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RESEARCH ARTICLE

Covariance J-resolved spectroscopy: Theory and application
in vivo
Zohaib Igbal® | Gaurav Verma! | Anand Kumar?? | M. Albert Thomas!

1Department of Radiological Sciences,
University of California Los Angeles, Magnetic resonance spectroscopy (MRS) is a powerful tool capable of investigating the metabolic

Los Angeles, USA status of several tissues in vivo. In particular, single-voxel-based *H spectroscopy provides invalu-
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California Los Angeles, Los Angeles, USA
3Department of Psychiatry, University of
Illinois at Chicago, Chicago, IL, USA nal overlap and thus important metabolites are difficult to distinguish. One method that is used

able biochemical information from a volume of interest (VOI) and has therefore been used in

a variety of studies. Unfortunately, typical one-dimensional MRS data suffer from severe sig-

Correspondence to disentangle overlapping resonances is the two-dimensional J-resolved spectroscopy (JPRESS)
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experiment. Due to the long acquisition duration of the JPRESS experiment, a limited number of
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points are acquired in the indirect dimension, leading to poor spectral resolution along this dimen-
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Email: athomas@mednet.ucla.edu sion. Poor spectral resolution is problematic because proper peak assignment may be hindered,
Funding information which is why the zero-filling method is often used to improve resolution as a post-processing
National Institute of Health R21, Grant/Award step. However, zero-filling leads to spectral artifacts, which may affect visualization and quantita-
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California-Los Angeles Dissertation Year
Fellowship Award (2016-2017) spectroscopy (CovlJ), was developed in order to improve spectral resolution along the indirect

tion of spectra. A novel method utilizing a covariance transformation, called covariance J-resolved

dimension (F;). Comparison of simulated data demonstrates that peak structures remain qual-
itatively similar between JPRESS and the novel method along the diagonal region (F; = OHz),
whereas differences arise in the cross-peak (F; # 0 Hz) regions. In addition, quantitative results of
in vivo JPRESS data acquired on a 3T scanner show significant correlations (r? > 0.86, p < 0.001)
when comparing the metabolite concentrations between the two methods. Finally, a quantita-
tion algorithm, ‘COVariance Spectral Evaluation of 'H Acquisitions using Representative prior
knowledge’ (Cov-SEHAR), was developed in order to quantify y-aminobutyric acid and glutamate
from the CovJ spectra. These preliminary findings indicate that the CovJ method may be used to

improve spectral resolution without hindering metabolite quantitation for J-resolved spectra.
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covariance NMR, enhanced spectral resolution, human brain, J-resolved spectroscopy (JPRESS),
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1 | INTRODUCTION

For decades, 1H NMR has been utilized to identify various chemical and biological structures. Application of this technique to medicine in the form of
magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) has greatly enhanced understanding of anatomical, functional, and
metabolic processes in vivo. In particular, 1H MRS has been used in the investigation of metabolism in the brain! and several other regions2> using
single-voxel based methods such as point-resolved spectroscopy (PRESS).¢ The PRESS technique localizes a volume of interest (VOI) and obtains

a one-dimensional (1D) spectrum from this region that can be analyzed and quantified using a variety of methods. Biochemicals associated with

Abbreviations used: 1D, One-dimensional; 2D, Two-dimensional; Asp, Aspartate; Ch, Choline; CovJ, Covariance J-resolved spectroscopy; Cov-SEHAR, COVariance Spectral Evaluation of 1H
Acquisitions using Representative prior knowledge; Cr3.0, Creatine 3.0; Cr3.9, Creatine 3.9; FT, Fourier transformation; GABA, y-aminobutyric acid; GIn, Glutamine; Glu, Glutamate; Glx,
Glutamate + Glutamine; GSH, Glutathione; JPRESS, J-resolved spectroscopy; Lac, Lactate; ml, myo-Inositol; MM, Macromolecules; NAA, N-acetyl aspartate; NAA-asp, N-acetyl aspartate
aspartyl; NOESY, Nuclear Overhauser effect spectroscopy; STI, soybean trypsin inhibitor; PRESS, Point-resolved spectroscopy; SBW, Spectral bandwidth; SVD, Singular value decomposition;
TOCSY, Total correlation spectroscopy; VOI, Volume of Interest.
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metabolic processes are referred to as metabolites and concentrations of these molecules can be monitored non-invasively using MRS to study both
healthy and patient cohorts. For example, the most prominent neurotransmitter in the human brain, glutamate (Glu), has been studied extensively
using several different MRS methods.”

Unfortunately, certain resonances, including Glu, glutamine (Gln), y-aminobutyric acid (GABA), and glutathione (GSH), overlap with other
metabolic signals and thus accurate metabolite quantitation may be hindered even when implementing prior-knowledge-based quantitation.®
Prior-knowledge-based quantitation refers to a methodology that obtains a basis spectrum for each individual metabolite, through either
experimental acquisition or simulation. Acquired data are then modeled using a linear combination of these basis spectra to yield metabolite con-
centration values. One method that is capable of overcoming the disadvantage of overlapping resonances is a spectral editing technique utilizing
MEGA pulses.? This method relies on saturating or inverting certain signals and then subtracting spectra to yield a final edited spectrum. Therefore,
accurate quantitation of a single metabolite can be accomplished in this manner.

Another solution for disentangling overlapping signals is to acquire a second spectral dimension.1° By acquiring an additional dimension, informa-
tion based on the coupling of various resonances is also acquired alongside chemical shift information. Several two-dimensional (2D) MRS methods
have been implemented successfully in vivol1-16 and have been used for metabolite quantitation. The PRESS localized single-voxel J-resolved spec-
troscopy (JPRESS) method11-1316 js one 2D tool that was developed by adding a time increment, At,, into a standard PRESS sequence. This time
increment encodes the indirectly acquired temporal dimension, t;, and may be transformed into the indirect spectral dimension, F,, through the
use of a Fourier transformation. The main disadvantage of the JPRESS method is that acquisition time is directly proportional to the number of t;
points acquired. Also, since the number of t; points is inversely proportional to the spectral resolution, compromise between acquisition duration
and spectral resolution becomes a necessity for recording high-quality spectrain a clinically feasible time. While the t; dimension can be zero-filled
to improve spectral resolution, this method is notorious for introducing ringing artifacts along the F; domain.1”

Covariance NMR18.1? js another method implemented for improving resolution along the indirect spectral dimension and does not introduce the
same ringing artifacts into the 2D spectra as zero-filling does. This technique has been utilized for a variety of different 2D experiments, primar-

ily total correlation spectrosocpy (TOCSY) and nuclear Overhauser effect spectroscopy (NOESY) experiments,20-22

and has even been applied to
multi-nuclear acquisitions.2324 Covariance NMR replaces the second Fourier transformation applied to the t; dimension with a covariance trans-
formation. The new F; dimension will then have the same spectral resolution as the direct spectral dimension, F,. Although numerous applications
have been described in NMR, covariance NMR has not been as widely implemented in vivo. This study focuses on describing covariance NMR the-
ory applied to the JPRESS technique. This novel method, called covariance J-resolved spectroscopy (CovlJ), is compared with the standard JPRESS

method both qualitatively using simulations and quantitatively using in vivo J-resolved acquisitions from the human brain at 3T.

2 | METHODS

2.1 | Covariance NMR theory

Data acquired from a 2D spectroscopy experiment are stored as time-domain data and may be represented as a 2D matrix, a(t,, t,), where t, is the
directly acquired dimension and t; is the indirectly acquired dimension. In classical 2D Fourier transformation (FT) NMR, both dimensions would
undergo Fourier transformation, yielding 2D spectral information given by a final matrix S(F,, F;). The spectral resolution is dictated by the num-
ber of points acquired in both the direct dimension (N,) and the indirect dimension (N;), as well as the corresponding spectral bandwidths for both
dimensions (SBW, and SBW;) through the following relationships: SBW, /N, and SBW, /N,. Due to the fact that acquisition duration is proportional
to N4, Ny is always less than N, for in vivo 2D experiments. In many in vivo cases, N; may be a factor of 10 smaller than N, leading to poor resolu-
tion along the indirect spectral dimension. While spectral resolution may be improved by decreasing SBW,, a large SBW; aids in suppressing water
tail signal and reducing T, weighting of metabolites. Covariance transformation replaces the FT operation applied to the t; dimension, resulting in
enhanced spectral resolution with no penalty on acquisition time.181?

First, the acquired data matrix, a(t,, t;), is Fourier transformed along the direct dimension to yield A(F,, t;). The new 2D spectral matrix is then

computed by identifying the relationship between the t; free induction decays (FIDs) at every F, point using the following:
1 ¢ = =
&= g (A —A0)] [AG o - A M

Above, i and j are both used to index the F, dimension (i = 1,2,3, ... ,Nyandj = 1,2,3, ... ,N,), k is used to index the t; dimension (k = 1,
2,3, ..., Nl),Z(i) is the average of all k values at a single point i, and finally Z(j) is the average of all k values at a single point j. For many 2D experi-
ments, only the real values (Re) are used when computing C, because the imaginary (Im) signals usually provide minimal additional information. Each
element in C; in Equation 1 is representative of how well points i and j are related along t;. For example, if both terms have a strong relationship,
|C;j| will be large. However, if points i and j are unrelated, such as if these points correspond to different metabolites or noisy spectral regions, then
|C;j| will be close to zero. Since the second dimension is constructed through Equation 1, the spectral resolution and SBW along the new indirect
dimension are identical to the spectral resolution and SBW along the direct dimension. Therefore, this new indirect dimension may be referred to

as F}, and the covariance matrix is then C(F, F}). As previously described,?S can be calculated from C by applying a matrix square-root operation,
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[1¥2, and multiplying by an appropriate scaling factor, a: S = « [C] 1/2. The constant « is dependent upon the 2D experiment performed, and can be
calculated either theoreticallyl? or directly from the data.

While Equation 1 provides a direct method for the computation of S, a more efficient method for calculating the 2D covariance spectrum is to use
a singular value decomposition (SVD) on the normalized A(F,, t;) matrix.22 Similarly to Equation 1, normalization is performed by subtracting the
average t, values for each individual F, point to yield A(F,, t;). After normalization, it is possible to perform SVD on the resulting A matrix to yield
an N,xN, unitary matrix (U), an N,xN; rectangular diagonal matrix (W), and an N;xN; unitary matrix (V).22 From Equation 1, it can be shown that C

is essentially A - AT, where T is the transpose operator, and therefore C can be represented as the following:
c=U-w-vi.v.w.U" (2)
c=U-w2.U" (3)

Finally, knowing that S can be found by taking the matrix square root of C:

S=U-w-U' (4)

The SVD method is used preferentially for calculating S, since this technique has been shown to be more computationally efficient than Equation 1.22

2.2 | JPRESS and covariance JPRESS processing

Acquisitions of J-resolved spectra are typically performed by introducing a time increment, At,, into the standard PRESS pulse sequence. This
increment can be either incorporated symmetrically about the last 180° pulse (90° -180° -%-180° —%—read) or inserted entirely in between the
two 180° pulses (90° -180° -t;-180° -read). The former method starts recording the FID at the echo time and is referred to as the half-echo
sampling scheme, whereas the latter method starts recording the FID immediately following the last 180° pulse and is called the maximum-echo

16.26 compared with

sampling scheme.2> It has previously been shown that the maximum-echo sampling scheme is capable of enhanced sensitivity
the half-echo sampling method. For all processing, simulation, and in vivo details, mention of the JPRESS experiment refers to the maximum-echo
sampled JPRESS acquisition.

First, data are acquired using typical JPRESS acquisition parameters: TR/TE = 2500/30ms, t, points (N,) = 2048, t; points (N;) = 100,
SBW, = 2000 Hz, SBW, = 1000 Hz, and At,; = 1 ms. Importantly, the data are used to compose an acquisition matrix, a(t,, t;), which is subsequently
Fourier-transformed along the direct dimension to yield A(F,, t;). Figure 1 displays the general processing steps for both JPRESS and covariance
JPRESS (CovJ) spectra. In order to obtain the standard JPRESS spectrum from this matrix, the chemical shift must first be refocused by applying a

phase multiplication term to A(F,, t;)1¢:
71(F2, t4) = exp(—2InV,V]) (5)

where [ = \/—_1 V, is an N, x 1 vector indexing the F, dimension from —1000 to 1000 Hz, and V; is an N4 x 1 vector indexing the t; dimension
from 0-99 ms. The matrix A is then multiplied by the phase modulation matrix, 74, in an elementwise manner to refocus the chemical shift along the
indirect dimension: A ® 4, where ® denotes elementwise multiplication. Finally, this corrected matrix can then be Fourier-transformed along the
indirect dimension to yield S(F,, F1), which is the standard N,xN; JPRESS spectrum. Due to the phase multiplication process, the observed spectral
bandwidth in the indirect dimension becomes half (+250 Hz) of the acquired SBW, (1000 Hz).

The CovJ approach also begins with the matrix A(F,, t;). However, the covariance spectrum is computed using both the real and imaginary

components of A(F,, t;) as follows:

Sg = [Re(A) - Re(AT)]"/? = Ug - W - Uy (6)
S = [ImA) - Im(ADIY? = Uy - W, - U] (7)
S’ = SR + SI (8)

Equation 6 utilizes SVD on the real component of A, Re(A), in order to obtain Ug and Wy, whereas Equation 7 performs SVD on the imaginary com-
ponent of A, Im(A), to yield U, and W,. In order to display the CovJ results in the same manner as the JPRESS results, a different phase-tilting term
must be applied to §' in the mixed frequency-time domain. Therefore, S’ is first inverse Fourier-transformed along the indirect dimension to yield

Sm(F2, t}). Then, the following phase modulation matrix is applied to S,
2(F. t)) = exp(=InV,V]) 9)

Above, V, is the same vector used in Equation 5 and V3 is an N, x 1 vector indexing the time increment, accounting for the increased number of
points (0-2047 ms). Phase tilting is performed by the following operation: S, ® 5. Finally, the matrix is brought back into the spectral domain

using a Fourier transformation, yielding the final N, x N, covariance spectrum, S, (F», F}). Once again, due to the phase tilting method, the spectral
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Run JPRESS
experiment

l

Extract Data as a(t2,t1)

|

JPRESS ~— FT Data into A(F5,t1) — Covariance JPRESS

l Apply Covariance
Apply Phase Modu- Transformation using
lation, 7, for tilting eqns. 6, 7 and 8

l to yield S'(F>,F)
Inverse FT Data
across Fy to S, (Fa,th)

|

Apply Phase Modu-
lation, 7o, for tilting

l

FT Data back
into Seoy(Fa,Fy)

-

FT Data into S(F2,Fy)

FIGURE1 A flow chart outlining the steps for JPRESS (red) and covariance JPRESS (yellow) processing is shown. After data acquisition and
extraction, the data are Fourier-transformed (FT) into the (F,, t;) domain. For JPRESS, the data are then multiplied with a 2D phase modulation
term to refocus chemical shift. The data are then subsequently brought into the (F,, F;) domain for display/quantitation. For covariance JPRESS, a
covariance transformation is applied to the data. Afterwards, a similar tilting process is performed to yield CovJ data

bandwidth of the F; dimension is £500 Hz. Thus, the observed indirect spectral resolution for JPRESS is 5 Hz/pt and that for CovJ is 0.49 Hz/pt. The
CovlJ results can be represented by real positive and negative values exclusively; however, in order for fair comparison between JPRESS spectra, the
data are displayed and quantified in magnitude mode.

2.3 | Simulation

In order to demonstrate the application of the CovJ method and compare the CovJ results qualitatively with the JPRESS method, metabolite spec-
tra were obtained using the general approach to magnetic resonance mathematical analysis (GAMMA) simulation?” with the following simulation
parameters: By = 2.89T, TE =30 ms, At; = 1ms, t, points (N,) = 2048, t, points (N;) = 100, SBW, = 2000 Hz, and SBW, = 1000 Hz. Previously
reported chemical shift and coupling values2® were used to simulate the following metabolites: aspartate (Asp), choline (Ch), creatine 3.0 (Cr3.0),
creatine 3.9 (Cr3.9), GABA, GIn, Glu, GSH, lactate (Lac), myo-Inositol (ml), and N-acetyl aspartate (NAA). Exponential line-broadening factors were
introduced to each metabolite to simulate in vivo acquisition, resulting in linewidths of 7.5 Hz. The CovJ technique was applied to each metabolite
individually and compared with the JPRESS displays. In addition, the CovJ and JPRESS methods were applied to a composite spectrum, which was
created by combining the metabolites with the following relative concentrations: 1 mM Asp, 2 mM Ch, 6 mM Cr3.0,6 mM Cr3.9, 1 mM GABA, 3mM
GIn, 7mM Glu, 1mM GSH, 2 mM Lac, 5mM ml, and 8 mM NAA. To provide a fair comparison, zero-filling was also applied to the JPRESS results,
leading to a final SBW,; = 0.5 Hz/pt, which was equivalent to the CovJ indirect spectral resolution. Finally, different spectra were simulated using
the same process, except that Glu/(Glu+Gln) ratios, also referred to as Glu/Glx ratios, were altered. All other metabolites were held constant, while

the Glu% was varied in order to observe the effects of concentration on cross-peak structure for the CovJ method.

2.4 | Invivo acquisition and quantitation

A total of 24 healthy, elderly volunteers (mean age = 64.7 years old) were scanned on a 3T Siemens Trio scanner (Siemens Healthcare, Erlangen,
Germany). The MR protocol and written consenting procedure were both approved by the Institutional Review Board at the University of

California-Los Angeles. First, T;-weighted images were obtained in order to localize the VOI for the MRS acquisition. Next, the VOI was localized
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using PRESS? in the medial, frontal gray matter for each healthy volunteer, and a 2D JPRESS acquisition was performed on this region using the
following scan parameters: TR/TE = 2500/30 ms, At; = 1ms, t, points (N,) = 2048, t; points (N;) = 100, averages = 4, SBW, = 2000 Hz,
SBW, = 1000 Hz, and voxel size = 2.5x2.5 x 2.5cm?. It is important to note that, since both JPRESS and CovJ are obtained by using the same data
set, a(ty, tq), the acquisition times for both methods are identical. Water suppression was enabled using water suppression enhanced through T1
effects (WET) pulses.2? Due to the voxel size, some white matter was also present in the VOI, however the voxel contained mostly gray matter for all
volunteers. As mentioned above, the 2D JPRESS data were acquired using the maximum echo sampling scheme, which starts readout immediately
following the last crusher gradient.1é Using a 32 GB RAM workstation equipped with an Intel Core i7 processor, the total time for data extraction
and processing (JPRESS and CovJ methods) for each data set was approximately 13 s in MATLAB version R2013A.

Afterwards, both the JPRESS and CovlJ results were quantified using peak integration for the spectral regions corresponding to NAA, Cr3.0,
Ch, ml, Lipids + macromolecules (MM), and Glu+GIn (Glx). The following 2D spectral ranges, (F, limits in ppm, =F; in Hz) were used for JPRESS
quantitation: (1.2-1.6, £10) for Lipids + MM, (1.9-2.1, £10) for NAA, (2.2-2.5, £20) for Glx, (2.9-3.1, £10) for Cr3.0, (3.1-3.3, £10) for Ch, and
(3.4-3.6,%20) for ml. The same F, regions were used for the CovJ quantitation, however the F, regions were adjusted: 7.3 Hzfor Lipids + MM, £7.3
Hz for NAA, £12.7 Hz for Glx, £7.3 Hz for Cr3.0, £7.3 Hz for Ch, and £12.7 Hz for ml. Quantitative results were tabulated as both concentration
values and as ratios with respect to Cr3.0 (/Cr3.0) for statistical comparisons.

In order to quantify GABA and Glu from the CovJ spectra, a quantitation method similar to prior-knowledge fitting (ProFit)3%31 was developed.
Instead of fitting concentration values linearly, this algorithm, termed ‘COVariance Spectral Evaluation of 'H Acquisitions using Representative
prior-knowledge’ (Cov-SEHAR), used non-linear fitting to determine concentration values. First, the data were frequency-drift and phase-corrected
based on NAA, Cr3.0 and PCh prior knowledge, as previously described.32 Next, a masking matrix, M, was constructed to highlight the CovJ spectral
regions of interest for the §'(F;, F}) matrix (untilted CovJ spectrum). In particular, M nulled the signal outside the 2.15-2.65 ppm spectral region and
also nulled the diagonal signal so that the fitting would emphasize the off-diagonal peaks at |J| > 4 Hz. Representative prior knowledge was simu-
lated using GAMMA, 27 and the basis set contained NAA, Cr3.0, PCh, GABA, GIn, Glu, and GSH. Even though Glu and GABA were of primary interest,
the other metabolites were necessary in order to fit the background and overlapping signals. The following objective function was minimized using
the Isgnonlin function in MATLAB:

2
(10)

m
HM o) {5’ - Covar[ Z CwRn 0 e @ e‘dr"] }
m=1

2

Above, S’ is the data acquired in the covariance domain, mis the number of metabolites included in the basis set, C,, is the concentration of metabo-
lite m, and R,, is the basis set in the (t,, t;) domain of metabolite m. In addition, each metabolite was given a line-broadening factor (lb,,) and a T,
decay factor (d,,) in the form of matrices. The Covar operation above transforms the (t,, t;) data into the (F,, F’z) domain, which allows for direct
comparison with the acquired data. Finally, M is applied to yield the final residual between the original data and the fit. For comparison purposes,
ProFit was used to fit the JPRESS data using the same basis set and processing steps described previously.3® The metabolite ratios of GABA/Cr3.0
and Glu/Cr3.0 were compared between the JPRESS and CovJ fitting methods.

2.5 | Statistical analysis

Statistical comparisons focused on investigating the similarities and differences between the quantitative JPRESS and CovJ in vivo results. First,
mean and standard deviation (std) values were calculated for all metabolite ratios. Next, the coefficient of variation (CV) was calculated using CV% =
100(std/mean) for each metabolite ratio. Additionally, the metabolite ratios from the JPRESS and CovJ quantitation were compared directly using
a Student’s t-test for each metabolite. A Bonferroni correction33 was used to account for multiple testing, and significance was determined as p <
0.01. Concentration values were not compared in the same manner, but were instead correlated with each other, yielding correlation coefficients

(rand r?).

3 | RESULTS

3.1 | Simulation results

Figure 2 displays the results for the JPRESS and CovJ processing steps for several different metabolites. Singlet resonances, including the NAA,
Cr3.0,and Chsinglets, show fairly similar results when comparing both methods. Mainly, the higher amplitude signal is concentrated at a single point
for each respective singlet resonance (F, = 2.01,3.01,3.2ppm and F;/F} = OHz). The CovJ singlets slightly differ in peak structure, and added
peaks can be seen slightly above (F’1 = 4 Hz) and below (F’1 = —4Hz) each singlet. These additional peaks can be attributed directly to the points
lying on the slopes of each singlet.

For multiplet resonances such as ml, Glu, GIn, GABA, GSH, and Asp, several differences are seen between the JPRESS and CovJ spectra. One of
the apparent discrepancies is that the CovJ spectra collapse the off-diagonal signal (Fl/F/1 # 0Hz) on to the diagonal (Fl/F/1 # OHz). This is due

to the fact that point i along F, has the strongest relationship with itself, according to Equation 1. Thus, the highest signal amplitude remains on
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FIGURE2 The peak structures resulting from both JPRESS and CovJ methods are shown. In A, the displayed metabolites include lactate (Lac), the
N-acetyl aspartate singlet (NAA), the NAA aspartyl group (NAA-asp), creatine (Cr3.0), choline (Ch), and myo-Inositol (ml). Similarly, B, includes
glutamate (Glu), glutamine (GIn), y-aminobutyric acid (GABA), glutathione (GSH), and aspartate (Asp). In general, peak structures at F; and

F} = OHzare very similar, while off-diagonal peaks (F,and F,#0 Hz) have different peak structures

F? # OHzfor the CovJ spectra, which is not the case for several J-resolved metabolic signals. However, a potential benefit of the CovJ method is the
fine peak structures that form for many multiplets. For example, the CovJ spectrum of the NAA aspartyl group (NAA-asp) shows well-defined peaks
representative of the multiplet signal arising in the 2.4-2.8 ppm region. Glu and Gln also display unique peak structures located at F} = +15Hz.
Therefore, while peak shape and structure are not identical for the two data sets, the unique peaks originating from the covariance method may still
aid in identifying particular resonances.

In addition to comparing individual resonance signals, simulated JPRESS, zero-filled JPRESS, and CovJ spectra containing 11 metabolites with
typical in vivo concentrations were also compared, as seen in Figure 3. At first glance, it appears that both the JPRESS and CovJ spectra are a lin-
ear combination of the metabolites scaled to their respective concentration values. It is well known that this is indeed the case regarding JPRESS
spectra, and only peak amplitudes are affected when metabolite concentrations are altered, while peak structures remain as expected. This fact
is also demonstrated in Figure 4 for Glu and GIn off-diagonal peaks. However, upon inspection of the CovlJ off-diagonal peaks in the 2.2-2.5 ppm

region, it is clear that Glu/GIx ratios affect peak structure in addition to peak amplitude. Specifically for Glu/Glx ratios, as the concentration of Glu
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FIGURE3 Simulated spectra using the JPRESS (top) and covariance JPRESS (bottom) methods are displayed. The zero-filled JPRESS spectrum
(middle) is also shown to allow for direct comparison between spectra with equivalent spectral resolution. Since CovJ spectra do not have a true
indirect spectral dimension, the data are displayed in a similar manner to the JPRESS F; dimension. Due to zero-filling, ringing across the F;
dimension is apparent in the middle spectrum

decreases in relation to Glu+GlIn, the two off-diagonal peaks inside the black boxes separate, as seen in Figure 4. This implies that CovJ off-diagonal

peaks are non-linear representations of metabolite concentrations, and therefore peak structure is inherently different between the two methods.

3.2 | Invivoresults

A maximum-echo sampled acquisition, as described above, was performed on 24 volunteers, and both JPRESS and CovJ data were obtained from
this experimental data. Figure 5 shows localization of the medial, frontal gray region and also displays spectra from both JPRESS and CovJ tech-
niques from a healthy, 63 year old volunteer. Contour plots of the two methods show qualitatively similar features, whereas improvement in spectral
resolution is evident when comparing the true resolution spectra. For the CovJ spectra, off-diagonal peaks are displayed clearly for Glx and ml. In
addition to the 2D spectral displays, 1D spectra can also be extracted from the CovJ data, as seen in Figure 6. These 1D spectra show unique line
shapes attributed to the diagonal and off-diagonal peaks for Glx as well as ml, and provide a more detailed display of these peak intensities.

JPRESS and CovJ spectra were also quantified using peak integration, yielding both metabolite concentrations and ratios with respect to Cr3.0
for the major metabolites of interest. Metabolite ratio means and CV% values are displayed in Table 1. For both methods, CV% was relatively similar
and most metabolites had CV% below 20%, with the exception of Lipids+MM. The mean values for both methods were nearly identical, however
ml was significantly higher for the CovJ results (p < 0.001). Upon inspection of ml in Figure 5, it is apparent that this elevation arises due to the
off-diagonal peaks that form at F} = +7 Hz for the CovlJ spectra. This difference in ml/Cr3.0 does not necessarily imply that the CovJ method was
ineffective at properly quantifying ml for each volunteer, however.

Examining the concentration values for both methods provides insight into how well the Cov) method detects metabolites on a

volunteer-by-volunteer basis relative to the JPRESS method. The correlation values (r2) between the CovJ and JPRESS peak integral concentrations
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FIGURE4 Spectral regions are shown for both JPRESS and CovJ methods, corresponding to Glx peaks. Glu and GIn levels were varied while all
other metabolites were held at constant concentration values. As Glu/Glx ratios decrease, the peak amplitude varies while the overall peak
structures remain identical for the JPRESS method. CovJ results, however, demonstrate that when Glu/Glx ratios decrease peak structure is also
affected, as highlighted by the peaks in the black boxes

JPRESS contour JPRESS actual resolution

FIGURE5 Localization is shown for the T,-weighted MRl in A, axial, B, coronal, and C, sagittal planes for a healthy, 63 year old volunteer.
JPRESS and CovlJ spectra extracted and processed from this location are displayed. Contour plots are shown on the left, whereas the actual
resolution for the spectra can be seen on the right. In the CovJ spectrum, J-coupled signals appear, as indicated with black arrows for Glx and ml
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FIGURE6 One-dimensional spectra are extracted from the CovJ spectrum seen in the top left. Spectra were extracted from F} = O Hz (black), the
GlIx peaks (red), and the ml peaks (purple)

TABLE1 Ratios with respect to Cr3.0 are tabulated for 24 healthy
volunteers (mean age = 64.7 years) using both JPRESS and CovJ methods.
Data are displayed as mean values (CV% values) for all metabolites.
ml/Cr3.0 was significantly higher using the CovJ method compared with
the JPRESS method, and this result is explained further in the text

Metabolite JPRESS CovJ

Lipids+MM 1.23(50%) 1.31(49%)

NAA 1.21(18%) 1.20(15%)

Glx 1.62(11%) 1.63(14%)

Ch 0.32(8.1%) 0.33(8.2%)

ml 0.66(8.9%) 0.75(11%)?
2p < 0.001

were as follows: 0.996 for Lipids + MM, 0.959 for NAA, 0.963 for Glx, 0.977 for Cr3.0, 0.979 for Ch, and 0.877 for ml. In addition, all correlation
coefficients were found to be significant (p < 0.001). These findings demonstrate that the CovJ method is essentially as effective as JPRESS in
detecting changes in metabolic levels when peak integration is used for quantitation.

In addition to peak integration, prior-knowledge fitting was used to quantify Glu and GABA ratios with respect to Cr3.0 for both the JPRESS
and CovJ methods. Figure 7 shows the 2.15-2.65 ppm regions for the acquired CovJ spectrum, the fit of the CovJ spectrum, and the residual. Also,
GABA and Glu ratios with respect to Cr3.0 are shown for all 24 healthy subjects using ProFit to quantify the JPRESS data and using Cov-SEHAR to
quantify the CovJ data. The mean (CV%) values for GABA were 0.41 (50%) using ProFit and 0.14 (31%) using Cov-SEHAR. For Glu, the mean (CV%)
values were 1.21 (18%) using ProFit and 1.27 (24%) using Cov-SEHAR. While no differences were seen between the two quantitation methods for
quantifying Glu, a Student’s t-test demonstrated significant differences between the GABA results (p < 0.001).

4 | DISCUSSION

The covariance J-resolved method, which implements the covariance transformation for processing JPRESS data, has been described and applied in
vivo at 3T. The theoretical framework for this technique is similar to previously discussed covariance NMR theory, 181 and focuses on the relation-
ship between FIDs across the indirect temporal direction, t;. Spectral points along F, that are closely related will have similar phase modulations
across the t; FID depending on the experiment performed. Applying a covariance transformation to these points will therefore result in cross-peaks,
or off-diagonal peaks, with higher amplitudes. This is in stark contrast to F, points, which are unrelated, as the covariance values of these t; FIDs will
usually be close to zero. Experiments such as TOCSY, which have high correlation values between F, points, are ideal for utilizing the full potential

of the covariance transformation.
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FIGURE7 The fit results using Cov-SEHAR are shown for a healthy control (age = 63 years). The original data acquired, the fit, and the residual
are shown at the top. Resulting GABA and Glu ratios with respect to Cr3.0 (wrt Cr3.0) are shown for all 24 healthy controls. ProFit results are
displayed in red, whereas Cov-SEHAR results are displayed in black. The solid lines show the means of the data, and the dashed lines indicate the
standard deviations of the data. While no statistical difference was found when comparing the Glu results, a Student’s t-test showed significant
differences (p < 0.001) between the ProFit and Cov-SEHAR results for GABA

However, by employing a maximum-echo sampling schemel¢ it is also possible to use the covariance transformation on J-resolved spectra, as
demonstrated in this study. This sampling method not only improves overall sensitivity, but also induces a phase modulation along t; that can be
utilized to perform the covariance transformation effectively. This phase term is introduced due to the fact that chemical shift is not refocused when
using maximum-echo sampling. Following the covariance transformation, it is possible to tilt the spectrum to the correct orientation by applying a
phase modulation term, 75, in the mixed (F», t,) dimension. This process does not result in any distortions to the line shapes; however, the spectral
bandwidthis reduced by a factor of two. It isimportant to note that if the covariance transformation is applied after tilting the data by 7, then several
false cross-peaks form, due to the modified phase evolution along t,. Fortunately, the processing steps described in Figure 1 lead to an S, matrix
that is more representative of a JPRESS spectrum.

Simulations were used to show that the JPRESS and CovJ spectra have similarities, as well as differences originating from the unique processing
steps of each method. The diagonal peaks (F1/F’1 = 0 Hz) are very similar when comparing the two methods, which is apparent in Figure 5. However,
an additional signal is added to the CovJ diagonal, due to the fact that C; points will have higher amplitudes than C; points according to Equation 1.
For metabolites such as Lac, seen in Figure 2, the collapse of signal along F; = 0Hz may be a potential disadvantage of the Cov) method. The
mechanism behind cross-peak formation for the Cov) method, where the relationship between F, points is spread into the F| dimension, has dif-
ferent effects depending on the strength of coupling. For strongly coupled spin systems, 1! stronger cross-peaks are observed in Figure 2, whereas
weakly coupled spin systems show suppressed cross-peak amplitudes. This is best demonstrated by ml (strong coupling) and Lac (weak coupling).
Therefore, the CovJ method, in addition to improving spectral resolution, may also provide a unique contrast to the J-resolved spectrum based on
coupling strength.

When comparing the cross-peaks from the two methods, it is important to note that the JPRESS indirect spectral dimension, Fy, can be used to
compute J-coupling between different resonances in high-resolution NMR directly. Due to the mathematical nature of the covariance transforma-
tion, the physical value of J couplingis lost in the F} dimension. Thus, the results suggest that the Cov) method is not appropriate for high-resolution
NMR, since the primary focus in this field is actually to quantify the J-coupling constants. For in vivo MRS, accurate J-coupling constants are not
measurable unequivocally, due to experimental complications, including line broadening and low signal-to-noise ratios. Also, many metabolites of
interest are strongly coupled spin systems, and therefore cross-peaks may reside very close to the diagonal peaks. For in vivo purposes, the spread

of signal is more important than the physical J-coupling constant for the JPRESS method. Even though cross-peak structures are different between
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the JPRESS and CovJ techniques, CovJ still performs the primary responsibility of achieving spectral dispersion along the indirect dimension, as
seenin Figure 5.

From a quantitative standpoint, it is apparent from the in vivo peak integration results that the two methods yield similar metabolic concentration
and ratio values. Table 1 demonstrates that the ratios for most metabolites are nearly identical between the two methods, with the exception of ml.
The increased ml ratio for CovJ is easily rationalized by observing that for in vivo spectra, seen in Figure 5, additional off-diagonal peaks are formed
in the ml region at F} = £5Hz and F} = +7 Hz. Since these peaks lie in the integration region for ml, the CovJ ml ratios are elevated compared
with the JPRESS ml ratios. In addition, the r? correlation values associated with metabolite concentrations are very high, implying a strong linear
relationship between the quantitative results of the two methods.

Since initial in vivo quantitative comparisons yield similar results, it is important to note that there are several potential advantages of the CovJ
method that make it an attractive alternative, or addition, to the standard JPRESS method. Of course, the improved resolution along the indirect
dimension is the main highlight of the CovJ technique. In order to have comparable resolution using JPRESS, the indirect dimensions would have to
be zero-filled to t; points = 1024. A direct comparison, seen in Figure 3, demonstrates that zero-filling to this resolution results in severe spectral
ringing along the F; domain; this is a well-known drawback of the zero-filling method.1” As mentioned above, CovJ off-diagonal peaks may change
shape and F] location as a function of metabolite concentration, which is shown in Figure 4. This is advantageous because the same peaks can
now be modeled using additional parameters, such as distance between cross-peaks, which may elucidate true metabolite concentrations further.
Therefore, it may be possible to refine quantitation further using these off-diagonal peak characteristics.

To investigate this potential advantage, the Cov-SEHAR prior-knowledge quantitation method was developed to quantify Glu and GABA from
CovJ spectra and was compared with the standard ProFit algorithm, which fits JPRESS spectra.3° ProFit utilizes both non-linear and linear fit-
ting to model the 2D spectrum in order to provide accurate metabolite ratios with respect to Cr3.0. Since the addition of metabolites using CovJ
is non-linear, Cov-SEHAR fits all parameters non-linearly, including concentration values. Furthermore, the spectral masking matrix (M) aids in
focusing the fit entirely on the cross-peaks of interest, which in this case were the cross-peaks that lie in between 2.15 and 2.65 ppm. Figure 7
demonstrates that Glu results between the two quantitation methods are very similar. However, significant differences arise between the ProFit and
Cov-SEHAR results for GABA. From these pilot findings, it appears that Cov-SEHAR results may be more stable when fitting data of varying spec-
tral quality, demonstrated by lower CV% values. The Cov-SEHAR results are similar to previous reports regarding GABA in the human brain,30.34.35
whereas the ProFit results seem to be over-estimated. It is important to note that the original ProFit was used in this study, and a more detailed
comparison study between ProFit 2.031 and a refined Cov-SEHAR method is necessary before any definite conclusions can be drawn.

An important aspect of the CovJ method is that spectra are obtained using the same data necessary to produce JPRESS results: a(t,, t;). There-
fore, no extra acquisition time and minimal additional processing steps are necessary to produce CovlJ data. Thus, CovJ may be used as a subset of an
existing JPRESS study, and can be used to validate findings from JPRESS quantitation without impacting the study protocol. In addition to J-resolved
spectroscopy, the CovJ processing method can readily be applied to the constant-time PRESS (CT-PRESS) acquisition.1®> The only modification nec-
essary for implementing this method is that S’ will be used as the final S.,, matrix, since tilting is unnecessary for displaying the CT-PRESS spectra.
Also, the CovJ method can be applied to multi-voxel J-resolved acquisitions, including experiments incorporating acceleration techniques,3637 on a
voxel-by-voxel basis. Future studies will focus on utilizing the additional information provided in CovJ spectra to enhance 2D JPRESS quantitation

further, and will apply the CovJ method to multi-voxel J-resolved acquisitions.

5 | CONCLUSION

A novel method for improving spectral resolution along the indirect dimension has been demonstrated for the single-voxel J-resolved spectroscopy
experiment. Simulation and in vivo results have shown that, while a number of qualitative differences exist between the two methods, includ-
ing off-diagonal peak structure, the CovJ technique is still quantitatively similar to the JPRESS method when using peak integration. With the
development of more advanced prior-knowledge fitting techniques, a combination of ProFit and Cov-SEHAR fitting may aid in the quantitation of

metabolites in the future.
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