DISCUSSION

Assessment of metabolite discriminability and the general measurement reproducibility of
2D 1H MRS data analyzed using ProFit is of critical importance for establishing the clinical
utility of these techniques, especially when considering their usage in longitudinal studies
focusing on disease progression and/or the pharmacodynamic effects of psychotropic drugs.
This report set out to evaluate both measures in a setting that is representative of MRS
studies performed in psychiatric populations and, to achieve that goal, we recorded 2D J-
resolved IH MRS data from two brain regions in 10 healthy control subjects with each
subject undergoing MRI/MRS scan procedures on two distinct scan days. Nine of the ten
volunteers reported as MRI/MRS procedure-naive at the S1 scan time. The brain regions
examined included the ACC, which is commonly investigated in a range of psychiatric
disorders, and the POC, which typically serves as a control region for frontal lobe MRS
measurements (7,25). The MRS data obtained from this study design enabled us to assess
how metabolite discriminability varies between important brain regions and to further
interrogate the general reproducibility of these emerging acquisition and processing MRS
methods.

Metabolite discriminability was assessed for each subject and brain region through the use
of covariance matrices, which were outputted following appropriate manipulation of the
Fisher information matrix (16). The covariance matrix diagonal elements of unity indicate
the complete indiscrimination of the equivalent metabolite, whereas off-diagonal elements
can be used to assess the strength of pairwise correlations between two distinct metabolite
species. We actually presented the group averaged ACC and POC covariance matrices,
which for 168 of the total 190 possible metabolite interactions showed significantly lower
values for the off-diagonal elements for the POC data. That observation is consistent with
the improved By shimming achieved in the POC region giving rise to lower LW values and
an improved metabolite discriminability (see Table 2). The majority of the metabolite
pairwise correlations were <20% for both brain regions. Particularly noteworthy are the
mean GlIn < Glu correlation coefficients of —=17.5% (SD = + 4.1%) and -12.7% (SD =+
0.6%) calculated within the ACC and POC, respectively, indicating minimal interference of
the measured Glu and GIn signals with low subject variability. 1H MRS performed in human
subjects have implicated glutamatergic dysfunction in a range of psychiatric illnesses
including schizophrenia (26,27), bipolar disorder (7,28-30), depression (31,32), anxiety
disorders (33), and substance abuse (34,35). Therefore, the reliable separation of Glu from
Gln is of vital importance for characterizing the precise nature of glutamatergic
abnormalities. Our data suggest that 2D J-resolved 'H MRS data analyzed using ProFit
provides a sufficiently robust Glu/GIn peak resolution within the ACC, which is deemed a
major locus of pathology in psychiatric disorders. Moderately low correlation coefficients of
-36.4% (ACC) and —35.7% (POC) were detected for GABA <> Cre signifying reasonable
metabolite discriminability for these two metabolites. Note that these coefficients,
depending on a preset covariance threshold, might warrant the use of GABA levels as a
covariate if the Cre 3.0 ppm resonance is used as an internal normalization reference.
Another commercially available MRS fitting package (36) specifies that if the correlation
between two metabolites is consistently more negative than —50%, then their level should be
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expressed as the sum of the pair. However, future work should aim to use realistic
physiological phantoms for investigating covariance thresholds specific to metabolite pairs
measured using 2D J-resolved MRS and ProFit. Following on from this, the integrity of the
covariance matrices is reinforced after considering the strong negative pairwise correlations
between overlapping singlet species, namely NAA < NAAG and PCh < GPC. For both
brain regions, we observed a fewer number of successful NAAG fits (i.e., CRLBnaaG
<20%) compared to previously reported findings at 3.0T (15), which might stem from the
slightly lower spectral resolution associated with a By of 2.89T. Given that 2D J-resolved 1H
MRS is based on the acquisition of FIDs at multiple TE steps, we are investigating a
separate postprocessing pipeline based on TE-averaged H MRS and a regularized lineshape
deconvolution, which recently was reported as an alternative means for resolving NAA and
NAAG (37).

Schulte and Boesiger originally evaluated the intra- and inter-subject reproducibility of 2D
J-resolved IH MRS and ProFit using Cre-normalized data acquired from a single subject and
27 subjects, respectively (15). The second objective of the present study was to more
rigorously establish the reliability of 2D J-resolved 1H MRS and ProFit In contrast to the
Cre-based normalization scheme used by Schulte and Boesiger (15), we normalized our
ProFit-derived metabolite peak areas using the PRESS CSF-corrected tissue water signal
before calculation of CV values. This normalization scheme provided a ProFit-independent
approach that (i) eliminated the potential for Cre 2D fitting errors to propagate into the
metabolite normalization, and (ii) allowed the determination of Cre reproducibility. Our
within-voxel segmentation data demonstrate that the within-subject variation of tissue type
was negligible, indicative of accurate voxel repositioning between S1 and S2 scan times. In
addition, the within-subject SNR and signal LW also were highly reproducible in the ACC
and POC regions. Both the ACC and POC intra- and inter-subject CV values calculated for
the current study agree well with those previously reported using 2D J-resolved 1H MRS
and ProFit (15). The metabolite inter-subject CVs are notably higher than the corresponding
intra-subject CVs, reflecting the likely differences in metabolite concentrations between
subjects. For most metabolites, inter-subject CVs calculated using only S1 values are
typically higher than those calculated using averaged S1 and S2 values, as errors related to
intra-subject variability are included the analysis. The majority of metabolites showed
CRLB values <20% for both ACC and POC regions for all analyzed subject data with the
exception of NAAG (see earlier discussion). For some metabolites including Cre, NAA, and
GIn, lower CRLB values were observed for the POC region, which might be explained by
the lower group mean LW recorded for this brain region and the theoretical dependency of
CRLB on the observed T,* (23). Compared to previous findings (15), we also observed
lower CRLB values for the majority of metabolites in both brain regions, an observation that
is likely explained by the 25% increase in voxel used for the present study combined with
the use of a 12-channel phased array receive-only coil as opposed to a single-channel
transmit-receive coil. For both brain regions, it was crucial to verify that our measured
metabolite peak areas relative to Cre were consistent with previous findings. Our calculated
ACC metabolite/Cre ratios for NAA, Cho, Glu, GIn, and GABA were 1.41, 0.27, 1.18, 0.25,
and 0.18, respectively, which can be compared to Schulte and Boesiger’s corresponding
ratios of 1.38, 0.33, 1.18, 0.19, and 0.12 (15). The POC metabolite/Cre ratios for NAA, Cho,
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Glu, GIn, and GABA were calculated as 1.55, 0.23, 1.11, 0.26, and 0.17, respectively, which
are closely similar to the previously reported values of 1.48, 0.28, 1.28, 0.21, and 0.17 (15).

This section briefly discusses the present reproducibility data compared with precedent
literature 1D and 2D MRS findings. Note that the sensitivity of each MRS technique should
be considered with respect to By field strength, MRS voxel size, and total measurement time
(see Table 4). Mullins and colleagues reported the use of a PRESS sequence with an
optimized TE (40 ms) that showed good intra-subject reliability for frontal lobe NAA, Cre,
GPC/PCh, GABA, and Glu with poorer reliability recorded for GIn (38). We acknowledge
that for a direct comparison our own CV values should be multiplied by v2 to be consistent
with their method of CV calculation. However, the intra-subject CV values presented in that
publication were based on same-session scanning thus removing potential for voxel
repositioning errors. Ongur et al (7) and Lymer et al (11) reported intra-subject CV values
for frontal lobe and occipital lobe 2D 1H MRS data, respectively, using 1D row extraction
and fitting methods for spectral analysis. The corresponding intra-subject metabolite CV
data from the present study is comparable or superior to those values, although neither report
documented inter-subject CV data. The reproducibility of 2D COSY 1H MRS, as evaluated
based on the measurement of metabolite volume integrals (13), generally showed higher
intra-subject CV values compared to those presented in the current study. However, the
inter-subject CV values presented in (13) were lower than those from the present study,
which may represent natural between-subject differences in the two distinct cohorts of
subjects examined. The 2D IH MRS quantification schemes discusses (7,11,13) were unable
to investigate metabolite signal interaction and discriminability as construction of the
required Fisher information matrix was unfeasible.

The current implementation of 2D J-resolved 1H MRS and ProFit has several
methodological limitations. The first of these concerns is the lack of inclusion of a
macromolecule (MM) spectrum in the 2D basis set. Jensen et al (39) demonstrated an
approximate 15% contribution of MM resonances to the GABA peak detected at and around
3.0 ppm in 2D J-resolved 1H MRS data, and MM resonances may also contribute to the
resonances of Lac, Glu, GIn, and NAA (40). The MM basis function could be created
empirically using metabolite-nulling based on inversion recovery methods (41) and later
incorporated into the final ProFit analysis. The use of a simulated basis set generated
without considering the effects of spatial localization is a further limitation of the present
study. Edden et al (42) investigated J-coupling evolution in localized 2D J-resolved 1H
MRS demonstrating that, within a given PRESS-localized volume, J-coupling evolves as
expected or can be partially or fully refocused due to an insufficient refocusing RF pulse
bandwidth. Additional metabolite signals termed “J-refocused peaks” ultimately can be
detected in the final 2D spectrum, which might be more accurately accounted for by
incorporating the specific shaped RF waveforms used and localization gradients into the
basis set simulation. Finally, given the single-voxel nature of the present methods and the
relatively long measurement time required for two discrete regions, the recent advances in
rapid acquisition of 2D spatial/2D spectral H MRS techniques should be investigated to
enable increased brain coverage within a single scan (43).

J Magn Reson Imaging. Author manuscript; available in PMC 2015 November 24.
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In conclusion, the data from the present study assess metabolite peak discrimination and
general technique reproducibility that is achievable when using ProFit to analyze 2D J-
resolved 1H MRS data recorded from the ACC and POC of human subjects. A high degree
of Glu and GIn signal discrimination was detected across all subjects for both brain regions
making these techniques particularly suitable for investigating a variety of psychiatric
disorders. Using a CSF-corrected tissue water signal normalization scheme we observed
excellent intra- and inter-subject reproducibility for a wide range of metabolites, which was
at least comparable or superior to the existing literature findings. The metabolite peak
correlation matrix data together with the test—retest reliability findings presented, serve as a
valuable benchmark for assessing future modifications to 2D 1H MRS data acquisition and
ProFit processing strategies.
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Figure 1.

a: Axial and mid-sagittal slices extracted from a tissue-segmented 3D MP-RAGE MRI
dataset recorded from a single subject. The red and black rectangles depict the typical voxel
positioning used for ACC and POC measurements, respectively. b: Phase-sensitive (real
component) 2D J-resolved 1H MRS data recorded from the ACC voxel shown in (a) and
fitted using the ProFit algorithm. The 2D data are characterized by a J-resolved (Hz) axis
plotted against the chemical shift (ppm) dimension, with the raw 2D spectral data (top panel)
and 2D spectral fit (bottom panel) displayed as expanded regions (first dimension: 0.2—-4.2
ppm; second dimension: + 40 Hz) of their respective full 2D matrices. Both 2D spectra are
presented using identical scaling and the color bars show the minimum and maximum
contour levels used (arbitrary units). The black box within the top panel represents the
spectral region analyzed for 2D fitting, and tentative signal assignments are provided on the
bottom panel. c: Eleven individual 1D spectral rows (J = + 25 Hz) extracted from the 2D 1H
MRS data shown in (b), presented together with their respective fits (red) and fit residuals.
The dotted lines delineate the 2.05-2.50 ppm spectral region that is comprised primarily of
GlIn and Glu resonances.
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(a) ACC Covanance Matrix {b) POC Covariance Matrix

Figure 2.
Group averaged covariance matrices of the ProFit analysis calculated for the ACC (a) and

POC (b) brain regions. The magnitude and sign of the correlation coefficients can be
appreciated using the color bar provided with each plot, although specific correlation
coefficients are provided within the text for ACC and POC metabolites of interest.
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Group Mean Within MRS-Voxel Tissue Content for the ACC and POC Brain Regions, Presented Together

With the Corresponding Intra- and Inter-subject CV Values”
Mean
Brain Tissue percentage Intra-subject Inter-subject
Region  type (=SD) Cv cv
ACC GM 72+3% 1% 5%
CSF 14+5% 4% 33 %
POC GM 68 4 % 2% 6 %
CSF 13+6% 10 % 46 %

*
See text for details regarding within-voxel segmentation procedures.
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Group Mean SNR and LW Values for the ACC and POC Brain Regions, Presented Together With the

Table 2

Corresponding Intra- and Inter-subject CV Values”

Brain

region Parameter

Mean Intra-subject  Inter-subject
A% Ccv

ACC SNR
LW
POC SNR
LW

(+SD)
43774 8% 7%
8+1Hz 7% 12%
441+ 75 1% 17%
6+1Hz 5% 6%

*
See text for details regarding SNR and LW calculation.
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